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From the birth of imaging with Roentgen to the latest molecular imaging, 
there has always been a desire to obtain measurements that can be compared 
with further observation over time or with other cases. In their first edition of 
the Atlas of Roentgenographic Measurement, Lusted and Keats stated that 
“The interpretation of a roentgenogram remains an art ………. To this inter-
pretation the objective evidence of the roentgenographic measurement can 
make an important contribution”. This remains as true today as when first 
published almost 60 years ago. The difference now is that our knowledge of 
what is normal or abnormal and pathology in general has expanded almost 
exponentially hand-in-hand with equally dramatic advances in imaging tech-
niques using both ionising radiation (e.g. CT and PET) and non-ionising 
modalities (e.g. US and MRI).

It is true to say that way back in the early 1980s, as radiologists in training, 
we were at best lukewarm to the concepts of measurement and their role in 
musculoskeletal disorders. Increasingly over the years as advances in imag-
ing and musculoskeletal diseases have continuously evolved, we have often 
quoted Lord Kelvin’s wise words; “To measure is to know” and “If you can-
not measure it, you cannot improve it”. However if a measured parameter is 
deemed important in science, research and clinical practice, it is imperative to 
realise that its value rests entirely on the adequacy, precision and accuracy of 
its measurement. The purpose for which the measure is intended must be 
clearly understood and the inferences that can be drawn need to be examined 
in an objective and critical manner before any conclusions are reached. All 
too often measurements are introduced and employed without examining 
their validity, which requires that rigorous steps are put in place to understand 
the meaning and usefulness of the measured values. The main aim of this 
book is to critically and clearly bring this knowledge under one roof.

As our understanding of disease processes and the sophistication of imag-
ing techniques have improved with time, there is a need to continuously 
update radiologists, orthopaedic surgeons and the other allied healthcare pro-
fessionals working in this field. To this end this book takes a trident approach. 
The first five chapters are devoted to the differing imaging techniques high-
lighting the strengths and weaknesses when employed to measurement. There 
are then 12 chapters dealing with the major anatomical areas where the rele-
vant distilled knowledge and data are presented critically in a template for-
mat. The final four chapters are devoted to the wide range of imaging that can 
be applied in varied disease states.
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1.1  Introduction

Radiographs have been used in diagnosis for over 
100 years. Despite the many technical advances in 
imaging, they retain an important role in the diag-
nostic workup of many ailments particularly in 
bone and joint pathology. They are often used in 
imaging follow-up of disease states to evaluate pro-
gression, monitor treatment or assess metalwork or 
implants following surgery. It is possible from the 
radiographs to make measurements which aid in 
diagnosis or subsequent management of a condi-
tion. Sometimes, these measurements are crude 
representing an observation such as the presence of 
prevertebral soft tissue swelling in a patient with a 
history of cervical spine injury where that observa-
tion signals a very high probability of either bone 
or soft tissue injury. On other occasions, precise 
measurements may be required such as in leg 
length evaluation which may determine the degree 
and extent of surgical intervention if indeed any. 
They also are often used for measuring distances 
and angles in musculoskeletal work to assist in the 
planning of management including surgery. There 
are inherent advantages in using radiographs for 
such measurements, but there are also certain limi-
tations often related to technical factors of which 
clinicians and radiologists need to be aware. This 
chapter addresses the general role of radiography 
in measurements undertaken in musculoskeletal 
work. The specific role of radiography in measure-
ments of different anatomical and pathological 
states is made in the relevant chapters.

E. Hughes, H.D.C.R. (*) • P. N. M. Tyrrell, M.D.   
V. N. Cassar-Pullicino, M.D. 
Department of Radiology, Robert Jones and Agnes 
Hunt Orthopaedic Hospital NHS Foundation Trust,  
Oswestry, UK
e-mail: eric.hughes@rjah.nhs.uk
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1.2  Advantages of Radiographs

Radiographs are cheap and readily available. 
Standardisation of the radiograph is possible 
such that they can be directly compared both 
within a department and between different 
departments. Thus, they are reproducible and in 
this context can be used in research. The conven-
tional radiograph can be used to monitor progress 
of a condition such as rheumatoid arthritis by 
documenting joint space narrowing and number 
of erosions. It can be used to monitor healing of 
bone injury documenting new bone formation 
and progressive consolidation or otherwise. It 
can be used to monitor the effect of therapy or 
response to treatment such as may be seen with 
effective antibiotic treatment in osteomyelitis or 
appropriate biochemical or endocrine treatment 
in osteomalacia. Serial lateral radiographs of the 
thoracic and lumbar spine are used in the moni-
toring of osteoporosis. Grading systems have 
developed and employed radiographic appear-
ances to denote severity of disease which is used 
in therapeutic decision making, e.g. trauma and 
avascular necrosis. The earliest changes of dis-
ease processes, however, may not be seen on 
radiographs, such as avascular necrosis, and 
other imaging modalities such as magnetic reso-
nance imaging may need to be employed. Once 
the radiographic features are detectable, then the 
radiograph may be used for disease monitoring in 
some instances. Many surgical instrumentation 
procedures are monitored over time with periodic 
radiographs. This is perhaps most commonly 
seen in patients who are being followed up post 
arthroplasty. Monitoring of disease with serial or 
sequential radiographs provides objective evi-
dence as a guide to decision-making for operative 
or nonoperative treatment. In the examples given 
above, eyeballing the radiograph to assess status 
can be adequate. However, there will be many 
instances where accurate measurements are 
required in order to determine planning of cor-
rective surgery, for example, in children with 
unequal leg lengths. Accurate measurements are 
also required to facilitate evidence-based studies. 
This can be seen in patients with spinal infection 
where the disc has been destroyed with associ-

ated loss of vertebral body height. Should verte-
bral body collapse with kyphotic deformity 
progress to a particular level, then surgery with 
instrumentation may be necessary to stabilise the 
spine and prevent further deformity. Such objec-
tive evidence with measurement of the degree of 
angulation facilitates evidence-based outcomes 
of treatment.

Assessment of bone age and potential for 
growth in the immature skeleton is important in 
treatment planning. This can be done using a 
number of indices. The Greulich and Pyle atlas of 
hand radiographs (Greulich and Pyle 1959), or 
the Sauvegrain method of bone age estimation on 
elbow radiographs (Sauvegrain et  al. 1962) 
between the approximate ages of 11 and 16 years, 
are just two of a number of methods available. All 
methods of estimating skeletal age involve com-
paring radiographs of the patient with standards 
in an atlas. This estimation is only moderately 
accurate. In the Tanner and Whitehouse method 
(Tanner et al. 1975), 20 indicators on hand and 
wrist radiographs are assessed and given a score, 
yielding a total score from 0 to 100. The Risser 
sign relates to the degree of ossification of the 
iliac apophysis (Risser 1958). This is a com-
monly used marker of skeletal maturation espe-
cially in the treatment of scoliosis. A bone age 
estimation in isolation is meaningless. The mea-
surement needs to be compared with the chrono-
logical age and ideally the rate of annual growth 
in standing height assessed.

One particular advantage of plain radiographs, 
not readily available with other imaging modali-
ties, is the facility to obtain dynamic views in, for 
example, flexion and extension. This allows a 
rapid evaluation of stability. Abnormal move-
ment can be detected by eyeballing the radio-
graph or discrete measurements can be obtained 
if necessary. Stress views, e.g. at the knee or 
ankle, can be used for the evaluation of ligamen-
tous integrity.

Radiographs are good for providing both an 
informal and formal assessment of measurement, 
but there are a number of technical issues which 
need special consideration when highly accurate 
measurements are required. These are addressed 
in detail below.

E. Hughes et al.
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1.3  Limitation of Radiographs 
for Measurement

Despite the many advantages of radiographs for 
use as a measuring tool in orthopaedic and mus-
culoskeletal work, there are a number of limita-
tions. To understand the nature of these limitations 
and how they may be overcome, it is helpful to 
reflect on how X-rays are produced. Although 
many departments are now using some form of 
digital radiography, basic principles of both film 
and digital imaging are covered. In line with 
commonly used terminology, this text refers to 
focus film or object film distances, and use of the 
term film in this instance can refer to a film cas-
sette, computerised radiography plate or a direct 
digital radiography detector plate.

 Basic Principles of X-ray Production

A focused beam of electrons is accelerated 
between the cathode and anode of an X-ray tube 
striking the anode at high speed within a small 
area to produce what is as close to a point source 
of X-rays as is possible within the efficiency lim-
itations of the system (Fig. 1.1).

The resultant X-rays are emitted in all direc-
tions but are contained within the housing of the 
X-ray tube with the exception of a small window 
which, with the addition of adjustable lead slats, 
can result in a directed divergent adjustable beam 
of X-ray. The portion of the beam which is passed 
through the object without being deflected forms 
the shadow image on a film or an image receptor 
plate. Scattered radiation reaches the film in a 
random way and does not contribute to the useful 
image. This scattered radiation may need to be 
reduced by the use of a lead-slatted grid.

In order to reduce the amount of radiation 
required to form the image and reduce the radiation 
dose to the patient, the use of film has been supple-
mented by the use of intensifying screens which 
convert each X-ray photon into several light pho-
tons. It is therefore the light emitted by the intensi-
fying screens which forms the majority of the 
image on the film. Conventional film screen cas-
settes produce an analogue image recorded on film 

and developed using a photographic process. These 
are viewed on a lightbox. All the information is in 
the hardcopy image only and the image cannot be 
manipulated. Within PACS digital systems, a simi-
lar effect is generated by the use of mathematical 
algorithms. In the technique of computed radiogra-
phy (CR), a photostimulable phosphor contained 
within a cassette is exposed in the same way as 
conventional film and then removed to be read 
remotely by a laser mechanism. Direct digital radi-
ography (DDR) uses solid-state detectors to record 
the latent image, but this is linked directly to the 
readout device, therefore requiring much higher 
costs for replacing the X-ray imaging hardware. 
Digital radiographs, whether produced by CR or 
DDR, can be manipulated, contrast enhanced and 
edges sharpened, and with appropriate software, 
measurements can be readily obtained.

MRI, CT and nuclear medicine are digital 
imaging techniques where the information con-
tained in the image is stored in numerical form 
and thus can be manipulated in order to enhance 
contrast resolution. Spatial resolution can also 
be controlled by altering pre-imaging parame-
ters. This technological advancement has been 
slower in conventional radiography, and there 
are at present a number of options for recording 
and thus measuring from the radiographic 
image.

Cathode (–) (+) Anode

Fig. 1.1 X-ray tube simplified representation

1 The Radiograph
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1.4  Technical Limitations 
of Radiographs 
for Measurement

These fall into three categories:

 1. Resolution—contrast and spatial
 2. Magnification
 3. Distortion

 Resolution: Contrast and Spatial

The resolving capability of a particular radio-
graphic material or fluorescent screen image is a 
measurement of the degree of fine detail which 
can be recorded. It is related to the unsharpness 
characteristics of the material as it is a measure of 
the ability to differentiate between adjacent posi-
tional detail. Resolution is often expressed as the 
number of lines per millimetre that can be seen as 
separate elements of an image. Spatial resolution 
is high for detailed conventional radiography as 
compared to CT where the degree of spatial reso-
lution is limited by the field of view and matrix 
size employed.

The attenuation of the X-ray beam is inversely 
proportional to the square of the atomic number 
of the object/tissue being imaged. Therefore, the 
higher the atomic number, e.g. cortical bone, the 
greater will be the attenuation of the X-ray beam, 
and the lower the atomic number, the less the 
beam is attenuated as it passes through the tissue. 
In conventional radiography, tissues with a wide 
difference in density, such as cortical bone and 
soft tissue, can be readily appreciated. Tissues 
with a narrower difference in density such as fat 
and muscle can be differentiated but will require 
optimum viewing conditions to appreciate. 
Tissues with potentially a very narrow difference 
in density such as muscle and a non-metallic for-
eign body such as glass will require close atten-
tion by the radiographer to exposure factors 
(kilovoltage (kVp) and milliampere seconds 
(mAs)) and optimum viewing conditions for the 
reporting radiologist. The kilovoltage used is a 
major determinant of contrast resolution. In con-
ventional radiography, contrast can be altered by 

adjustment of exposure parameters and is very 
much less than that which can be achieved with 
computed axial tomography (CT). Radiography 
is excellent for the evaluation of bone detail, 
whereas the soft tissue detail is poor. A large knee 
joint effusion is seen as distension of the suprapa-
tellar pouch, but it can be extremely difficult if 
not impossible to identify if the joint distension is 
due to serous fluid from an arthritic process, due 
to pus from an infected joint or due to blood fol-
lowing trauma. If a haemarthrosis occurs in asso-
ciation with a fracture, then a fluid- fluid level due 
to layering of different density materials may be 
identified on a horizontal shoot- through 
radiograph.

Contrast and image sharpness have both sub-
jective and objective connotations. Subject con-
trast is mainly influenced by kilovoltage and 
scattered radiation. The degree of scatter can be 
reduced by the use of grids.

Image sharpness is affected by the geometry 
of the equipment including the size of the focal 
spot and the relative distance between the focal 
spot, the subject and the film. The degree of geo-
metric unsharpness can be controlled in several 
ways:

 1. By using a smaller focal spot.
 2. By decreasing the object to film distance.
 3. By increasing the focus to object distance. In 

practice, this is equivalent to increasing the 
focus to film distance.

 Focus Size

The production of X-rays is an inefficient system 
with approximately 98% of the energy used being 
produced as heat. With temperatures of the tube 
anode reaching close to 3000  °C during expo-
sure, there is a need to dissipate heat effectively 
from the anode. This is achieved by use of a rotat-
ing angled anode and the ability of the operator to 
select one of two electron distribution areas on 
the anode referred to as the broad or the fine 
focus. Modern imaging units have an effective 
fine focus of the order of 0.4–0.6  mms and a 
broad focus of the order of 1.0–1.5 mms. The use 

E. Hughes et al.
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of an X-ray source of a finite size leads to penum-
bra effect which diffuses the edge of an object 
rendering it less distinct than if a point source 
was used (Fig.  1.2). At an operational focus to 
film distance of 100  cm or more, the effective 
width of the penumbra is minimal, but the smaller 
the value of the focus to film distance, the greater 
the penumbra effect.

Another cause of slight unsharpness of an 
object image when using film is the parallax 
effect. Radiographic film is made up of two sepa-
rate emulsion coatings separated by a film base. 
X-irradiation or light striking the film will form 
two images. These can only be directly superim-
posed when viewed at the same angle as that at 
which the image forming radiation fell onto the 
film. Any slight offset between the two images is 
known as the parallax effect. Movement of the 
patient during the exposure and also the duration 
of the exposure itself may contribute to slight 
variations in image sharpness.

The use of intensifying screens can also be 
used to improve detail of the image. An intensify-
ing screen consists of crystals suspended within a 
binding material. Faster screens which require a 

reduced number of photons to form the image 
have larger crystals which emit light when struck 
by an X-ray photon. The larger crystals limit the 
ability of the resultant image to resolve smaller 
structures. Slower intensifying screens which are 
designed to provide high detail have smaller 
crystals and a dye within the screen to limit the 
diffusion of light within the binder. This enables 
such a system to resolve between smaller 
structures.

For CR or DDR systems, the resolution of the 
system is dependent on the physical limitations 
of the plate reader (CR) or the photostimulable 
material used (DDR) to collect the image. 
Generally, digital systems are inferior to film in 
resolution, but this reduction in image quality is 
overridden by the flexibility offered by PACS 
software systems.

Some radiographic measurements are 
dependent on both spatial and contrast resolu-
tion. Exposure factors are very important here, 
and this is particularly in relation to measure-
ments such as cortical thickness, joint space, 
size of erosions and prosthetic-bone-cement 
interfaces.

ObjectObject

Penumbra

a = object size
b = image size

Point source Source

Image receptor
CR/Film

b

a

Fig. 1.2 Penumbral effects (see text)
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 Distortion

Image distortion results from the oblique projec-
tion of the image and can be produced in one of 
two ways:

 1. Radiography using an angled beam (Fig. 1.3)
 2. Radiography of an object not parallel to the 

film (Fig. 1.4)

Such image distortion can interfere with mea-
surement, for example, in evaluation of the joint 
space where there may be a degree of flexion 
(deformity or positional). In a routine radiograph 
of the knee joint, the tibial condylar region slopes 
downwards by approximately 15° posteriorly, 
and therefore, in the standard anteroposterior 
view of the knee joint, the tibial plateau is not 
seen tangentially. Tibial plateau/condylar frac-
tures can be overlooked on this account. An AP 
projection with 15° caudal angulation produces a 
tangential view of the plateau and facilitates 
observation of depressed fractures. Objects can 
also be angled in relation to the film in more than 

one plane and can therefore be distorted in more 
than one plane, e.g. scoliosis and kyphosis.

 Magnification

The X-ray beam diverges from the focus of the 
X-ray tube in straight lines so that the cross- 
sectional area of the beam increases with increas-
ing distance from the X-ray source (Fig.  1.5). 
Therefore, the radiographic shadow image is 
always larger than the original subject and hence 
subject to a degree of magnification. The degree 
of magnification is calculated by the focus to film 
distance divided by the focus to object distance. 
The actual size can then be calculated:

Actual size = image size/magnification.
Within an imaging department, there are fac-

tors which will affect magnification:

 1. Different manufacturer equipment and  models 
will have different tabletop to film distance. 

a = object size
b = image size

b

a
Object

Fig. 1.3 Distortion, angled beam (see text)

a = object size

b = image size

b

a

Object

Fig. 1.4 Distortion, object not parallel to the film (see 
text)
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This will contribute to the total object to film 
distance.

 2. Physical size of the patient.
 3. Departmental standard focus to film distance 

and the radiographer adherence to the standard. 
It must not be assumed that the presence of a 
standard guarantees that each image will be 
undertaken at the correct distance. It will vary 
between X-ray rooms in the same department.

Measurements taken direct from a radiograph 
are always subject to a degree of magnification. 
Even with radiography where the object imaged is 
in direct contact with the film, for example, 
weight-bearing views of the feet, there will always 
be a degree of magnification involved because the 
object imaged always has some thickness. The 
user must be aware that if taking a measurement 
from an uncalibrated image, they will not know 
the extent of magnification to which the object has 
been subjected. Many methods exist to calibrate 
an image. The favoured method is using a spheri-
cal object (as this is not subject to projectional dis-
tortion) of a known size placed at the same object 
to film distance as the object to be measured, e.g. 
in planning prosthetic requirement. The magnifi-
cation to which the calibrating sphere has been 
subjected is calculated by magnification equalling 
measured size divided by actual size. In certain 
situations where direct measurements are required, 
such as for leg lengths, a measuring ruler can be 
placed beside the patient and radiographed beside 
the leg such that any magnification incurred will 
relate to both the image structure and the ruler 
measure facilitating a more accurate measure-
ment. For PACS systems, plate (and therefore 
pixel size) is known and it may appear that there is 
increased accuracy in using measurement systems 
inbuilt within the PACS software. These systems 
however are not calibrated and some assume a 
magnification factor in the order of 10%. PACS 
imaging is subject to the same physical factors 
which affect radiographic film imaging.

Accurate measurements of joint space can be 
very important when trying to measure rate of 
disease progression in arthritis and particularly 
when this is part of a trial to evaluate the effect of 

disease modifying drugs in arthritis. The use of 
the semi-flexed anteroposterior view, using a 
horizontal X-ray beam to produce a beam tan-
gential to the tibial plateau and using fluoroscopy 
to achieve reproducible alignment, has been 
 valuable (Buckland-Wright 1995). Microfocal 
radiography has been shown to improve repro-
ducibility of joint space width measurement 
compared to standard radiography. The chief 
advantage of microfocal radiography is its spatial 
resolution, of the order of 10–100 μm, as com-
pared to 300–1000 μm for standard radiography. 
The first longitudinal study of rates of joint space 
narrowing measured using microfocal radiogra-
phy was carried out by Ward and Buckland- 
Wright (2008) which showed a lowered 
variability of the rate of joint space narrowing but 
the high cost and low availability of microfocal 
equipment remains a barrier to its more wide-
spread use.

a
Object

a = object size

b = image size

Point source

b

Fig. 1.5 Magnification effects (see text)
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1.5  Anatomical Determinants

Anatomical features in certain areas of the body 
are associated with difficulties in obtaining accu-
rate radiographic assessment and measurement. 
Such areas include:

 1. The patellofemoral joint. Knee flexion to 
varying degrees has been advocated for the 
assessment of patellofemoral joint alignment. 
The conventional radiographic technique of a 
skyline view in 45° flexion with the X-ray 
beam angled 30° towards the floor (Merchant’s 
view) (Merchant et al. 1974) has been largely 
superseded by CT or MR assessment in vary-
ing degrees of flexion (10–30°), as at 45° the 
patella is forced into the intercondylar notch 
even when prone to subluxation or maltrack-
ing (Walker et al. 1993).

 2. The hip joint when evaluating for SUFE. An 
X-ray image is a two-dimensional view of a 
three-dimensional object. By taking two 
views at right angles to each other, a three- 
dimensional image can be built up visually. 

However, the axial or Z projection is not 
obtainable, and thus, measurements that might 
be valuable in this plane cannot be obtained. 
The angle of slip in SUFE is well seen on 
axial CT or MR images.

 3. Weight-bearing views. These are more accu-
rate for the depiction of joint space narrowing 
especially in arthritic states. It is important 
that when comparative assessments are made 
that like is compared with like, i.e. weight 
bearing with weight bearing.

 4. Dynamic views. A linear measurement in 
orthopaedics is taken between two bone 
points of interest. At rest, this measurement 
can be within the normal range implying 
that the stabilising soft tissue structures are 
intact. Dynamic views unmask the loss of 
soft tissue integrity by showing differing 
measurement between the same bone points 
which lies outside the normal range, as may 
be found, for example, following a spinal 
injury, or in cases of instability arising in 
other conditions such as rheumatoid arthri-
tis (Fig. 1.6).

a b

Fig. 1.6 (a, b) Lateral radiographs of the cervical spine 
in (a) flexion and (b) extension in a patient with rheuma-
toid arthritis. Note the abnormal movement at the atlanto-

axial junction (arrows), with marked widening in flexion 
indicating anterior atlanto-axial instability

E. Hughes et al.
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1.6  Orthopaedic Templating

Orthopaedic templating is an important element 
of pre-surgical planning for arthroplasty surgery 
where the appropriate size of implant to be used 
must be determined prior to surgery.

This has traditionally been undertaken using 
acetate templates provided by implant companies 
which were placed over conventional X-ray 
images. The acetates enabled the selection of the 
appropriate-sized implant with measurements in 
theatre contributing to the final choice of implant. 
These acetates assume a standard magnification 
for all radiographs of a particular joint, e.g. 10% 
for hip images.

With the advent of PACS, the overlay of an 
acetate template is no longer possible. A number 
of commercial software packages have been devel-
oped which will work within or separate to PACS 
enabling the user to assess the size of implant 
required. For accuracy, the magnification of the 
image must be calculated. This can either be by 
assessing the magnification of an object of a 
known size (e.g. a metallic ball) or by calculating 
the magnification by measurement of the focus to 
film distance and the object to film distance.

For the use of an object of a known size, accu-
rate calibration relies on the placement of the 
object at the same distance from the film as the 
anatomical feature to be measured, in this case 
the head of femur. Such systems are therefore 
reliant on the careful placement of the calibrating 
object.

There is evidence to suggest (Franken et  al. 
2010) that more accuracy can be gained by mea-
surement of the focus to film and object to film 
distances and calculating the magnification in 
this way. This can be achieved using callipers or 
commercially available products.

Some PACS systems will make an assumption 
in relation to magnification if no calibration is 
supplied, and care must be taken to ensure that 
where accurate measurement is required, e.g. the 
provision of custom implants, these are only 
taken using calibrated images.

Many companies are now developing the 
functionality of the software packages beyond 
orthopaedic templating to enable the determina-
tion of angles and the ability to aid surgical plan-
ning by estimating the appropriate size required 
for:

 1. Plates
 2. Nails
 3. Screws

Many packages now offer the ability to deter-
mine osteotomy planning and specific paediatric 
planning and may prove to be more reliable than 
conventional methodology (Hankemeier et  al. 
2006).

Where CT images are available, orthopaedic 
templating is also available using 3D informa-
tion. It is anticipated that the use of such software 
packages will grow in direct relation to the 
increasing use of PACS systems.

1 The Radiograph
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1.7  The Role of the Radiograph 
Related to Other Imaging 
Techniques

As outlined earlier in this chapter, radiographs 
have many advantages as a technique for mea-
surement of various parameters in musculoskel-
etal conditions. There are limitations however 
which are largely related to contrast (largely 
related to the soft tissues) and also to image 
sharpness which can lead to blurring of image 
margins and hence a reduction in accuracy of the 
measurement. The advantages of other specific 
imaging modalities will be addressed in later 
chapters. Ultrasound is particularly good for 
superficial soft tissue measurements. CT with its 

superb contrast resolution particularly cross- 
sectional assessment of bone structures facilitates 
measurement in all imaging planes including the 
Z projection. MR with its particular soft tissue 
contrast allows evaluation of both soft tissue and 
marrow measurements again in all three imaging 
planes and indeed also in oblique planes as 
required. Conventional radiography however is 
readily available in most departments, is univer-
sal and can be reproduced at minimal relative 
cost. This ensures that it will remain as a main-
stay in both diagnostic and evaluation processes 
for some time. However, even with the advent of 
PACS, care must be taken as regards calibration 
and ensuring accuracy of measurement 
techniques.

E. Hughes et al.
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2.1  Introduction

Measurements relevant to the musculoskeletal 
system that can be made on CT include distances 
and angles from the scout view, distances, angles 
and CT numbers from individual axial sections 
and more complex three-dimensional distances 
and angles from separate axial sections or refor-
matted images. Volumes can be estimated from 
the measured dimensions of the tissue in question 
or by summing the product of cross-sectional 
area measurements and slice spacing. CT number 
measurement gives rise to tissue density estima-
tion, the accuracy of which can be improved by 
dual-energy scan techniques.

The use of computed tomography for dis-
tance and angle measurements has both advan-
tages and limitations compared with plain film 
radiography, ultrasound and magnetic resonance 
imaging. Because X-rays travel in straight lines, 
the location of points defined by axial CT 
images should not be distorted in the X or Y 
directions, unlike MR images where image dis-
tortion by magnetic field variations occurs. The 
geometric magnification that occurs in conven-
tional radiography does affect the CT scout 
view, as described below. Point location in the 
Y-axis (along the direction of table travel) may 
be less accurate on axial images, due to the slice 
thickness, but multislice spiral scanners are 
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capable of isometric (X, Y and Z plane) resolu-
tion so that measurements between points 
located on different axial slices should be of 
comparable accuracy to in-plane measurement. 
CT utilises ionising radiation, the minimum 
number of axial sections and lowest mA and kV 
settings that can produce acceptable images 
should routinely be used.

There is little recent literature confirming the 
in  vitro accuracy of CT length and angle mea-
surements, with most of the early studies pub-
lished in the German literature. This chapter is 
therefore illustrated with in vitro scans depicting 
measurements that have been compared with the 
results of calliper and protractor measurements 
of the scanned objects.

R. W. Whitehouse
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2.2  Scout View Measurements

The scout view is generated by smooth, uniform 
velocity movement of the scanner table through 
the scanner aperture, whilst a thinly collimated 
fan beam of X-rays from the stationary tube is 
projected across the aperture to the detectors. The 
data acquired from the detectors at each point in 
time forms one line across the final image, the 
location of which within the image is directly 
related to the table location at that point in time. 
Consequently, measurements along the long axis 
of the scanner are potentially as accurate as the 
table location, which is calibrated to an error of 
less than 0.5 mm. Measurement across the image 
is, however, distorted by the fan beam geometry, 

with objects closer to the X-ray tube being mag-
nified in this direction relative to those nearer the 
detectors. The image is calibrated to give accu-
rate measurement across the image at the gantry 
isocentre; consequently table height adjustment 
to bring the structure being measured as close to 
the isocentre as possible is necessary for the most 
accurate result. Figure 2.1 illustrates the effect of 
altering table height on scout view measure-
ments, using a femur as a test object. Small 
metallic markers were placed on the top of the 
femoral head, on the top of the femoral neck, on 
the lesser trochanter and on the back of each fem-
oral condyle. These can be seen in Fig.  2.1a. 
Figure 2.1b–d shows the scout view appearances 
with the table as low as possible (closest to the 

a b c d

Fig. 2.1 Scout view (scan projection radiographs) of a 
dry femur at various table heights, demonstrating distor-
tion across the image by geometric magnification. (a) 
With the femur at the isocentre. Note small metal markers 
are present on the head, neck and condyles for measure-
ments. The apparent length of the bone is not altered in 

any of the subsequent views. (b) Table at its lowest set-
ting. (c) Table adjusted to put the femur at the isocentre. 
The apparent width between the condyle markers is the 
same as that measured on the specimen. (d) Table at its 
highest setting. The apparent width of the bone is 
increased

2 Computed Tomography



18

detectors), at the isocentre, and as high as possi-
ble (close to the tube). The length of the femur, 
between the top of the head and the marker on the 
medial femoral condyle, is not significantly dif-
ferent between these scans, and results of 392.6, 
393 and 392.8  mm are all within a reasonable 
measurement error of the 392 mm distance mea-
sured with callipers on the femur. The measure-
ment between the condyle markers varies from 
35.9, through 46.9 to 54.6 mm with the different 
table heights, compared with a calliper measure-
ment of 47 mm, confirming the accuracy of mea-
surement at the isocentre but showing errors of 
−23% to +16% at the other positions. Angles 
measured from scout views will have composite 

errors, from distortion by magnification across 
the image and also a projection error if the points 
being measured represent structures at different 
heights from the tabletop (i.e. if the plane of the 
measurement points is not perpendicular to the 
centre of the fan-beam).

Scout views are equivalent to digital radiogra-
phy, using highly efficient solid-state X-ray 
detectors on modern multislice scanners. 
Consequently, a satisfactory image can be 
achieved at lower radiation doses than required 
for conventional radiography. When used for 
lower limb length measurement, further effective 
dose reduction can be achieved with the use of 
gonad protection.

R. W. Whitehouse
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2.3  Axial Plane Measurements

On a single axial CT image, distance and angle 
measurements are standard scanner console or 
workstation functions. As Fig. 2.2 demonstrates, 
angles measured from a scanned protractor are 
within 1° of the expected measurement. Similarly, 
distances are within 1 mm of the expected dis-
tance as measured on the scanned set square. The 
precisions of such measurements are dependent 

upon the reproducibility of the placement of 
measurement points. The scanned image is accu-
rate to the resolution of the scanner (two to three 
line pairs per millimetre on a small field of view), 
but the reproducibility of placement of points 
from which measurements might be taken will 
be  influenced by partial volume averaging, 
 mislocation of the slice and inter- and intra-oper-
ator variations.

Fig. 2.2 CT scan of a 
plastic protractor and a 
set square. Radiodense 
markers were placed at 
fixed points on these 
objects and 
measurements between 
them made on the 
scanner workstation. All 
distances were within 
0.5 mm and angles 
within 0.7° of expected

2 Computed Tomography
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2.4  Three-Dimensional 
Measurements

When measuring between points on different sec-
tions, three-dimensional geometrical calculations 
are required. If a complete dataset is acquired, 
with all sections between the two measurement 
points being available, then a reformatted image 
on the workstation, angled to include both points, 
can be used to make the measurement, using the 
workstation software (Fig. 2.3). If only selected 
sections are performed (to reduce X-ray exposure 
to the patient), then the locations in space for each 
point can be identified as X, Y and Z Cartesian 
coordinates, from which the distance between the 
points can be calculated (a visual representation 

of this is shown in Fig. 2.4). Similar calculations 
can be derived for angle measurements between 
points on separate slices. When applied to a dry 
skull, linear distances between fixed points, mea-
sured as coordinates, were accurate to within 5% 
when slice thicknesses of 3 mm or less were used 
but exceeded this error for thicker sections 
(Togashi et al. 2002).

Measurement of the bone torsion usually 
relies on measuring planes through defined points 
at each end of the bone and then calculating the 
angle between the two planes. A plane is defined 
by three points in space, but only two points are 
used for each plane in these estimations, as the 
plane is assumed to be parallel to the Z-axis of the 
image dataset. This assumption is only valid if 

a

b

Fig. 2.3 (a) Scout view of the upper femur, at the isocen-
tre. The measurement number 1 is between the metal 
markers on the top of the femoral head and the lesser tro-
chanter, estimated at 64.9 mm on the scout view. These 
markers were not in the same plane relative to the table-
top; consequently, this distance is foreshortened on the 

scout view. (b) Coronal oblique reconstruction from axial 
0.6-mm- thick contiguous sections to pass through both 
the metal markers described in (a). The distance between 
them now measures 70  mm, identical to that measured 
with callipers on the specimen

Fig. 2.4 Composite 
image demonstrating the 
relationship between 
sections containing 
measurement points, the 
scout view and the X, Y 
and Z axes of the dataset

R. W. Whitehouse
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the long axis of the bone being measured is 
aligned along the Z-axis (direction of table 
travel). The two points defining each plane may 
not be on the same axial section. Consequently, 
superimposition of the axial images (Fig. 2.5) (or 
transfer of the x,y coordinates of one point to the 
image containing the second point (Fig. 2.6)) is 
used to measure the angle between these points 
and the horizontal. This angle is then compared 
to the angle for the second plane to give the total 
torsion. Such measurements in vitro have shown 
high precision and accuracy, with some authors 
claiming that little error is introduced when the 
long axis of the bone is deviated from the Z-axis 
of the dataset by up to 15° (Dähnert and Bernd 

Fig. 2.5 Overlaid image of the axial sections that contain 
metal markers on the femoral head, neck and condyles. 
Planes between the relevant pairs of markers can now be 
drawn and the angle between them measured

a b

dc

Fig. 2.6 (a–d) Axial sections through the metal markers 
on the femoral head (a), neck (b), medial (c) and lateral 
(d) posterior condylar surfaces. For each section, the 
scanner has identified the point location by reference to 
the scanner baseline isocentre, in millimetres to the right, 

left, anterior, posterior, superior or inferior. These relative 
locations in space allow geometric calculation of the 
planes, distances and angles between them. These same 
images are superimposed in Fig. 2.5
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1986). Results of such measurements will, how-
ever, vary with the definition of the anatomical 
points used and may be influenced by flexion or 
varus deformity of the bone (Starker et al. 1998).

One study of femoral anteversion, using three- 
dimensional surface reconstructions of the femur 
from full CT image datasets, found them to be 
less reproducible than selected slice techniques 
when the femoral alignment was abnormal 
(flexed, adducted and internally rotated to simu-
late cerebral palsy), though the three-dimensional 
technique was more accurate (14% of measure-
ments falling within 5° of actual, compared with 
3% of 2D measurements) (Davids et al. 2003).

Three-dimensional surface reconstructions 
from MDCT data give a clear visual representa-
tion of the structure being assessed and make it 
easier to identify and correct for abnormal posi-
tioning. This is relevant, for example, in assess-
ment of acetabular retro- or anteversion, where 
the measurement is influenced by pelvic tilting. 
Using 3D bone surface reconstruction of the pel-
vis, the pelvic tilt can be identified and the image 
rotated to correct it, with subsequent measure-
ments of acetabular version being made in the 
true pelvic axial plane (Dandachli et  al. 2009). 
The standardised pelvic plane joins the anterior 
superior ischial spines and the pubic tubercles 
(Fig. 2.7a), with the axial plane being perpendic-
ular to this (Fig. 2.7b, c). Radiation dose reduc-
tion could be achieved by identifying the ASIS 
locations from limited low-dose sections through 
this level, rather than scanning the entire pelvis.

Assessment of the shape of the femoral head and 
neck is also currently in vogue, for the demonstra-
tion of bony deformities that cause cam impinge-
ment. Simple measurements of the alpha angle are 
influenced by the orientation of the plane of section 
chosen through the femoral head and neck. Using a 
MDCT 3D reconstruction of the proximal femur 
allows a full assessment of the location, size and 
“true” alpha angle of a cam deformity to be mea-
sured (Beaulé et al. 2005; Audenaert et al. 2011).

Three-dimensional surface reconstructions of 
the hips can also be used to identify the acetabu-
lar margin over the femoral head, to estimate 
femoral head coverage in dysplasia (Dandachli 
et al. 2008).

Three-dimensional surface reconstructions of 
malunited fractures can also be manipulated on a 
workstation, with virtual correction of the deformity 
used to make custom jigs that fit onto the bone during 
surgery to identify the optimum osteotomy location 
and then fits the cut ends of the bone to allow accurate 
correction of the deformity (Murase et al. 2008).

a

b

c

Fig. 2.7 (a) Automated 3D surface reconstruction of the 
pelvis from MDCT dataset. The white lines join the ante-
rior superior iliac spines and pubic tubercles. (b) The 
image is then rotated until the plane defined by these lines 
is vertical (line “A”) to correct pelvic tilt, the true axial 
plane (line “B”) is perpendicular to this. (c) Axial plane 
measurements, (such as acetabular version) are then made 
in the true transaxial plane

R. W. Whitehouse
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 Comparisons with Other 
Techniques (Linear Measurements)

Femoral anteversion has been measured clini-
cally and by using plain radiography, CT, MR 
and ultrasound (Günther et  al. 1996). CT is 
currently accepted as the standard for this mea-
surement but has the limitation of a relatively 
high ionising radiation dose. Ultrasound mea-
surement identifies surface locations on the 
bone; consequently, the absolute results 
obtained may differ from CT (Miller et  al. 

1993), where measurement points may be 
intra-osseous. Relative imprecision of ultra-
sound localisation of measurement points has 
been described, both as acceptable (Günther 
et al. 1996; Aamodt et al. 1995) and unaccept-
able in an earlier study using a static ultrasound 
scanner (Berman et al. 1987), for this measure-
ment method. MR can achieve results similar 
to CT (Günther et al. 1996) and has the advan-
tage of not using ionising radiation. This may 
therefore become the standard, particularly for 
measurement in children.

2 Computed Tomography
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2.5  CT Volume Measurements

The approximate volume of structures with 
spherical or near spherical shapes can be esti-
mated from measurement of the diameter of the 
structure in three orthogonal planes, averaging 
the result and calculating a volume using the for-
mula for a sphere:

 
Volume /= ( )4 3 2

3
/ p d

 

π = pi
d = diameter

For irregular-shaped structures, where the 
boundaries are clearly defined by a steep CT num-
ber gradient (such as pulmonary nodules), then 
image analysis software packages are now available 
that will identify the lesion boundaries and calculate 
its volume automatically, from a summation of the 
contained pixel numbers and the voxel volume rep-
resented by each pixel. Similar manual methods 
have been used for decades, tracing the outline of 
the structure on each section, summating the areas 
obtained and multiplying by the slice spacing. Such 
manual methods have errors introduced by the win-
dow level, size and shape of the structure being 
measured and the surrounding tissue contrast 
(Schultz and Lackner 1980). The ratio of the Z-axis 
diameter of the structure being measured to the sec-
tion thickness of the measurement slices will also 
influence volume estimation, in part due to partial 
volume averaging effects (Schultz and Felix 1978). 
Using low-dose 3-mm-thick sections applied to the 
orbits, resulting in on average ten contiguous sec-
tions through the structure of interest, we have 
achieved inter-observer precision of 1.3% and accu-
racy error of 1.5% for volume measurement 
(McGurk et  al. 1992). Such methods have been 
applied to muscle volume measurement, for exam-
ple, in the paraspinal muscles (Fig. 2.8) (Keller et al. 
2003) and thighs (Rådegran and Saltin 2000). 
Measurement of fat and lean soft tissue areas can 
also be used to estimate body composition (Müller 
et  al. 2002). In vivo measurements in animals 
(sheep) using just two sections through the hip and 
loin gave a correlation with dissection adipose mass 
of 0.79 (Lambe et al. 2006).

Estimation of lung volume from 3D MDCT 
volume reconstructions has been used to assess 
the impact of spinal scoliosis surgery (Gollogly 
et al. 2004a, b), with the degree of scoliosis also 
quantified three dimensionally (Dubousset et  al. 
2003). With the thin axial sections routinely pro-
duced by MDCT, high-resolution 3D images can 
be constructed with commercially available soft-
ware, and the enclosed volume represented by the 
image (Fig. 2.9) can be automatically calculated. 

Fig. 2.8 Axial CT section through the mid-abdomen. A 
region of interest has been drawn around the left paraspi-
nal musculature and its cross-sectional area measured

Fig. 2.9 Automated 3D reconstruction of the lungs from 
MDCT dataset. Commercially available software can mea-
sure the lung volume using similar image segmentation

R. W. Whitehouse
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As the lung/soft tissue and the bone/soft tissue 
interfaces are both high-contrast boundaries, a 
low-dose CT technique would be appropriate for 
this.

Semiautomated methods of lymph node vol-
ume and linear dimension measurements from 

MDCT data have been shown to be more precise 
and better predictors of disease involvement in 
lymphoma than manual measurements (Buerke 
et al. 2010).
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2.6  CT Number Measurements

The CT number of a pixel in a CT image is an 
approximation to the Hounsfield value but 
requires calibration against a reference material 
to give an accurate Hounsfield unit measurement 
from an individual scan, as scanner calibration 
may drift with time and room temperature and 
may also vary with patient size. The Hounsfield 
value is a measure of the average voxel X-ray 
attenuation, compared to the attenuation of water, 
according to the formula:

 
HU s s w w( ) ( ) ( ) ( )= -( )´m m m/ 1000

 

HU(s) = Hounsfield unit value of substance filling 
the voxel

μ(s) =  linear attenuation coefficient of substance 
filling the voxel

μ(w) = linear attenuation coefficient of water

Although this appears to calibrate Hounsfield 
unit measurements against water, the linear attenu-
ation coefficients of different materials vary with 
X-ray photon energy. Consequently, the HU value 
of materials with higher average atomic numbers 
than water increase with reducing X-ray energy, 
and vice versa. Consequently, to use Hounsfield 
measurements to estimate the concentration or 
density of a known material, the scan is calibrated 
against that material, or an equivalent material of 
similar average atomic number.

Calibration against material within the patient 
can have limited application. Hepatic haemangi-
omas largely contain blood and consequently 
have CT numbers close to that of the patients’ 
aorta (Whitehouse 1991).

 Single Energy Quantitative 
Computed Tomography (SEQCT)

This technique is most often used to estimate ver-
tebral trabecular bone mineral density. The 
patient is scanned whilst lying on a reference 
phantom which contains a water, or water equiva-
lent, reference material and usually several dif-
ferent known concentrations of a bone mineral 

equivalent material, dissolved or suspended 
within water equivalent materials. A calibration 
curve of CT number against mineral concentra-
tion is produced from the reference materials, 
from which the CT number of a region of interest 
in the vertebral trabecular bone can be converted 
into a mineral density equivalent. With care and 
experience, measurements with a precision error 
(reproducibility) of better than 1% can be 
achieved.

 Dual-Energy Quantitative Computed 
Tomography

SEQCT is precise but lacks accuracy, as (for 
vertebral mineral densitometry) the presence 
of variable amounts of marrow fat cannot be 
accommodated for. The linear attenuation 
coefficients for the three materials in a verte-
bra (bone, red marrow and yellow marrow) 
are widely different and also change in dif-
ferent directions with changing scanner kVp. 
Theoretically, scanning the vertebra at two dif-
ferent kVp values can be used to estimate the 
proportions of each by solving the simultane-
ous equations below:

 
V V Vb r y+ + =1.

 

 
HU HU HU HUb b r r y y vl V l V l V( )´ + ( )´ + ( )´ = ( )1 .

 

 
HU HU HU HUb b r r y y vh V h V h V h( )´ + ( )´ + ( )´ = ( ).

where
Vb, Vr and Vy are the volume proportions of bone, 

red marrow and yellow marrow, respectively.
HUb(l), HUr(l), HUy(l) and HUv(l) are the 

Hounsfield unit values for bone, red marrow, yel-
low marrow and the vertebral region of interest at 
the low kVp scan.

HUb(h), HUr(h), HUy(h) and HUv(h) are the 
Hounsfield unit values for bone, red marrow, yel-
low marrow and the vertebral region of interest at 
the high kVp scan.

HUb, HUr and HUy are measured from materi-
als in the reference phantom, and HUv is  measured 
in the vertebra, at each scan energy, respectively. 
Vb, Vr and Vy are the unknowns.
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Reference materials for red and yellow mar-
row (and even bone) are somewhat unsatisfac-
tory. Large errors can occur if the materials do 
not show the same X-ray energy-dependent 
change in attenuation as the material being mea-
sured. A sophisticated method of overcoming this 
limitation of reference material was described by 
Nickoloff, who used the reference phantom cali-
bration curve to estimate the effective X-ray 
energy of the scan and then used published linear 
attenuation coefficient data to calculate the 
expected Hounsfield unit values of the materials, 
rather than measuring them from a phantom 
(Nickoloff et al. 1988).

Dual-energy QCT has not been widely used, 
as it increases the patient radiation dose, is in 
practice of little advantage over SEQCT and has 
a considerable poorer precision. The error in 
SEQCT bone mineral estimation attributable to 
marrow fat is in the range of 5–15% and has a 
significant age dependency. Consequently, if 
age- related reference data is used, the error is 
relatively small (Glüer and Genant 1989). A fur-
ther improvement in the accuracy of SEQCT for 
bone mineral estimation is achieved by lowering 
the kVp, on those scanners with this facility. At 
80  kVp (instead of the more usual 120–
140 kVp), the CT number for mineral is mark-
edly increased, whilst the reduction in CT 
number for fat is less great. Consequently, the 
CT number for a mixture of the two has a greater 
dependence upon the mineral concentration. 
DEQCT has been used to estimate liver iron in 
patients with haemochromatosis and haemosid-
erosis from repeated transfusion. There may be 
a recrudescence of interest with the develop-
ment of a dual X-ray source CT scanner that 
acquires both energies almost simultaneously 
and can produce separate high and low atomic 
number material images directly.

 Comparisons with Other 
Measurements (Density 
Measurements)

Currently, the accepted standard technique for 
bone mineral density measurement is dual-energy 

X-ray absorptiometry (DXA). This method uti-
lises low-dose X-rays, filtered to produce alter-
nating high- and low-energy X-ray beams and 
scanned across the region of interest. Results of 
these scans give an estimate of the total mineral 
in the scan path, per unit area of the projection; 
thus trabecular and cortical bone (plus any soft 
tissue calcification, facet joint osteoarthosis) that 
lies in the same part of the projected image is 
included in the result. Despite these limitations, 
DXA is a very precise measurement method; 
uses lower X-ray doses than QCT; can provide 
measurements in the spine, hip, whole body or 
selected regions; and is cheaper. Consequently, it 
was adopted by the WHO within its definition of 
osteoporosis (Miller 2006). QCT has the advan-
tage of measuring trabecular bone separately 
from cortex and other calcifications and being a 
true volumetric density is not influenced by 
patient size.

 Conclusions

Computed tomography produces images of 
excellent dimensional stability. When submilli-
metre section thickness is used, clearly defined 
anatomical points can be located in all three 
dimensions and measurements between them 
made with high accuracy. The limitation, as 
with all measurement, is largely in the anatomi-
cal definition and precision of point placement. 
Care to ensure that slice location is correct, that 
the patient does not move between slice acquisi-
tions and that appropriate consideration of the 
three- dimensional geometry is allowed for in 
the measurement technique should optimise the 
result. Steps to minimise X-ray dose to the 
patient should be routinely employed—low mA, 
low kV scans and the use of low mA scout views 
to place the minimum number of axial sections 
required for the measurement. Lead gonad pro-
tection can also be used for the scout views and 
high-density (bismuth) protectors can also 
reduce radiation dose to selected superficial 
structures on axial sections, without signifi-
cantly impairing image quality (Hohl et  al. 
2006).
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3.1  Introduction

Measurement is one of the key parameters of US 
examination and represents an essential part for a 
correct interpretation of ultrasound (US) images 
and for distinguishing normal from pathologic 
conditions. In the musculoskeletal system, US 
measurements involve calculation of linear dis-
tance, area, or volume. Distance measures are the 
most commonly used by far. They are usually 
obtained on the freezed image frame by moving a 
visible cursor on the screen via a track ball: the 
process may take a couple of seconds. The preci-
sion of distance measurements reached by cur-
rent technology and high frequency broadband 
transducers is very high, and, in the best circum-
stances, spot reflectors measuring 0.1 mm in size 
can be resolved as separate structures. Area mea-
surements are used in more specific settings. 
Because most of area measurements relate to 
round/oval structures, built-in systems that pro-
duce an ellipse on the screen can give results 
quickly by adjusting size and shape on the struc-
ture to be evaluated with the track ball. On the 
other hand, freehand area measurements need a 
steady hand: it may be difficult to draw on the 
screen a trace that perfectly overlaps the structure 
of interest. However, positive and negative errors 
produced by the caliper spots that deviate from 
the intended position on either side of the outline, 
at the end, tend to balance. Automated recogni-
tion algorithms have recently been introduced to 
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make precise tracing around a given structure 
without wasting time. If implemented in the 
equipment software, volume algorithms usually 
refer to ellipsoid structures or recall obstetrical 
shapes. In general, these systems do not perfectly 
fit for use in the musculoskeletal system, where 
skeletal muscles have variable conformation. The 
advent of 3D and 4D ultrasound is opening new 
perspectives in this field. One of the main draw-
backs of linear array transducers is the limited 
extension of the field of view that makes mea-
surements of elongated structures in the muscu-
loskeletal system impractical. Thus, spatial 
relationships and sizes in the US images often 

must be synthesized in the mind of the sonologist 
from multiple real-time images that display only 
portions of the relevant anatomy (Lin et al. 1999). 
With extended field-of-view systems, however, 
geometric measurements can be obtained effec-
tively from lesions larger than the field of view of 
the transducer with <5% error (Fig. 3.1) (Fornage 
et al. 2000).

The aim of this chapter is to discuss technical 
aspects of US measurement of tendons, muscles, 
nerves, joints, and soft-tissue masses and to 
determine under what circumstances these mea-
surements are used in the musculoskeletal 
system.

Fig. 3.1 Longitudinal extended field-of-
view 12–5 MHz US image of the posterior 
ankle in a patient with chronic Achilles 
tendon rupture and substantial retraction of 
the tendon ends (arrows). The length of the 
gap exceeds the transducer width but can be 
effectively measured by means of the 
extended field-of-view technique

C. Martinoli et al.
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3.2  Tendons

One of the most common applications of muscu-
loskeletal US is the investigation of tendons 
(Martinoli et al. 1999, 2002). Nevertheless, lim-
ited data are available in literature regarding 
reproducibility of tendon measurements and 
observer variability in obtaining these measures 
(Ying et  al. 2003; O’Connor et  al. 2004). This 
may be in part related to intrinsic factors, such as 
the existence of wide range variation of tendon 
size depending on gender, side dominance, and 
effects of sports exercise (Koivunen-Niemelä and 
Parkkola 1995; Ying et  al. 2003). On the other 

hand, technical factors, including lack of ade-
quate standardization of probe positioning, dif-
ferences in pressure applied with the probe and 
angles of incidence of the US beam as well as 
absence of clearly defined landmarks around ten-
dons, contribute to make difficult obtaining com-
parable images and reproducible measurements. 
Based on recent studies, interobserver variation 
was found to be a greater source of error than 
intraobserver variation when measuring tendons 
(O’Connor et  al. 2004). In general terms, this 
would support the use of the same observer if 
longitudinal studies of tendon size have to be 
undertaken.

3 Ultrasound
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3.3  Tendinosis and Partial Tears

The degenerative process in tendons, which is com-
monly known as “tendinosis,” has imaging charac-
teristics that may be used alone or in combination to 
help in distinguishing this process from normal 
states or other more severe tendon abnormalities 
such as complete tears. Among them, an increased 
size of the affected tendon in the zone of abnormal-
ity is virtually pathognomonic of the degenerative 
process that produces an increase in the glycoprotein 
matrix, tenocyte, and fibroblast proliferation with 
the formation of disorganized collagen (Martinoli 
et al. 2002). Measurement of thickness and determi-
nation of increased size is thus an important compo-
nent of tendon assessment, reflecting both status and 
severity of tendinopathy (Archambault et al. 1998). 
In the degenerative setting, the abnormal tendon 
may thicken circumferentially, leading to a parallel 
increase in size of the two axial diameters (AP and 
LL) or may enlarge selectively along the surface-to-
depth axis (AP). This “vertical” swelling most often 
occurs close to bone insertions (e.g., lateral epicon-
dylitis, jumper’s knee, etc.). As a rule, it would be, 
therefore, recommended to calculate the tendon size 
in the zone of maximum thickening by considering 
the cross-sectional area (given by calculation of the 
two axial diameters or by tracing methods provided 
by the built-in software of the equipment). In alter-
native, the examiner should take the only AP diam-
eter, which is expression of the tendon thickness. 
When measuring this parameter, the screen calipers 
should be placed systematically on the short axis of 
the tendon to obtain more reliable calculation, 
because the longitudinal plane may overestimate the 
tendon thickness due to partial volume averaging 
artifact and some obliquity in the course of tendons 
(Fig. 3.2) (Fornage 1986; Ying et al. 2003). If the 
increased tendon volume is mild (grade I tendinopa-
thy), it may be recognized in a more confident way 
by comparing the affected tendon with the contralat-
eral one (if this latter is healthy). In tendinosis, 
 measurement accuracy would have potential impli-
cations not only to identify mild disorder but also to 
follow-up tendon changes and evaluate the effects of 
conservative measures with time. On the other hand, 
high values of tendon thickness have also been pro-
posed to correctly predict tendinosis and partial 
tears, at least in the Achilles tendon (Hartgerink et al. 

2001). Softening (tenomalacia) is another feature of 
tendons affected by degenerative changes and partial 
tears (Koury and Cardinal 2009). Under certain cir-
cumstances, probe compression may be useful in 
distinguishing between effusion and synovial hyper-
trophy filling a partial-thickness tear (soft) from 
residual intact tendon fibers (stiff). In the absence of 
a tear, an increased tendon compressibility may be 
encountered in abnormally thickened tendons as a 
result of deranged intratendinous structure (Koury 
and Cardinal 2009). Compressibility can be visually 
assessed on gray-scale imaging applying graded 
compression with the probe on the abnormal tendon. 
This evaluation should be performed in a relaxed 
state, without applying any tension to the tendon 
fibers. More recently, sonoelastography, a relatively 
new technique that is able to assess the elastic prop-
erties of tissues, can offer better quantitative analysis 
of tendon compressibility (strain) expressed in pres-
sure units, commonly kilopascals (kPa), or as a 
strain ratio (Klauser et al. 2010). Initial application 
of sonoelastography in lateral epicondylitis and 
Achilles tendinopathies showed promising results 
(De Zordo et al. 2009, 2010; Drakonaki et al. 2009). 
In most cases, however, this modality should be 
viewed as emerging rather than an established tool 
of assessment. A standardized protocol for image 
acquisition, range of values, and limitations need to 
be defined in this setting. Further clinical evaluation 
is also mandatory.

Fig. 3.2 Tendon thickness measurement. Schematic 
drawings illustrate possible sources of inaccuracy when 
placing the probe over the long axis of the tendon. Slight 
tilting of the probe or some obliquity of the tendon rela-
tive to the skin may cause calculation errors of tendon 
diameter (d) and poor reliability
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3.4  Complete Tears

When findings noted at clinical examination are 
inconclusive or equivocal for a diagnosis of acute 
tendon rupture, further evaluation with US aids to 
distinguish complete tears from less severe patho-
logic conditions. In complete tendon tears, US is 
able to provide detailed information on the posi-
tion of the tendon ends and measurement of the 
gap between them. When the gap is less than the 
width of the transducer array, both tendon ends 
can be easily demonstrated in the same image 
frame. In the instance of significant retraction and 
longer gaps, the examiner can use extended field-
of-view algorithms to improve the presentation of 
the US information for the referring physician. 
Alternatively, the position of the tendon ends can 
be related to definite landmarks (e.g., bone, joint 
level, etc.) that are palpable or can be readily iden-
tified by the orthopedic surgeon. One of the main 
advantages of US over MR imaging to image ten-
dons consists of its ability to perform dynamic 
scans during active and passive joint motion. In 
daily practice, dynamic scanning is particularly 
helpful to distinguish partial from complete tears, 
especially if there is no fluid filling the gap and 
the tendon ends are curled up thus mimicking a 
degenerated but continuous tendon. In the Achilles 
tendon, for instance, the gap between the tendon 
ends should be recorded not only in the resting 
position (static technique) but also when the foot 
is moved into as much plantar flexion as pain 
allows (dynamic technique). When the tendon 
ends closely appose or the dynamic gap is mea-
sured as less than 5 mm, there may be indication 
for conservative (cast immobilization) treatment 
without additional risk of re- rupture compared 
with patients who undergo operative treatment 
(Webb and Bannister 1999; Kotnis et  al. 2006). 
Although a limited number of trials have assessed 
the reliability and accuracy of US measurements 
in tendon rupture compared with surgical mea-
sures, there is general consensus on the assump-
tion that US is an accurate means to predict the 
size of a tear and calculate the amount of tendon 
retraction on long-axis planes. However, the accu-

racy of tendon gap measurement may be influ-
enced by a variety of factors, including patient 
positioning and the status of the tendon ends. It is 
well-known, for instance, that proper patient’s 
positioning is critical to image the rotator cuff 
with US. The modified Crass (Middleton) maneu-
ver is routinely obtained for this purpose by ask-
ing the patient to extend the patient’s arm 
posteriorly, placing the palm of the hand on the 
superior aspect of the iliac wing with the elbow 
flexed, directed posteriorly and toward midline, so 
that the supraspinatus tendon is moved away from 
underneath the acromion (Crass et  al. 1988; 
Middleton 1992). This position helps to confirm 
rupture and to identify the location of the injury 
but it inherently creates greater tension across 
full-thickness supraspinatus tears, thus resulting 
in overestimation of tear size compared with sur-
gical findings (Ferri et al. 2005). Conversely, the 
Crass position, which is obtained with a higher 
degree of internal rotation by keeping the shoul-
der extended, adducted, and internally rotated 
with the elbow flexed, the palm facing out, and the 
fingers pointing toward the contralateral scapula, 
causes less stretching on the tendon fibers (Crass 
et al. 1987; Ferri et al. 2005). As this latter posi-
tion mimics the adducted shoulder position at the 
time of surgery, it was found to reflect more pre-
cisely the true size of the tears (Ferri et al. 2005).

In tendon gap measurement, another limita-
tion of US may be related to the status of the ten-
don ends, particularly in cases of rupture of 
tendons invested by synovial sheath, when they 
are retracted, frayed, and irregular. Acutely, hem-
orrhage and debris often distend the tenosynovial 
sheath and may make depiction of the tendon 
ends unclear. In these cases, some overestimation 
of tendon retraction should also be expected due 
to irregular shrinking, wavy retraction of the 
proximal tendon fibers, and action of the muscle. 
If defining the site of the tendon stumps is impor-
tant to plan reconstructive surgery and US is reli-
able to provide this information, one should be 
aware that the end-to-end gap measurement pro-
vided by US may be slightly overestimated com-
pared to surgery.
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3.5  Muscles

Accurate estimation of the volume of individual 
muscles or muscle groups assumes clinical rele-
vance in specific specialized settings, such as 
rehabilitation medicine for monitoring the effects 
of disuse and immobilization, sports medicine 
for assessing muscle building programs and 
adaptations in response to training and physio-
therapy, as well as pediatrics for children and 
adolescents with muscle dystrophies or disabili-

ties secondary to cerebral palsy. Estimation of the 
muscle volume is a complex task which requires 
stereological methods based on systematic sec-
tioning the muscle with equidistant parallel 
planes along a known distance and the applica-
tion of a mathematical formula (Walton et  al. 
1997). US and MR imaging may be equally used 
to obtain the required number of axial parallel 
sections through the muscle for volume calcula-
tion (Fig. 3.3). Using these methods, recent stud-
ies performed with current generation machines 

a1
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a4

a5 
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Fig. 3.3 Muscle volume 
assessment. The length 
(l) of the tibialis anterior 
muscle is taken as the 
distance between the 
proximal origin and the 
distal myotendinous 
junction over a straight 
line. A number (five in 
this example) of axial 
planes (a1 … a5) are 
taken along the length of 
the muscle with a 
constant interscan 
distance. The volume of 
the muscular portion 
between every two 
consecutive scans is 
calculated with 
mathematical 
algorithms. Then, the 
volume of the entire 
muscle is calculated by 
summing up all of the 
interscan muscle 
volumes
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 concluded that US can provide accurate and 
reproducible measurements of muscle volume. 
Using unrestrained free-hand technique, how-
ever, US is not unbiased, requires external mark-
ers and has certain disadvantages compared with 
MR imaging- based measurements. Main limita-
tions include: some underestimation of the mus-
cle volume (error ≈7%); dependency upon the 
orientation of the probe; restricted use to superfi-
cial and relatively small muscles only (Esformes 
et  al. 2002). In addition, US methods are more 
time consuming than MR imaging measurements 
(Esformes et  al. 2002). With introduction of 
three-dimensional systems, the validity and reli-
ability of US-based volume measurements is 
expected to improve (Delcker et al. 1999), even if 
some limitation related to the attenuation of the 
US beam for evaluating deep-seated structures 
and a too small acquisition field of view seems to 
be difficult to overcome.

Given the complexity of volume calculation 
with US, a widely used alternative and quicker 
way to estimate the muscle bulk and compare it 
with the opposite side relies on measuring either 
the muscle thickness or the CSA by the ellipse 
formula (Dupont et al. 2001; Koury et al. 2008). 
These methods are more practical but are also 
more subjective and, in themselves, do not per-
fectly correlate with true volume assessment. 
They serve as indicators of either muscle disuse/
atrophy or hypertrophy when values are com-
pared with the opposite side (Fig.  3.4). On the 
other hand, these methods have several potential 
source of errors, such as the need to match scan 
landmarks precisely, to use identical probe ori-
entation when comparing the two sides, and to 
avoid any pressure on the underlying tissues (a 
generous amount of contact gel should be used!). 
As regard this latter point, the flattening-related 
error related to probe pressure would be greater 
for thickness measurements than for CSA mea-
surements, since the reduction in one dimension 
would be presumably compensated by bulging in 
another dimension and the volume of the muscle 
would remain constant (Dupont et  al. 2001). 
Apart from these considerations, US has proved 
to be a reliable means to measure both muscle 
thickness and CSA with a test-retest correlation 
of 0.98–0.99 (Reeves et  al. 2004) and a 0.90–

0.99 correlation with MR imaging (Walton et al. 
1997; Dupont et  al. 2001; Reeves et  al. 2004; 
Koury et al. 2008). Although some studies have 
used US to determine muscle thickness in 
healthy subjects (Arts et  al. 2007), the estab-
lished normal values are dependent on site of 
measurement, subject’s position, activity, and 
body mass. In addition, the influence of age and 
gender is different for each muscle group and 
should be taken into account when evaluating 
US images of muscles of individual patients 
(Pillen et al. 2008).

a

b

Fig. 3.4 Muscle size measurement. Transverse 12–5 
MHz US images over the right (a) and left (b) anterior 
thighs in a patient with left femoral nerve injury. Atrophy 
of the left rectus femoris muscle is recognized by compar-
ing its cross-sectional area (CSA) with that of the contra-
lateral muscle. On a deeper plane, the thickness 
measurement (d) is used to estimate the size of the vastus 
intermedius: a milder degree of atrophy corresponding to 
a reduced thickness is observed in the left muscle
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On longitudinal US images, skeletal muscles 
show a typical pennate pattern: this is related to 
multiple hyperechoic parallel linear echoes due 
to fibroadipose septa of the perimysium that sur-
round muscle fibers forming oblique angles with 
the myotendinous junction (Fornage et al. 1983). 
In the past, US has been suggested as a means to 
measure the angles (θ) of the pennate pattern 
(angle of fascicular insertion into the aponeuro-
sis) in an attempt to better quantify echotextural 
changes in diseased muscles (Rutheford and 
Jones 1992). A direct correlation was found 
between pennation angles and muscle fiber length 
(Bleakney and Maffulli 2002), whereas these 
angles decrease with parallel increase of fatty 
atrophy and decrease of muscle CSA (Narici and 
Cerretelli 1998; Meyer et al. 2004). However, US 
measurements of the angles of the pennate pat-

tern may be unpractical at certain sites, and clear 
depiction of the orientation of fibroadipose septa 
may be hardly appreciated when muscle atrophy 
is severe (Strobel et al. 2005). This is the reason 
for which subjective analog scales, such as the 
Goutallier’ scale, are still preferred to assess fatty 
changes in muscle echotexture (Koury et  al. 
2008). Recently, quantitative sonoelastography 
was found to be feasible for measuring dynamic 
viscoelastic properties of human skeletal mus-
cles. Investigations into the dynamic viscoelastic 
properties of healthy skeletal muscles revealed 
that voluntarily contracted muscles exhibit con-
siderable increases in both shear modulus and 
viscosity estimates as compared to the relaxed 
state (Hoyt et  al. 2008). Further validation of 
these systems is still needed to establish their 
ultimate value in the diagnostic work-up.
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3.6  Nerves

In the last years, US is being used more and more 
frequently to evaluate peripheral nerves, thus 
influencing the diagnosis and clinical care in a 
variety of settings of orthopedic, neurologic, neu-
rophysiologic, and anesthesiologic interest. A 
large number of studies have provided evidence 
that measurements of the nerve CSA can discrim-
inate between normal and pathologic states in a 
variety of neuropathies (Duncan et  al. 1999; 
Yesildag et  al. 2004; Cartwright et  al. 2008). 
Nevertheless, there are many discrepancies in lit-
erature concerning nerve measurements and 
related cutoff values between normal and patho-
logic states. These inconsistencies derive from 
methodological differences in design and tech-

nology, measurement errors, and difference in the 
sample population among research papers 
(Thoirs et  al. 2008). The extent to which these 
factors may affect the diagnosis is, for large part, 
undefined, but it is such to possibly influence the 
data used for reference. In absence of substanti-
ated reference values, the data available in the 
literature on nerve US may not find validation in 
the clinical practice, possibly confounding the 
diagnostic thinking and, with time, weakening 
the overall acceptance of the technique by the 
referring physicians. Although initial attempts to 
introduce protocols for measurement and normal 
reference values have been made, much work 
should still be done on this matter (Alemán et al. 
2008; Padua and Martinoli 2008; Cartwright 
et al. 2008).
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3.7  Nerve Compression 
Syndromes

In nerve entrapment syndromes, the measure-
ment that has to be taken on a nerve is essentially 
the nerve CSA (for large nerves, such as the 
median, the ulnar, and the tibial) or the maximum 
cross-sectional diameter (for small nerves, such 
as the radial, the peroneal, the divisional branches 
of the ulnar), when the nerve size is too small for 
a reliable calculation of the area. Even if mea-
surements obtained at specific levels—for 
instance, the pisiform bone for the median nerve 
at the carpal tunnel—are a valuable means to 
obtain better standardization, the nerve cross- 
sectional area should be sampled, in logical 
terms, at the site where the nerve is maximally 
enlarged, and the histopathologic changes are, 
therefore, maximal: in general, this occurs just 
ahead the compressing structure as the result of 
intraneural changes related to vasocongestion 
and edema. In the carpal tunnel, for instance, 
daily experience suggests that the point of maxi-
mum enlargement of the median nerve corre-
sponds to the proximal boundary of the 
retinaculum, a position located slight cranially to 
the pisiform. We believe that definition of a level 
of measurement could be still matter of debate to 
establish whether selection of an extrinsic land-
mark or evaluation of the nerve shape in itself is 
the most sensitive way to identify disease. Two 
methods are used to measure the nerve CSA: the 
indirect method, based on calculation of the 
nerve diameters by calipers and application of the 
ellipse formula (transverse diameter x anteropos-
terior diameter x π/4) and the direct method, 
based on manual tracing and automated calcula-
tion of the area (Yesildag et  al. 2004; Duncan 
et al. 1999). Both methods can be used depending 
on the examiner’s preference and the equipment 
software available. In fact, no significant differ-
ences were found between the mean values of the 
CSA of the median nerve calculated by the two 
methods (P < 0.314; Alemán et al. 2008; p = 0.08; 
Yesildag et al. 2004), with a high degree of cor-
relation (0.97 in patients with carpal tunnel syn-
drome and 0.84 in controls; Yesildag et al. 2004). 

Similarly, a high reproducibility was observed in 
CSA measurements performed by experienced 
and inexperienced observers after a short learn-
ing period (Alemán et al. 2008). Either using the 
direct or the indirect method, the CSA measure-
ment should be obtained from the outer margin of 
hypoechoic fascicles: the echogenic rim sur-
rounding the fascicles (often visible in the ulnar 
nerve at the cubital tunnel) reflects the outer epi-
neurial sheath and has to be excluded because it 
may not be clearly distinguishable from the 
external perineural fat (Fig. 3.5) (Yesildag et al. 
2004). Even if the nerve margin used for CSA 
measurement has not been specified in many 
research studies, most of available data seem 
referring to the hypoechoic portion of the nerve. 
At certain osteofibrous tunnels, the joint position 
may significantly affect CSA measurement. This 
typically occurs at the elbow, where the ulnar 
nerve diameter was found to be smaller in full 
flexion than in elbow extension secondary to the 
length changes required to accommodate the 
nerve along a curved path during flexion of the 
elbow joint (Yoon et al. 2007; Thoirs et al. 2008). 
Probe positioning is another factor potentially 
affecting the variability of CSA measurements as 
the US beam should be always directed perpen-
dicularly to the long axis of the nerve to be exam-
ined (even if the nerve assumes a curved course 
or an oblique course from surface to depth). The 
optimal probe orientation for measurements can 
be defined dynamically by tilting the probe over 
the nerve or inducing slight changes in the joint 
position. When setting cutoff values for nerve 
CSA, gender, weight, body mass index, and race 
should also be taken into account as possible con-
founders (Thoirs et al. 2008). The results of all 
the above variables considered as a whole are 
responsible of the lack of consensus still existing 
on the optimal cutoff value for median nerve at 
the wrist and the ulnar nerve at the elbow. More 
specifically, diagnostic cutoff values for carpal 
tunnel syndrome have ranged from 9 to 13 mm2 
with most studies choosing a mark of >10 or 
11 mm2 (Hobson-Webb et al. 2012). In the cubi-
tal tunnel syndrome, the exact diagnostic cutoff 
values also vary between institutions, but an ulnar 
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nerve CSA >10 mm2 is a generally accepted mark 
(Beckman et al. 2011). In lieu of using absolute 
cutoff values, a wrist-to-forearm ratio of median 
nerve CSA has been recently introduced 
(Hobson-Webb et  al. 2008). To calculate this 
ratio, the CSA is determined at the level of the 
distal wrist crease and 12 cm proximally in the 
forearm. These authors found an upper normal 
limit of wrist-to-forearm ratio of 1.4 to have 
100% sensitivity for detecting carpal tunnel syn-
drome with no false positives in the control group 

(Hobson-Webb et al. 2008). Other authors have 
proposed the pronator quadratus muscle as the 
level for the second CSA measurement. A differ-
ence (ΔCSA) between the largest CSA of the 
median nerve obtained at the level of the carpal 
tunnel and at the proximal third of the pronator 
quadratus is then calculated (Klauser et al. 2009). 
A ΔCSA threshold of 2  mm2 proved to have a 
sensitivity and specificity as high as 99% and 
100%, respectively, for the diagnosis of carpal 
tunnel syndrome (Klauser et  al. 2009). In the 

a
a1 a2

a1 a2

b c

Fig. 3.5 Nerve cross-sectional area. (a) Schematic draw-
ing illustrates two modalities to calculate the nerve CSA 
by tracing the boundary of the hypoechoic fascicles (a1) or 
the outer margin of the hyperechoic epineurium (a2). 
(b, c) Short-axis 17–5 MHz US images of the ulnar nerve 

(UN) at the elbow demonstrate a central cluster of fasci-
cles forming a well-delimited hypoechoic complex sur-
rounded by an undefined echogenic envelope (asterisk). 
Arrowheads indicate the points for caliper positioning to 
calculate a1 and a2
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occurrence of a bifid median nerve, the same 
method can be used by summing the CSAs of the 
radial and ulnar branches of the nerve (Klauser 
et al. 2011). After doing that, a ∆CSA threshold 
of 4 mm2 between the carpal tunnel level and the 
proximal third of the pronator quadratus provided 
sensitivity and specificity as high as 92.5% and 
94.6%, respectively, for the diagnosis of com-
pressive neuropahty (Klauser et al. 2011). One- 
to- one comparison of values with the opposite 

side used as control has been also suggested as an 
alternative option for objective assessment of the 
nerve size (Thoirs et al. 2008). This seems par-
ticularly promising in mild initial entrapments, 
when electrophysiology is positive, but the CSA 
is within or at the limits of the normal range. In 
these cases, a difference in the CSA between 
right and left sides might increase the examiner’s 
confidence that a mild compression exists.
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3.8  Nerve Injuries

When a nerve has been injured, the goal of surgi-
cal repair is generally to approximate the ends of 
the injured nerve to restore function in muscles. 
If the nerve ends cannot be brought together (gap 
>5  mm), then a nerve graft may be necessary. 
Assessing the exact location of the nerve ends 
and measuring the gap in between them on longi-
tudinal scans is crucial in a preoperative setting 
for selection of the adequate treatment. In fact, 
direct visualization of the nerve ends may be 
impaired at surgical exploration following retrac-
tion of the proximal stump and presence of sur-
rounding scar tissue and hematoma (Peer et  al. 
2001). In general, this information can be more 
accurately achieved by US rather than by MR 
imaging because, in the acute setting, edema and 
hemorrhage lead to a high T2-weighted signal 
intensity that may be similar to the hyperintense 
signal of the nerve ends. After interruption, 
regenerating axonal sprouts and nerve sheath 
cells grow randomly at the lesion site in an 
attempt to restore the nerve continuity. This pro-
cess usually gives off a terminal (stump) neu-

roma. The neuroma may involve the two ends or, 
more commonly, the proximal end of the severed 
nerve. When measuring the gap, the examiner 
should be aware that the neuroma needs to be 
excised at repair after a nerve injury. For this rea-
son, the measurement should be also performed 
by adding the neuroma/s’ length to the actual gap 
length, starting measurement at the base of neu-
roma, where the normal CSA and fascicular 
appearance of the nerve bundle is preserved 
(Fig. 3.6). In order to avoid harvesting of sensory 
nerves and formation of neuromas, recent surgi-
cal therapies have been developed using the 
implantation of coil-reinforced hydrogel tubes 
between the nerve ends which impose direction-
ality to the regenerating nerve axons and reduce 
the incidence of neuromas (Battiston et al. 2005; 
Katayama et al. 2006). Once the tube is in place, 
the regenerating nerve fibers grow from the prox-
imal nerve stump, through the graft, into the dis-
tal nerve segment (Belkas et al. 2006). In these 
cases, the surgeon needs not only to know the 
end-to-end distance-free of neuromas but also the 
cross-sectional diameter of the nerve ends to 
select the appropriate size of the tube.

Fig. 3.6 Nerve gap measurement. 
Longitudinal 12–5 MHz US scan over a 
transected ulnar nerve at the middle third of 
the arm. Note the proximal (white arrows) 
and the distal (open arrows) nerve stumps 
ending in two hypoechoic neuromas (N). The 
gap is measured by a straight line joining the 
tips of the neuromas (d1). The distance 
between the junctions of the neuromas with 
the normal nerve tissue (d2) should be also 
taken
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3.9  Joints

The indications for joint US are growing up due 
to the progressive refinement of technology and 
the fact that both radiologists and clinicians are 
increasingly aware of the potential of US in this 

field (Bianchi et al. 2002). Regarding joint mea-
sures, US can be used to better quantify synovi-
tis, to help the diagnosis of joint instability and 
ligament tears as well as to assess the articular 
cartilage damage in degenerative and inflamma-
tory disorders.
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3.10  Synovitis

Absolute measurements of normal joints have not 
been universally agreed, because of wide varia-
tion in the normal, intrinsic anatomic complexity 
and inability of US to examine large part of the 
joint surfaces due to problem of access. 
Nevertheless, many attempts have been made and 
especially in the rheumatologic literature or as 
part of training programs of the EULAR/
OMERACT groups to standardize measurements 
and quantify the amount of joint distension by 
effusion and synovitis at any individual location. 
Many variables may interfere while measuring 
joint distension with US, including joint size, 
joint positioning, number and accessibility of the 
recesses, selection of appropriate landmarks, and 
a variety of local intra- and extraarticular fea-
tures. These factors have limited the value of 
gray-scale US as a means for quantification of 
findings. Until now, the thickness of the joint 
space measured at the level of the joint line or at 
any recess of the joint cavity has been regarded as 
the established measure for diagnosing joint dis-
tension and synovitis (McNally 2008). Depending 
on the joint, the thickness measurement may 
reflect the space occupied by effusion or the com-
bination of effusion plus hypertrophic synovium 
and capsular structures. An example is given by 
the anterior recess of the hip joint, a pouch 
formed by a combination of anterior and poste-
rior capsular layers between the femoral neck 
and the iliopsoas muscle. In the pediatric age 
group, the parietal layers of this recess are closely 
apposed and the thickness of the total capsule 
(anterior femoral neck-to-posterior iliopsoas 
muscle distance) measures 4.9  mm ±1  mm in 
normal states, whereas the difference between 
both hips should not exceed 1 mm (Robben et al. 
1999). In the past, hip synovitis was diagnosed 
with a thickness of the total capsule more than 
the cutoff value of 5 mm (Robben et al. 1999). 
With improving transducer technology, the abil-
ity to discriminate the effusion from surrounding 
capsular layers has led to measure the effusion 
directly as a separate element (Rohrschneider 
et al. 1996). With this latter measurement, that is 
more reliable and accurate, a 2 mm threshold is 

now used to distinguish pathologic from physio-
logic effusions (Rohrschneider et  al. 1996). In 
adult patients with arthritis, much of the refer-
ence data available did not yet reach full valida-
tion and consensus regarding technical parameters 
and standard examination technique. In the ven-
tral aspect of the metacarpo-phalangeal joint 
(MCPJ), for instance, a standard measurement 
has been proposed using the distance between the 
subchondral bone of the metacarpal head and the 
volar plate, but variation was found to be quite 
wide (Schmidt et al. 2004). In addition, this mea-
surement does not include the proximal recess 
where early and prominent thickening may occur 
(McNally 2008). For these reasons, some authors 
suggest to measure at the point of maximal joint 
distension (bone-to- capsule distance) irrespec-
tive of its location and compare the result with 
the normal value known for that location 
(McNally 2008). However, the normal reference 
values vary with the area of the joint being exam-
ined and too mild changes (1 mm) in joint thick-
ness are already considered significant to suggest 
synovitis. This exposes the system to inaccura-
cies for minor sampling errors. Similar consider-
ations are valid for the carpal joints and the 
proximal interphalangeal joint (PIPJ) in patients 
with arthritis. In the last years, the problems 
posed by absolute measurements to assess syno-
vitis have been, at least in part, overcome by 
development of semiquantitative systems, in 
which volume grading is based on analog scales 
(e.g., mild, moderate, severe) (Szkudlarek et al. 
2004). On the other hand, the advent of three-
dimensional (volume) US seems very promising 
to open new perspectives in terms of automated 
volume calculation of the joint space. Following 
acquisition with volumetric probes, data can be 
displayed with multiplanar (MPR) or maximum 
intensity projection (MIP) reconstruction algo-
rithms. With MPR, each plane is oriented within 
the volume dataset by parallel or rotational shift-
ing around any of the three spatial axes. Using 
MIP algorithms, the area of interest (i.e., a joint 
recess) may be represented as a solid shape and 
its volume measured in cc/mm3. At the same 
time, these systems are able to provide automated 
calculation of the percentage of blood flow sig-
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nals in the joint volume using color/power 
Doppler systems. This  percentage can be 
expressed as the area occupied by color signal. 
Other measurements can calculate the mean 
intensity of the color signals in the joint space as 
well as a ratio of the amount and intensity of 
color signals in the same joint space. In addition, 
the ability to store serial volume datasets of a 
joint space with time would allow better com-
parison of findings in longitudinal studies, pro-
viding new insights into assessment of the patient 
outcome and reinforcing the role of ultrasound to 
evaluate the results of treatment. This seems par-

ticularly relevant in the light of establishment of 
high-cost therapies based on anti-TNFα drugs. 
Some loss of spatial resolution and worsening of 
image quality is expected using current 3D probe 
types in which the US beam is swept throughout 
the tissue volume along the z-axis by tilting the 
scanhead with a mechanized drive. As technol-
ogy progresses, the forthcoming introduction of 
high-frequency matrix probes capable of isotro-
pic-voxel volumetric acquisition would be able to 
provide more reliable and accurate quantification 
measurements.
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3.11  Instability

The diagnosis of joint instability basically relies on 
plain films. In some instances, however, the com-
plex anatomy of joints and surrounding structures 
may make detection of subluxation and dislocation 
difficult to be diagnosed on standard radiographs. 
Static and dynamic US scanning can contribute to 
detect occult positional joint abnormalities by mea-
suring the width of the joint space or the abnormal 
relationship of adjacent bones in a variety of clini-
cal settings, such as posterior shoulder dislocation 
and mild acromioclavicular joint instability 
(Bianchi et al. 1994; Heers and Hedtmann 2005). 
In addition, dynamic US may indirectly suggest 
ligament rupture by demonstrating the instability 
that the ligament injury causes (Fig. 3.7). This may 
be particularly useful when static examination of 
the ligament is equivocal in case of subtle injuries 
or when the ligament is difficult to be directly 

imaged. An example of “stress sonography” is 
given by the assessment of the laxity of the ulnohu-
meral joint that occurs secondary to the injury of 
the anterior band of the ulnar collateral ligament. 
The width of the ulnohumeral joint space at the 
level of the anterior band is measured on the longi-
tudinal plane while in neutral position and during 
application of valgus stress (De Smet et al. 2002; 
Nazarian et al. 2003). Measurement of changes in 
joint width with stressing allows quantitation of the 
degree of laxity of the joint and can give indirect 
confirmation of both complete ligament tears and 
partial tears in which the ligament is continuous but 
lax. Comparison with the noninjured opposite 
elbow should be obtained to compare the amount 
of joint widening that occurs during valgus stress-
ing. Joint width measurements are more confi-
dently performed when the bony edges facing the 
joint space are sharp and not smooth to avoid 
ambiguous caliper positioning.

a b

c d

Fig. 3.7 Joint instability (SLAC wrist). (a, c) AP radio-
graphs of the wrist and (b, d) corresponding 17–5 MHz 
US images over the dorsal aspect of the scapholunate joint 
obtained during (a, b) radial (converging arrows) and (c, 

d) ulnar (diverging arrows) deviation of the wrist demon-
strate widening of the scapholunate distance (distance 
between the vertical bars) while in ulnar deviation. This 
can be considered an indirect sign of ligament tear
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3.12  Osteoarthritis and Cartilage

Generally speaking, hyaline cartilage thickness 
measurement is an important marker of structural 
joint damage in osteoarthritis and inflammatory 
arthritis. In spite of important limitations related 
to the fact that large part of the articular cartilage 
is hidden by bone surfaces and cannot be explored 
with US, this technique has proved able to pro-
vide accurate measurements of its thickness at 
clinically relevant sites, such as the femoral con-
dyles and the femoral trochlea (Mathiesen et al. 
2004; Lee et al. 2008; Naredo et al. 2009). The 
cartilage thickness should be measured perpen-
dicular to the bone-cartilage interface at a given 
reference point (Naredo et  al. 2009). The mea-
surement is easy to take because the cartilage 

appears as a homogeneous anechoic band overly-
ing the subchondral bone, delimited by two clear- 
cut echoes formed at the interface with bone and 
soft tissues. In a cadaveric model, US demon-
strated good reproducibility in knee measure-
ments with 0.75–0.90 interobserver and 
0.69–0.83 intraobserver correlation coefficients 
(Naredo et  al. 2009). In addition, the thickness 
measurement highly (0.82) correlated with that 
by MR imaging over corresponding area 
(Østergaard et al. 1995). In patients with osteoar-
thritis, thickness measurement combined with 
other indexes, such as echogenicity and sharp-
ness of margins, can be considered good predic-
tors of articular cartilage damage (Grassi et  al. 
1999).
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3.13  Soft-Tissue Masses

Characterization remains a major issue in the 
management of soft-tissue tumors. Excepting for 
some benign histotypes (e.g., superficial lipomas, 
AVM, neurogenic tumors, etc.) and tumorlike 
lesions (e.g., ganglia, synovial chondromatosis, 
elastofibroma dorsi, etc.), it is widely accepted 
that gray-scale US and Doppler techniques play a 
limited role in providing differentiation between 
benign and malignant lesions and staging 
 soft- tissue neoplasms (Colleran et  al. 2011). 
Nevertheless, US has proved to be an appropriate 
modality for monitoring the effects of chemo-
therapy in patients with high-grade soft-tissue 
sarcomas or bone sarcoma extending to the soft 
tissues (Van der Woude and Vanderschueren 
1999). For this purpose, the tumor diameters are 
conventionally measured on the three spatial axes 
and the amount of intratumor blood flow graded 
on a semiquantitative scale (Adler et  al. 1999). 
Complete disappearance of intratumor blood 
flow signals and a decreased tumor size after che-
motherapy would be indicative of a favorable 
response (Van der Woude and Vanderschueren 
1999). Of course, US is feasible in these mea-
surements only when the mass does not exceed 
the field of view of the probe. In the instance of 
too large or deep-seated tumors, MR imaging is 
more accurate and represents the modality of 
choice. As technology progresses, three- 
dimensional US seems opening perspectives to 
measure the tumor volume more precisely and 
quantify the amount of intratumor color voxels 
and their intensity with greater accuracy than 
using 2D systems (Fig. 3.8). In particular, auto-
mated acquisition with volumetric probes seems 
reducing system variability when comparing data 
one-to-one between baseline and after treatment. 
Although there are only a few papers in the litera-
ture about objective quantification of fractional 
moving blood in the musculoskeletal system 
using microbubble-based contrast agents, their 

introduction seems providing the advantage of a 
higher sensitivity over conventional Doppler sys-
tems to assess the tumor neovasculature (Gay 
et al. 2012). Compared to gadolinium, ultrasonic 
contrast media do not pass through the interstitial 
area and can be assessed with a temporal resolu-
tion higher than theoretically possible with MR 
imaging. The examination is performed with iv 
bolus injection of contrast medium and continu-
ous imaging with very low mechanical index 
(MI = 0.06–0.1). This technique maximizes con-
trast and spatial resolution and enables evaluation 
of the microvasculature (perfusion imaging). The 
region of the neoplasm with the greatest vascu-
larization density is targeted with a ROI, and data 
are expressed in an intensity-time curve (Fig. 3.9). 
Parameters of evaluation of the curve include 
peak intensity, time-to-peak, initial slope, mean 
transit time, and area under the curve. Based on 
recent studies, this latter parameter resulted to be 
the most discriminating measure to differentiate 
benign from malignant histotypes (Gay et  al. 
2012). The results of sonoelastography in the 
evaluation of musculoskeletal tissue tumors are 
still preliminary and need validation on the large 
scale. The physical basis of this modality essen-
tially depends on deformation of the target lesion 
compared to the background tissue: softer masses 
deform to a higher extent when compressed and 
show a high strain relative to the background. 
Conversely, hard tissues tend to deform less and 
have a lower degree of strain. The strain differ-
ences can be used to generate a visual elastogram 
based on a color scale or can be semiquantita-
tively assessed with the strain ratio measurement 
(Kumm and Szabunio 2010). This value is based 
on determining the average strain measured in a 
lesion and comparing it to the average strain of an 
adjacent area of fatty tissue (Fig. 3.10). The ratio 
value increases as a function of the relative stiff-
ness of the target lesion and tends to increase in 
fibrotic masses and possibly with malignant 
histotypes.
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a b

c

Fig. 3.8 Volume US. (a) 12–5  MHz color Doppler US 
image shows an oval solid hypoechoic mass with hyper-
vascular pattern. (b) Three-dimensional rendering of the 
mass as a red solid. Volumetric acquisition allows auto-

mated calculation of the tumor volume (3.3  mL). (c) 
Measurement of the amount (11.1%) and intensity (28.3 
[0,100]) of intratumor color flow signals is also obtained. 
Histopathological diagnosis was schwannoma
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Fig. 3.9 Ultrasonic 
contrast media. 
Intensity-time curve of 
microbubble contrast 
agent obtained in the 
same nodule shown at 
Fig. 3.8. The ROI has 
been adjusted to the 
tumor size. Some of the 
parameters of evaluation 
of the curve are 
illustrated, including AT 
arrival time, TTP 
time-to-peak, AUC area 
under the curve, PI peak 
intensity

Fig. 3.10 Sonoelasto-
gram. Strain ratio 
assessment in a 
blue-coded soft-tissue 
mass. Two ROI are 
placed within a 
soft-tissue tumor  
(green circle) and in the 
adjacent fat (red circle) 
at the same level of 
depth. Strain ratio 
measurement shows the 
mass 2.67 times stiffer 
than fat
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4.1  Introduction

In the past, textbooks dedicated to measurements 
in musculoskeletal imaging have been almost 
exclusively dedicated to roentgenographic mea-
surements (Keats and Lusted 1985). They focused 
particularly on static measurements, whereas 
dynamic and functional aspects were often disre-
garded. Moreover, quantitative evaluation of soft 
tissues was not included.

Since the introduction of MRI in imaging of 
the musculoskeletal system, quantification of 
musculoskeletal disorders has evolved from a 
pure static assessment to a more functional 
evaluation.

The purpose of this chapter is to give a short 
overview of the capabilities of magnetic reso-
nance imaging in measurement techniques of the 
musculoskeletal system.

For didactical reasons, we will focus in the 
first section on the classic orthopedic measure-
ment techniques, which have been adapted to 
MRI, followed by a short discussion on new 
applications of MRI in the morphologic evalua-
tion of the musculoskeletal system.

In the last section of this chapter, functional 
applications of MRI will be discussed.
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4.2  (Modified) Static Orthopedic 
Measurements on MRI

 Evaluation of Lesion Size

Evaluation of the size of a lesion has always been 
an important issue in imaging, because it may 
influence the therapeutic strategy and the patient’s 
prognosis. The prototype is the size of a bone or 
soft tissue tumor. Compared to conventional radi-
ography, the size of the tumor can be assessed 
very precisely in the three imaging planes on 
MRI.  Although high-quality isotropic reforma-
tions (MPR) can be obtained with current “state- 
of- the-art” multidetector CT technology as well, 
MRI allows more accurate evaluation of both 
bone and soft tissue involvement, due to its 
higher-contrast resolution (Figs. 4.1 and 4.2). For 
comparison of the lesion size on follow-up stud-
ies, it is—however—of utmost importance to use 
the same MRI parameters (such as field of view, 
matrix, scaling angulation, etc.). Most modern 
MR equipments have pre-installed software to 
copy identical image parameters for follow-up 
studies.

 Evaluation of Positional 
Abnormalities

Relative positional abnormalities of bones as a 
consequence of an underlying pathology have 
been traditionally evaluated by standard radiog-
raphy, but these measurements can be performed 
by MRI as well.

Most of these topographic measurements will 
be discussed separately in the regional anatomic 
sections of the book.

The current chapter will deal with some illus-
trative examples.

 Anterior Tibial Translation 
as Secondary Sign of Anterior Cruciate 
Ligament Rupture
Anterior translation of the tibia with respect to 
the femur can occur when the anterior cruciate 
ligament of the knee is disrupted.

A quick and easy method of assessing tibial 
translation is to measure it directly. A tangent is 
drawn at the most posterior point of the lateral 
femoral condyle to form the baseline from which 
the tibial translation will be measured (Chan 
et  al. 1994). The section midway between the 
cortex adjacent to the posterior cruciate ligament 
and the most lateral section containing the femo-
ral condyle is used. A distance of greater than 
5 mm separating the posterior margin of the tibial 
plateau from this line indicates anterior tibial 
translation (Fig. 4.3a).

The big advantage of MRI, compared to other 
imaging modalities, is that—due to its high- 
contrast resolution—direct visualization of 
underlying pathology is possible (e.g., ACL rup-
ture, Fig.  4.3b). Furthermore, other associated 
bone (e.g., secondary bone bruise associated with 
ACL rupture, Fig.  4.3a) or soft tissue injuries 
(e.g., medial collateral ligament rupture) can be 
evaluated at once.

 Patellar Maltracking
Another clinical indication in which traditional 
static orthopedic measurements techniques can be 
performed on MRI is patellar maltracking. Patients 
with chronic instability may suffer from patello-
femoral dysplasia with one or more of the following 

Fig. 4.1 Ewing’s sarcoma. Axial fat-suppressed 
T2-weighted MR image demonstrating the size of both 
the bone (blue) and soft tissue components (yellow) of the 
lesion
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anatomical positional abnormalities: a high riding 
patella (patella alta), a flat trochlear groove, and a 
laterally positioned tibial tubercle (Ostlere 2007).

MRI may identify and quantify these anatomi-
cal abnormalities, similar to other imaging 
modalities such as plain radiography or CT.

a b

Fig. 4.2 (a, b) Cartilaginous exostosis of the tibia in a 
patient with hereditary multiple exostoses syndrome. (a) 
Axial fat-suppressed T2-weighted MR image. (b) Sagittal 

fat-suppressed T2-weighted MR image. The size of both 
the bony exostosis and the overlying cartilage cap (high 
signal intensity areas) can be appreciated very precisely

a b

Fig. 4.3 (a, b) Anterior tibial translation as a secondary 
sign of anterior cruciate ligament (ACL) rupture. (a) 
Sagittal fat-suppressed T2-weighted MR image. A line 
drawn tangential to the lateral femoral condyle passes 
more than 5  mm from the posterior tibial margin. Note 
also bone marrow edema at the posterolateral aspect of the 

tibia and at the midportion of the lateral femoral condyle, 
due to bone impaction as result of the anterior subluxation 
of the tibia relative to the femur (b). Midsagittal fat- 
suppressed T2-weighted MR image shows complete dis-
ruption of the ACL
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The degree of patella alta is assessed on sag-
ittal images by calculating the ratio of the mini-
mum length of the posterior surface of the 
patellar tendon divided by the maximum length 
of the patella (Fig.  4.4). This ratio should be 
under 1.3–1.5 (Miller et al. 1996; Shabshin et al. 
2004).

The relative position of the tibial tubercle is 
assessed on MRI by measurement of the tibial 
tubercle-trochlear groove (TT-TG) distance. This 
is the distance between the position of the troch-
lear groove and the tibial tubercle in the sagittal 
plane. In practice two slices are selected on an 
axial scan, one at the level of the trochlear groove 
and one at the level of the attachment of the patel-
lar tendon at the tubercle. The two slices are 
superimposed. A baseline is drawn along the 
back of the femoral condyles. Two lines are 
drawn perpendicular to this baseline, one through 
the tibial tubercle and one through the deepest 
point of the trochlear groove. The TT-TG is the 

distance between these two lines (Fig. 4.5). The 
upper limit of this distance is 1.7–1.8 cm.

 Grading of Spondylolisthesis
The word spondylolisthesis is derived from the 
Greek words spondylo meaning spine and listhe-
sis meaning to slip or slide. Spondylolisthesis is a 
descriptive term referring to slippage (usually 
forward) of a vertebra and the spine above it rela-
tive to the vertebra below.

The most common types of spondylolis-
thesis are due to aging (degenerative spondy-
lolisthesis) or due to a bony defect (isthmic 
spondylolisthesis).

Degenerative Spondylolisthesis
Degenerative spondylolisthesis, due to osteoar-
thritis of the facet joints, is by far the most com-
mon cause of spinal segments slipping on top of 
each other. Typically, as continued degeneration 
weakens the facet joints, the L4 vertebral body 

X

Y

a b

Fig. 4.4 Diagram illustrating the position of the patella 
(a). X = the maximum length of the patella, Y = the mini-
mum length of the posterior surface of the patellar tendon. 

This Y/X ratio should be under 1.3–1.5. Note the abnormal 
ratio on the MR sagittal image (b)
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slips forward on the L5 vertebral body. Since the 
L4–L5 segment has substantial flexion- extension- 
type movement, this area is most likely to slip. 
The next most likely level is L3–L4 and rarely 
L5–S1.

Isthmic Spondylolisthesis
Isthmic spondylolisthesis is due to a specific 
bony defect in the spine called spondylolysis. 
Spondylolysis is a defect in a specific region 
called the pars interarticularis. A pars defect is 
most commonly the result of repetitive micro-
trauma during childhood. Some sports are 
thought to make children more susceptible to 
developing spondylolysis, including gymnastics, 
diving, and football. The level L5–S1 is most 
commonly affected.

Grading of spondylolisthesis usually occurs 
on a lateral plain radiograph, according to the 
Meyerding classification (Fig.  4.6). This mea-
surement can be applied on a sagittal MR image 
as well. A disadvantage of MRI compared to 
plain films is that MRI is usually performed in 
the supine position, ignoring the effect of axial 
loading of a standing radiograph. To overcome 
this problem, MR techniques for upright, weight- 
bearing, dynamic-kinetic MRI of the spine have 
been developed (Jinkins 2003).

Another indirect measurement, which is help-
ful to distinguish degenerative spondylolisthesis 
from isthmic spondylolisthesis (Ulmer et  al. 

1994), evaluates the position of the spinous pro-
cesses on a lateral plain radiograph or on a sagit-
tal MR image (Malghem et al. 2011) (Fig. 4.7).

A disadvantage of MRI, compared to CT, is 
that direct visualization of the defect in the pars 
interarticularis in case of an isthmic spondylolis-
thesis is much more difficult to demonstrate on 
MRI than on CT (Leone et al. 2011).

 Volumetric Measurements

Volumetric assessment of cartilage is a typical 
example, in which clinical MR imaging may be 
useful.

Many imaging methods are available to assess 
articulate cartilage. Conventional radiography 
can be used to detect gross loss of cartilage evi-
dent as narrowing of the distance between the 
bony components of the joint, but it does not 
image cartilage directly. Secondary changes such 
as osteophyte formation can be seen, but conven-
tional radiography is insensitive to early chondral 
damage. Conventional arthrography, CT arthrog-
raphy, or MR arthrography are more invasive 
techniques providing information limited to the 
contour of the cartilage surface.

MR imaging offers a noninvasive means of 
assessing the status and degree of degenerative 
cartilage and the adjacent bone and allows mea-
surement of the effectiveness of treatment.

a b c

Fig. 4.5 Diagrams illustrating the TT-TG distance esti-
mation. Two MR slices are selected on an axial scan, one 
at the level of the trochlear groove (a) and one at the level 
of the attachment of the patellar tendon at the tubercle (b). 
The two slices are superimposed (c). A baseline is drawn 

along the back of the femoral condyles. Two lines are 
drawn perpendicular to this baseline, one through the tib-
ial tubercle and one through the deepest point of the troch-
lear groove. The TT-TG is the distance between these two 
lines
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a b

Fig. 4.6 Diagram of the grading of spondylolisthesis (a) 
and a sagittal MR image (b) (Meyerding). The two arrows 
on the diagram, one indicating vertebral body width and 
the other indicating the amount of slippage that has 
occurred, represent the measurements needed. The ratio 

of amount of slippage to vertebral body width is obtained 
as a percentage. Grade 1 is a ratio of 0–25%, grade 2 is 
25–50%, grade 3 is 50–75%, and grade 4 is 75–100%. 
Note the 100% slip on the MR image (b) at the L5/S1 
level

a b

Fig. 4.7 (a, b) Measurement technique for differentiation 
of isthmic versus degenerative spondylolisthesis on a lat-
eral plain film or sagittal MR image. (a) In isthmic spon-
dylolysis, there is anterior slippage of the vertebral body 
due to lysis of the pars interarticularis, whereas the spi-
nous process remains in line with the underlying vertebra. 

The anteroposterior diameter of the spinal canal is 
increased. (b) In degenerative spondylolysis, the spinous 
process slips anteriorly along with the vertebral body, 
resulting in a step-off of the spinous process with the 
underlying vertebra
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An ideal MR imaging study for cartilage should 
provide accurate assessment of cartilage thickness 
and volume, demonstrate morphological changes 
of the cartilage surface, demonstrate internal carti-
lage signal changes, allow evaluation of subchon-
dral bone, and allow evaluation of the underlying 
cartilage physiology (Gold et al. 2005).

Three-dimensional spoiled gradient-recalled 
echo imaging with fat suppression (3D-SPGR) is 
the standard technique for evaluation of cartilage 
volume and thickness measurements (Cicuttini 
et  al. 2000), but does not highlight surface 
defects with fluid and does not evaluate other 
joint structures such as ligaments or menisci 
(Gold et al. 2005).

A combination of a variety of advanced 
steady-state free precession (SSFP)-based imag-
ing techniques with high-field MR imaging 
shows promise in creating cartilage thickness 
maps and volume measurements at improved 
resolution of the images, yielding greater accu-
racy of the measurements than current 3D-SPGR 
sequences (Gold et  al. 2005; Huysse and 
Verstraete 2007; Horng et al. 2011).

Figure 4.8 represents an illustration of a carti-
lage thickness map of the femoral condyle, dis-
playing thickness of cartilage in a 3D image.

Physiological MR imaging of articular carti-
lage will be discussed in the section on functional 
imaging.

Thickness
max: 7,4 mm

average: 4,2 mm

min: 0,74 mm

Fig. 4.8 Cartilage thickness map of femoral condyle, dis-
playing thickness of cartilage in a 3D image with a color- 
encoded thickness scale. This image was created by 
semiautomated segmentation and extraction of high signal 
intensity voxels of cartilage from a thin-section volume 
acquisition (fat-suppressed 3D-SPGR MR image) using 
selective water excitation (we) (FLASH-3Dwe; 128 slices 
of 1  mm) (reprinted with permission from Huysse and 
Verstraete 2007)

4 Magnetic Resonance Imaging



62

4.3  Other Morphologic 
Measurements of Bone 
and Soft Tissue

 Grading Fat Infiltration in Muscles

Computed tomography and MRI of muscular tro-
phicity have been performed for neuromuscular 
diseases and in spine disorders. The areas of mus-
cular CT hypodensity observed seem to corre-
spond to fat content, which does not necessarily 
mean that there is a muscular atrophy. Moreover, 
the pattern on CT scan is often not of specific 
diagnostic value (Schwarz et al. 1988).

MRI and CT have also been used to evaluate 
fatty infiltration associated with rotator cuff tear 
(Goutallier et al. 1994; Zanetti et al. 1998). The 
assessment of fatty atrophy of the muscle of the 
rotator cuff is particularly important for the prog-
nosis of surgical treatment. The clinical outcome 
of a rotator cuff repair is significantly correlated 
with the degree of fatty muscle degeneration of 
the rotator cuff muscle (Schaefer et al. 2002).

MRI is much more sensitive than CT in detect-
ing minor fatty changes semiquantitatively. A 
parasagittal T1-weighted turbo spin-echo sequence 
is most suitable for grading of fatty changes within 
the supraspinatus tendon (Fig. 4.9). Five stages of 
grading have been proposed (Goutallier et  al. 
1994; Vanhoenacker et al. 2007):

Stage 0: Normal muscle; no fat infiltration.
Stage 1: The muscle contains some fatty streaks.
Stage 2: Important fatty infiltration, but still more 

muscle than fat.
Stage 3: There is as much fat as muscle.
Stage 4: There is more fat than muscle.

 Grading Muscle Atrophy

Another important factor influencing the out-
come of rotator cuff repair is the grade of muscle 
atrophy.

Quantitative volumetric assessment of cross- 
sectional areas is not very practical in routine 
clinical practice.

a b

Fig. 4.9 (a, b) Grading of fatty changes within the supra-
spinatus muscle associated with a rotator cuff tear. (a) 
Coronal fat-suppressed T1-weighted MR arthrogram 
showing a full-thickness tear of the supraspinatus. (b) 

Parasagittal T1-weighted MR image demonstrating 
important fatty infiltration stage 3 within the supraspina-
tus muscle belly. Note also a positive tangent sign with 
grade 2 muscle atrophy (see also Fig. 4.10)
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An example of a very quick semiquantitative 
assessment of muscle atrophy in rotator cuff 
 disease has been presented by Zanetti et  al. 
(1998), on parasagittal T1-weighted turbo spin-
echo MR sequences. A tangent line is drawn 
through the superior borders of the scapular spine 
and the superior margin of the coracoid. The tan-
gent sign is abnormal when the supraspinatus 
muscle does not cross the tangent. Three grades 
of muscle atrophy may be distinguished 
(Figs. 4.9b and 4.10).

Fig. 4.10 Schematic line drawing of the tangent line
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4.4  Functional Measurements

 Dynamic Contrast-Enhanced MRI

 Basic Principles
Dynamic contrast-enhanced MRI is a method of 
physiological imaging, based on fast or ultrafast 
imaging, with the possibility of following the 
early enhancement kinetics of a water-soluble 
contrast agent after intravenous bolus injection 
(0.2 mL/kg at an injection rate of 5 mL/s).

A sufficiently high temporal resolution and 
serial imaging of at least one image per 3.5–7 s is 
required for this type of imaging.

This technique provides clinically useful infor-
mation, by depicting tissue vascularization and 
perfusion, capillary permeability, and composition 
of interstitial space (Verstraete et al. 1994).

Imaging is performed during and immediately 
after bolus injection to study the initial distribu-
tion of the contrast agent in the capillaries and 
into the interstitial space of the tissues.

During the first pass of the contrast agent through 
the capillaries, a net unidirectional, fast diffusion 
occurs into the extravascular tissue, due to the high 
concentration gradient between the intravascular 
and interstitial space, accounting for approximately 
50% of the circulating contrast agent in normal tis-
sues (Verstraete and Bloem 2006).

After the first pass, the diffusion rate immedi-
ately drops because the concentration of the recir-
culating contrast has decreased owing to further 
dilution in the blood and partial accumulation in 
the interstitial space. The length of the time inter-
val between the end of the first pass and the equi-
librium phase, with equal concentrations of 
contrast medium in plasma and interstitial space, 
depends on the size of the interstitial space.

After the equilibrium phase, the contrast 
medium is progressively washed out from the 
interstitial space as the arterial concentration 
decreases. Only in highly vascular lesions with a 
small interstitial space does early washout occur 
within the first minutes after bolus injection 
(Verstraete and Bloem 2006).

The factors determining contrast kinetics are 
summarized in Fig. 4.11.

 Imaging Evaluation
Evaluation of a series of images obtained with 
dynamic contrast-enhanced MRI can be per-
formed by different postprocessing techniques, 
quantitatively and/or qualitatively.

The region-of-interest method is the most 
used quantitative method in clinical practice 
(Verstraete et al. 1995). In this method, signal 
intensities in a determined ROI are measured 
and plotted against time in a time-intensity 
curve (TIC). The TICs provide a graphic dis-
play of the early pharmokinetics of the contrast 
agent during and immediately after the first 
pass. From these curves, quantitative informa-
tion can be derived. An example of a TIC and 
quantitative parameters is summarized in 
Fig. 4.12.

Other quantitative postprocessing methods, 
used by other investigators, are first-pass images 
(Verstraete and Bloem 2006) and discrete signal 
processing (Reddick et al. 1994).

 Indications

Dynamic contrast-enhanced MRI has been used 
in various clinical applications, such as:

 1. Musculoskeletal tumors

 (a) Differentiation of benign from malignant 
musculoskeletal tumors (Geirnaerdt et al. 
2000; Van Rijswijk et al. 2004; Verstraete 
et al. 2017)

 (b) Tissue characterization by narrowing 
down the differential diagnosis (Verstraete 
and Bloem 2006; Verstraete et al. 2017)

 (c) Identification of areas of viable tumor 
before biopsy (Verstraete and Bloem 
2006)

 (d) Differentiation of tumor from surround-
ing edema (Lang et al. 1995)

 (e) Monitoring of chemotherapy (Verstraete 
and Bloem 2006; Verstraete et al. 2017)

 (f) Detection of residual or recurrent tumor 
(Verstraete and Bloem 2006; Verstraete 
et al. 2017)
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 2. Early detection of avascular necrosis and tran-
sient osteoporosis (Tsukamoto et  al. 1992; 
Malizos et al. 2004)

 3. Viability of vascularized grafts (Bey et  al. 
2001)

 4. Evaluation of rheumatoid arthritis and inflamma-
tory sacroiliitis (Konig et al. 1990; Huang et al. 
2000; Bollow et al. 1995; Gaspersic et al. 2008)

 5. Evaluation of carpal tunnel syndrome 
(Sugimoto et al. 1994)

 6. Differentiation between benign vertebral 
compression fracture and pathologic fracture 
(Chen et al. 2002; Biffar et al. 2010)

More coverage is found in the appropriate 
chapters in the book.
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Fig. 4.11 (a–d) Factors determining early tissue enhance-
ment. The lower parts of a–d show what occurs at the level 
of the capillary and the interstitial space after intravenous 
bolus injection; the upper parts graphically display the 
changes in signal intensity (SI) in a time-intensity curve. 
(a) The time interval between the intravenous bolus injec-
tion and arrival of the bolus in the capillary is determined 
by the injection rate, the heart rate, the localization of the 
lesion, and the local capillary resistance (tissue perfusion). 
(b) The enhancement rate during the first pass of the con-
trast agent is determined by number of vessels (tissue vas-
cularization), local capillary resistance (tissue perfusion), 
and capillary permeability. Tissues with high vasculariza-
tion, perfusion, and capillary permeability (X) will enhance 

earlier and faster than tissues with a lower number of ves-
sels, higher capillary resistance, and lower capillary per-
meability (Y). (c) After the first pass of the bolus, the SI 
increases further until the concentration of the gadolinium 
(Gd) contrast medium in the blood and the interstitial 
space of the tissues are equal. In tissues with a small (S) 
interstitial space, this equilibrium is reached earlier than in 
tissues with a larger (L) interstitial space. (d) After the arte-
rial concentration of the contrast medium decreases, the SI 
drops, while the Gd is progressively washed out from the 
interstitial space. This progress occurs faster in tissues with 
a small (S) interstitial space than in tissues with a large (L) 
interstitial space (reprinted with permission from Verstraete 
and Bloem 2006)
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 Chemical Shift Imaging

 Basic Principles
The MR signal in a normal MR image originates 
from two types of hydrogen nuclei: protons in 
water molecules and protons in fat molecules 
(Dixon 1984). These protons have a different 
molecular environment leading to a slightly dif-
ferent MR frequency, due to the so-called “chem-
ical shift” effect.

The Dixon method uses this frequency differ-
ence to separate the individual contribution of 
water and fat. This makes it possible to quantify 
the fat signal fraction (Dixon 1984).

 Indications and Its Alternatives
The use of quantitative chemical shift imaging 
(QCSI) has been known for years. QCSI has been 
described in hematological disorders (Rosen 
et al. 1988), in Gaucher’s disease (Johnson et al. 
1992), and in detecting response to treatment in 
Gaucher’s disease (Rosenthal et al. 1995).

The mean fat fraction in the healthy 
 volunteers is 0.37 (SD 0.08) (Maas et  al.  
2001).

In Gaucher’s disease, there seems to be a 
clear relationship between a low-fat fraction 
measured with QCSI and the occurrence of 
bone complications, such as avascular necro-
sis, osteopenia, localized or diffuse bone 
destruction, and fracture (Maas et  al. 2002a, 
b). A fat fraction <0.23 is considered a serious 
risk factor for the development of bone 
complications.

An increase of fat fraction of 10% results in a 
decrease of the relative risk for bone complica-
tions by 85%.

Dixon QCSI is also a sensitive technique for 
monitoring of treatment response of the bone 
marrow compartment to enzyme replacement 
therapy (Hollak et  al. 2001; Maas et  al. 2011) 
(Fig. 4.13).

Bone marrow response is detectable within 
the first year of onset of treatment.

Slope
Wash-in Rate

Wash-out Rate

Negative Slope

T

TStart TMax

SImax

SI

SIend

SIprior

SIbase

Maximum
Enhancement

Signal Intensity (a.u.)

Fig. 4.12 Time-intensity curve (TIC). In a TIC, the tem-
poral change of the signal intensity in a region of interest 
(ROI; or pixel) is plotted against time. At Tstart, when the 
bolus enters the ROI, the signal intensity rises above the 
baseline signal intensity (SIbase). The steepest slope repre-
sents the highest enhancement rate during the first pass 
(wash-in rate) and is mainly determined by tissue vascu-
larization, perfusion, and capillary permeability. At Tmax, 

the time of maximum enhancement, capillary and intersti-
tial concentrations reach equilibrium. The time period 
between the end of the first pass and the maximum 
enhancement is mainly determined by the volume of the 
interstitial space. The washout rate can be calculated from 
the negative slop of the curve (a.u. arbitary units, T time 
interval between SIend and SIprior) (reprinted with permis-
sion from Verstraete and Bloem 2006)
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Although the QCSI technique has been shown 
to be a robust technique, there are some 
limitations.

This technique is not included in the standard 
packages of sequences of commercially avail-
able MR systems. Moreover, a physicist is 
required for implementation of this technique, 
and extensive expertise is required for interpre-
tation. For all the above mentioned reasons, this 
technique is currently not available in most MR 
centers.

Therefore, several semiquantitative visual 
scoring systems have been developed for moni-
toring of bone marrow infiltration (Maas et  al. 
2002a, b; Poll et al. 2001; Rosenthal et al. 1992; 
Vlieger et al. 2002).

As a result, several visual scoring systems 
have been described in the literature (Maas et al. 
2002a, b). Most of these scoring systems, how-
ever, do not evaluate axial bone marrow and have 
not been compared to state-of-the-art QCSI.

In our opinion, the bone marrow score (BMS) 
technique, developed by Maas et al. (2003), is the 
most useful technique that can be regarded as the 
second best technique for semiquantitative evalu-
ation of bone marrow involvement by GD.

The BMB in Gaucher’s disease shows a sig-
nificant correlation with QCSI fat fraction 
(ρ = −0.78, p < 0.0001). In longitudinal measure-

ments BMB is able to detect response to therapy; 
however QCSI is more sensitive.

The MRI technique is based on the evaluation 
of both the spine (axial bone marrow) and femora 
(peripheral bone marrow). Sagittal T1- and 
T2-weighted MR images of the lumbar spine and 
coronal T1- and T2-MR images of both femora 
(from femoral head to distal femora) suffice as 
routine sequences.

The method of bone marrow scoring (BMB 
score) and interpretation is extensively summa-
rized in Tables 4.1 and 4.2. Both the lumbar spine 
and femoral score are added up, which lead to a 
total score of maximum of 16 (femora, eight; 
lumbar spine, eight).

A higher BMB score signifies more severe 
bone marrow involvement (Maas et al. 2003).

For follow-up analysis, a decrease of three 
points was defined as good response within 95% 
confidence limits by Maas et al. (2003).

 Diffusion-Weighted Imaging (DWI) 
in MSK Imaging

 Basic Principles
This technique is based on the tissue-depending 
signal attenuation caused by incoherent thermal 
motion of water molecules (Brownian motion). 

a b c d

Fig. 4.13 (a–d) Example of quantitative chemical shift 
imaging in Gaucher’s disease. 50-year-old female patient 
before therapy and follow-up every 2 years. Response to 

therapy is clearly noted by means of altered fat fraction. 
Fat fraction a = 0.22, b = 0.34, c = 0.41, d = 0.53 (Courtesy 
of M. Maas, Amsterdam)
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Changes of the motion of water molecules in bio-
logical tissue can be detected in various patho-
logic conditions. Initially, DWI was successfully 
applied in acute stroke, which can be detected by 
DWI within minutes after its onset (Le Bihan 
et al. 1986).

 Imaging Techniques
Standard diffusion-weighted SE and TSE pulse 
sequences are seriously affected by motion arti-
facts. Images suitable for clinical use can be 
obtained either by adding a correction technique 
such as the navigator echo or by using new devel-
oped SE-based sequence (k-space spin-echo or 
the line scan diffusion imaging sequences).

Application of DW-EPI sequences to the bone 
marrow seriously restricts the image quality due 
to susceptibility artifacts. This problem is par-
tially solved by the multi-shot DW-EPI sequence 
(Raya et  al. 2005). SSFP sequences allow the 
acquisition of good-quality images in short time, 
but with the disadvantage of not being appropri-
ate for quantitative DWI. Currently, no generally 
accepted standard sequence for DWI of the bone 
marrow has been established (Raya et al. 2005; 
Khoo et al. 2011).

 Indications in Musculoskeletal 
Radiology
 1. Differential diagnosis of acute osteoporotic and 

neoplastic vertebral compression fractures (Baur 
et al. 1998, 2001b; Dietrich et al. 2009). DWI can 
distinguish between both types of fractures since 
the microscopic  structure is altered in both cases 
in a different way. DWI of benign fractures 
shows iso- or hypointensity in comparison to 
normal bone marrow because of a higher water 
mobility in bone marrow edema. Conversely, 
compression fractures due to malignant tumors 
lead to hyperintensity related to the high cellular-
ity of tumor tissue. Quantitative analysis of DWI 
can be achieved by analyzing the ADC value in a 
region of interest within the abnormal vertebrae. 
However, there is considerable overlap in ADC 
values in patients with benign versus metastatic 
fractures (Khoo et al. 2011).

 2. Degenerative disease processes, such as disk 
and cartilage degeneration (Baur and Reiser 
2000; Eguchi et al. 2011).

 3. Differential diagnosis of bone neoplasms and 
soft tissue tumors (Van Rijswijk et al. 2002). 
An overlapping spectrum of diagnostic DWI 
findings between benign and malignant etiol-
ogies limits the clinical value of DWI for this 
indication (Khoo et al. 2011).

Table 4.1 BMB score of the femora (modified from 
Maas 2003)

BMB 
score

A. Signal intensitya

T2-WI hyperintense 2
T2-WI slightly hyperintense 1
T2-WI isointense 0
T2-WI slightly hypointense 1
T2-WI hypointense 2
T2-WI mixed type 3
T1-WI slightly hyperintense or isointense 0
T1-WI intensity slightly hypointense 1
T1-WI intensity hypointense 2
B. Sites of involvement
Diaphysis 1
Proximal epiphysis/apophysis 2
Distal epiphysis 3

aDetermined in relation to signal intensity of subcutane-
ous fat

Table 4.2 BMB score of the lumbar spine (modified 
from Maas 2003)

BMB score
A. Signal intensitya

T2-WI hyperintense 2
T2-WI slightly hyperintense 1
T2-WI isointense 0
T2-WI slightly hypointense 1
T2-WI hypointense 2
T1-WI slightly hyperintense 0
T1-WI isointense 1
T1-WI slightly hypointense 2
T1-WI hypointense 3
B. Infiltration pattern
Patchy infiltration 1
Diffuse infiltration 2
Absence of fat in basivertebral vein 
region

1

aDetermined in relation to signal intensity of nondiseased 
intervertebral disk
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 4. Distinction between necrotic and viable tumor 
tissue and differentiation between post- 
therapeutic soft tissue changes and tumor 
recurrence (Baur et al. 2001a).

 5. Osteoporosis (Yeung et  al. 2004; Tang et  al. 
2010).

 6. Monitoring of therapy for ankylosing spondy-
litis (Gaspersic et al. 2008).

 Kinematics

 Basic Principles
Kinematics describes the movement of a body 
without reference to force or mass. With static 
MRI joint kinematics and the effect of muscular 
contractions on the position of the joint cannot be 
assessed. Kinematic MR imaging made it possi-
ble to evaluate joint function and the relative 
alignment of joint structures through a specific 
range of motion. The technique has been devel-
oped in recognition of the fact that certain patho-
logic conditions are dependent on the specific 
position of the joint or exist in response to load-
ing or stress (Shellock 1997).

 Imaging Techniques
Kinematic MRI has been performed on all types 
of MR systems, including high field strength 
tunnel- shaped systems, low or middle field 
strength open systems, low field strength 
C-shaped magnet systems, and low field strength 
dedicated extremity systems (Shellock 1997).

Open MRI systems offer the advantages of 
allowing greater incremental movements of cer-
tain joints and greater comfort for patients during 
kinematic MRI procedures.

Specific positioning devices are necessary for 
the performance of kinematic examinations. 
These devices are used to guide and maintain the 
joint in a specific imaging plane through a spe-
cific range of motion. Positioning devices may 
also apply resistance to the joint during move-
ment and can incorporate surface coils to facili-
tate MR imaging (Vandevenne et al. 2010).

Kinematic MRI methods may be divided into 
four types (Shellock 1997): (1) incremental, pas-
sive positioning, (2) motion-triggered cine MR 

imaging, (3) active movement, and (4) active 
movement against resistance.

Incremental, Passive Positioning
The incremental, passive positioning technique 
involves the gradual movement and sequential 
imaging of the joint through a specific range of 
motion. Gradient-echo pulse sequences are usu-
ally used for this purpose.

Motion-Triggered Cine MR Imaging
Motion-triggered cine MR imaging, proposed by 
Melchert et al. (1992), follows the principle used 
in electrocardiographic (ECG)-triggered cine 
MRI studies of the heart. The periodically per-
formed joint movements are represented by an 
electric signal, which is used to trigger the MR 
scanner. A pneumatic pressure transducer, com-
monly applied for respiratory monitoring, is 
placed on the joint. The cyclic pressure alterations 
are registered by the sensor during joint motion 
and are transformed by an active differentiator to 
an ECG-like signal, comparable to that used in 
standard cine MR imaging of the heart. Gradient-
echo sequences are used in a multiple- slice, mul-
tiple-phase technique. The patient is instructed to 
repeat the joint movement in a similar extent 
throughout the imaging acquisition cycle, which 
may last for two to several minutes. The major 
disadvantage of this method is the dependence on 
patient compliance (Muhle et al. 1999).

Active Movement
The active movement technique is performed with 
ultrafast gradient-echo pulse sequences or echo 
planar imaging in a single-slice, multiple- phase 
technique. Acquisition times of one image per sec-
ond or less are required for this form of imaging 
(Shellock 1997; Muhle et  al. 1999). The main 
advantage of this technique is it is less dependent 
on patient cooperation and compliance.

Active Movement Against Resistance
The active movement against resistance method 
is similar to the active movement technique with 
respect to MRI requirements. This form of kine-
matic MRI imposes a resistive load to stress the 
joint during dynamic motion (Shellock 1997).
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 Indications
Kinematic MRI has been applied to evaluate 
many joints such as the temporomandibular joint 
(Iwasaki et al. 2010), the knee and patellofemoral 
joint (Muhle et  al. 1999; McNally et  al. 2000; 
Shin et al. 2009; wrist (Fulmer et al. 1989; Bergey 
et  al. 1989; Moritomo et  al. 2006), ankle 
(Shellock 1997), shoulder (Sans et al. 1996), hip 
(Scheys et  al. 2011), and spine (Jinkins and 
Dworkin 2003; Jayakumar et al. 2006; Takasaki 
et al. 2011).

 Relaxometry

 Basic Principles
MR imaging is characterized by excitation of 
water molecules and relaxation of the mole-
cules back to an equilibrium state. The expo-
nential time constants describing this relaxation 
are referred to as T1 and T2 relaxation times 
and are constant for a given tissue at a given 
MR field strength. Changes in these relaxations 
times can be due to tissue pathology or the 
effect of the presence of contrast agents in the 
tissues.

 Indications

Cartilage Imaging: T2 Relaxation Time 
Mapping of Cartilage
The T2 relaxation time of articular cartilage is a 
function of the water content and collagen ultra-
structure of the tissue. Measurement of the spa-
tial distribution of the T2 relaxation time may 
reveal areas of increased or decreased water 
content, correlating with cartilage damage. An 
image of the T2 relaxation time is generated 
with either a color or a grayscale map represent-
ing the relaxation map (Dardzinski et al. 1997; 
Gold et al. 2005).

Aging is associated with a symptomatic 
increase in T2 relaxation times in the transitional 
zone of cartilage (Mosher et  al. 2000). Focal 
increases in T2 relaxation times within cartilage 
have been associated with matrix damage, par-
ticularly loss of collagen integrity.

Muscle Imaging: T2 Mapping of Muscle
Muscle activation increases T2 signal intensity 
on MRI, leading to recruitment images that dem-
onstrate spatial patterns and intensity of muscle 
activation. These T2 activation maps are useful 
for visualizing and quantifying various aspects of 
muscle function. Activity-dependent changes in 
T2 result from an increase in the T2 relaxation 
time of muscle water.

The mechanism of increased T2 signal results 
from osmotically driven shifts of muscle water that 
increase the volume of the intracellular space and 
from intracellular acidification resulting from the 
end products of metabolism. Although the spatial 
resolution of magnetic resonance imaging is still 
insufficient to map territories of individual motor 
units, it is possible to demonstrate nonuniform acti-
vation between subregions or compartments of 
muscle. T2 mapping of muscle is promising for 
demonstrating aberrant muscle activation patterns 
in pathology and positive adaptation to exercise or 
rehabilitative intervention (Patten et al. 2003).

 Spectroscopy

 Basic Principles and Indications

Osteoporosis
MR-detectable bone marrow signal is composed 
mainly of water and lipids, and these two key 
components may be measured accurately by 
hydrogen 1 (1H) magnetic resonance (MR) spec-
troscopy (De Bisschop et al. 1993). In vivo pro-
ton MR spectroscopy studies have shown both a 
linear increase in vertebral marrow fat content 
with aging and a higher fat concentration in 
males than females of similar age groups 
(Schellinger et al. 2000; Kugel et al. 2001).

Histomorphometric studies on bone biopsy 
samples have shown that marrow fat is increased 
in osteoporosis (Verma et al. 2002; Yeung et al. 
2005) and showed that hydrogen 1 (1H) magnetic 
resonance (MR) spectroscopy may be applied to 
the noninvasive assessment of marrow lipids (Li 
et  al. 2011). Subjects with osteoporosis and 
osteopenia have significantly higher marrow fat 
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content compared to age-matched subjects with 
normal bone density. There is a clear relationship 
between marrow fat and bone density as mea-
sured by dual-energy X-ray absorptiometry 
(DXA). The increase in marrow fat seen in sub-
jects with osteoporosis or osteopenia is the result 
of a preferential increase in saturated lipids com-
pared to unsaturated lipids.

Characterization of Bone and Soft Tissue 
Tumors
Hydrogen 1 (1H) magnetic resonance (MR) spec-
troscopy in combination with dynamic contrast 
material-enhanced MR imaging can reliably dif-
ferentiate between benign and malignant muscu-
loskeletal tumors by revealing the absence or 
presence of water-soluble choline metabolites 
(Wang et al. 2004). Choline and its derivates are 
thought to represent important constituents in the 
phospholipid metabolism of cell membranes 
(Miller 1991). In vivo, the choline peak (reso-
nance at 3.2 ppm) is composed of choline, phos-
phocholine, phosphatidylcholine, and 
glycerophosphocholine. Elevation is thought to 
represent increased membrane phospholipid bio-
synthesis and also to be an active marker for cel-
lular proliferation (Negendank 1992). In 
malignant tumors, cellular areas may contain 
more choline-containing components. Dynamic 
contrast-enhanced MR imaging may be used for 
sampling cellular areas for MR spectroscopy. 
Indeed, according to Van der Woude et al. (1998), 
the early enhanced regions represent areas of 
high biologic activities, such as cellularity, cell 
turnover time, and neovascularity.

In a series of 210 patients, Wang et al. (2011) 
found an overall diagnostic accuracy of 73.3% of 
hydrogen 1 (1H) magnetic resonance (MR) spec-
troscopy in characterization of musculoskeletal 
bone and soft tissue neoplasms. The diagnostic 
accuracy was higher for smaller lesions (less than 
4 cm) and for solid nonsclerotic lesions.

False-positive results were seen in benign 
lesions, due to hypercellular and hypervascular 
areas, such as in perineuroma, giant cell tumor, 
and an abscess. These lesions may show a high 
choline peak. A false-negative result was seen in 
a malignant parosteal osteosarcoma. The lower 
proton amounts and susceptibility effects in this 
densely ossified tumor may account for the false- 
negative choline uptake.

Assessment of Lipid Content of Muscles
Proton MR spectroscopy has been used to 
assess the lipid content in different metabolic 
disorders, such as congenital lipodystrophy 
(Szczepaniak et al. 1999) and acquired general-
ized lipoatrophy (Brechtel et  al. 2000), and 
other causes of muscular hypo- or hypertrophy 
(Brechtel et al. 2009).

Routine assessment of the apparent lipid 
content of rotator cuff muscles is feasible with 
proton MR spectroscopy and provides the pos-
sibility to quantify fatty atrophy of the supra-
spinatus muscle more accurately than the 
semiquantitative assessment of fatty atrophy by 
CT or MRI (Pfirrmann et al. 2004). Proton MR 
spectroscopy is able to depict fatty muscle 
changes before they become visible on 
T1-weighted MR images.
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5.1  Introduction

Computer-aided image analysis and decision 
support has become an indispensable part of 
treatment planning in orthopaedic surgery and in 
osteology. The first use of computers for image 
interpretation probably was for a musculoskeletal 
application and was published by Lodwick who 
developed a computer diagnostic model for the 
pattern analysis of osteolytic bone tumours in 
1963 (Lodwick et al. 1963). The next important 
step forward was, after quantitative computed 
tomography, the development of dual X-ray 
absorptiometry (DXA, the abbreviation DEXA 
should not be used) in 1987 (Wahner et al. 1994). 
With this technique, the image is not in the centre 
of the radiology report but is used as a guidance 
tool for generating measurable quantification 
parameters of the bone density, the trabecular 
architecture, and the body composition with the 
impact of expressing trends. A more detailed 
analysis of bone structure in the form of a “vir-
tual biopsy” is possible with micro-CT systems 
and, for in  vivo investigations, with high- 
resolution peripheral quantitative computed 
tomography (HRpqCT) (Rügsegger et al. 1996). 
Semiautomated and later fully automated mea-
surements of the skeleton is a further application 
which bases on contour finding techniques and 
was developed for orthopaedic treatment plan-
ning and skeletal age assessment (Niethard 
1999). Parallel to these applications for radiogra-
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phy and computed tomography, quantification 
schemes of MR data were established for the bio-
chemical imaging of cartilage, for the perfusion 
of the synovial tissue in arthritis, and for the 
chemical shift imaging to measure the fat fraction 
in the bone marrow of patients with skeletal stor-
age diseases (Kubassova 2007; Maas et al. 2011; 
Reiser et al. 1989; Trattnig et al. 2012). Many of 
these skeletal and soft tissue applications have 
been designed towards better patient’s and social 
outcomes, with important research in the field of 
maxillofacial surgery for designing individual 
prosthetic devices with and without 3D printing 
and for automated steering of implant positioning 
(Ploder et al. 1995; Windhager et al. 1996).

Computer assistance has been shown to support 
the detection of disease patterns, to quantify 
changes over time in virtually all fields of musculo-
skeletal imaging, thus improving the use of imag-
ing biomarkers in measuring treatment (Angwin 
et al. 2004; Gnudi et al. 2004; Herring and Dawant 
2001; Mazzuca et al. 2003, 2004; Rubin et al. 2005; 
Sharp et al. 2000; Soo et al. 2005). These imaging 
biomarkers have considerable impact on decision-
making for treatment monitoring and drug and 
device development and in many cases are used as 
a surrogate endpoint in clinical studies.

There is general agreement that computer- 
assisted imaging is not replacing but supporting 
the radiologist’s or other physician’s diagnosis. 
Despite deep learning systems can match or sur-
pass the human’s decision, errors are still possi-
ble. Therefore, as a ground rule, every form of 
computer-assisted imaging needs a signed report. 
In imaging informatics, the number of publica-
tions per year is steadily increasing with stepwise 
improvements of the applications that have to be 

correlated with the physician’s diagnosis. In 
some cases, as in DXA or in preoperative endo-
prosthesis planning, the automated quantification 
yields more precise results than the human inter-
pretation, but most computer-assisted applica-
tions are still inferior to subjective assessment. 
The development of computer-assisted quantifi-
cation of musculoskeletal diseases is oriented 
towards fully automated applications, i.e. mea-
suring with not more than one mouse click, data 
exchange among PACS, post-processing and RIS 
systems, and data interpretation for physicians, 
other healthcare professionals, and patients.

The direction of this interdisciplinary research 
field goes beyond semiautomatic approaches, 
where constant guidance by a technician or phy-
sician is needed, towards fully automatic 
approaches that provide the clinician with a mea-
surement result that only has to be reviewed. 
Basing on the underlying method, the musculo-
skeletal applications of computer-assisted quanti-
fication schemes may be divided into 
predominantly contour finding, segmentation and 
pattern analysis, and diagnosis-oriented tech-
niques. The aim of this review is to present, 
beyond the routinely used MR sequences or 
PET-CT, a synoptic view on the various tech-
niques and applications with a focus on clinical 
and potential clinical applications. Computer 
vision is, together with web search, self-driving 
vehicles and natural language processing part of 
artificial intelligence (AI) in imaging. Imaging 
informatics is currently on the move from tradi-
tional predefined engineered parameters to deep 
learning, so in this chapter, both existing applica-
tions basing on old technology and new, nonde-
terministic options are presented.
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5.2  Techniques of Computer 
Vision

Computer vision is used in medical imaging as a 
complement to the human visual system to 
improve the precision and consistency, accuracy, 
and speed of radiological image interpretation. 
From a clinician’s viewpoint, there are three rel-
evant methods:

 1. Model-based approaches, for which the com-
puter learns a certain amount of a priori 
knowledge or certain assumptions are made 
about the shape or appearance of an object to 
be measured, before the actual application is 
performed

 2. Registration-based approaches that find cor-
respondences between different images, or 
volumes, and enable the user to measure and 
compare different structures

 3. Classifier-dependent methods that focus on 
the classification or recognition of structures, 
textures, or pathologies

The borders between these groups are rather 
loose, and application of these methods is more 
complementary than exclusive. An example 
includes recent publications that formulate the 
segmentation or detection of anatomic structures, 
which has been a traditional domain of model- 
based approaches, as a classification task (Hong 
et al. 2006).

 Model-Based Approaches

Model-based computer vision applications derive 
generally valid functions from the input of, e.g. a 
training set of bone shapes. This “training” is 
based on a set of annotated examples provided to 
the algorithm, which then derives a statistical 
model for the shape and texture of a certain struc-
ture. A parametric description of the plausible 
bone shapes is obtained. The model can be used 
for the automatic detection and segmentation of 
the learned structure (e.g. a proximal phalanx on a 
hand radiograph). In addition, the model can be 
used to define pathological features by comparing 

the observation with the training population. 
Models rely on a priori knowledge that is acquired 
during the training phase. This phase is usually 
supervised by a human expert, although, more 
recently, weakly supervised models (i.e. the train-
ing images are restricted to images depicting the 
structure to be studied, but no additional annota-
tions are provided by human experts) have 
achieved increasing levels of quality. Since they 
make the assessment of far more complex struc-
tures feasible than supervised training would 
allow with reasonable cost, this type of model can 
be expected to have a strong influence on the field 
of automatic quantification methods in medical 
imaging (Cootes et al. 2001; Langs et al. 2005). 
Examples of model-based approaches include 
active shape models (ASMs) or active appearance 
models (AAMs), which capture the shape and 
texture variation of a specific structure or object 
(Cootes et al. 2001; Donner et al. 2006). Geodesic 
active contours are another line of approaches that 
are also capable to incorporate a priori knowledge 
(Caselles et al. 1993). These types of models uti-
lize the learned a priori knowledge to provide a 
robust segmentation (Leventon et al. 2000).

The medical fields in which model-based 
methods, and, in particular, active appearance 
models, are used are widespread: the segmenta-
tion of cardiac MRIs, the diaphragm in CT data, 
the vertebral morphometry in dual X-ray absorp-
tiometry data, and in registration in functional 
heart imaging (Beichel et  al. 2005; Stegmann 
et  al. 2003; Roberts et  al. 2006; Langs et  al. 
2006).

 Registration Techniques and Their 
Applications

Image registration techniques establish corre-
spondences across different images or volumes 
of medical data. That is, after registering two vol-
umes, each point in one volume has a unique cor-
responding point in the other volume (the same 
applies to 2D images). Registration can be per-
formed on data pairs stemming from the same 
modality and the same patient as, for example, in 
the compensation for tissue deformations when 
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contrast has to be detected in subtractive radiol-
ogy. Registration can also be performed between 
pairs of different modalities. This is important if, 
for example, the high resolution of a CT scan 
needs to be merged with the soft tissue informa-
tion from MRI.  By registering the data, a new 
source of information emerges, since—for every 
point—data from both modalities is available, 
making analysis of differences and similarities 
possible. The registration of different modalities 
from many different individuals is employed for 
anatomic atlas building (Thompson et al. 2000).

 Classifiers

Classifiers are algorithms that assign one of sev-
eral possible classes to a certain example pattern. 
Classifiers are trained on several examples for 
which classes are known. After the training, the 
classifier is performed automatically and, given a 
new example, with an unknown class. There are a 
number of applications that use classifiers in the 
detection of pathology, i.e. for the differentiation 
between healthy and diseased as a classifier 
(Gefen et al. (2003).

 Degrees of Computer Assistance 
for Measurements in Radiology

The use of digital techniques for the acquisition 
and processing of medical images has substan-
tially increased in recent years. Hence, the pos-
sibilities to increase speed, enhance sensitivity or 
specificity, and reduce observer variability of 
well-circumscribed tasks in radiological report-
ing with computer assistance became a wide and 
emerging field of biomedical imaging research.

 Computer Assistance 
for Measurements in Radiology
A nomenclature of four degrees may be proposed 
by means of a practical example, the assessment 
of the mechanical axes of the femur and the tibia:

 1. Line drawing based on the mechanical axes of 
the femur and tibia with consecutive, stan-
dardized, manual angle measurement on the 
printed radiograph without computer assis-
tance. This is the prototype of a standardized 
measurement in musculoskeletal radiology: 
widespread, easy to use, but limited by some 
inherent drawbacks.

 2. Computer-assisted angle measurement on 
digital total leg radiographs. The inherent 
problems of interreader error with this method 
were not addressed by computer-assisted 
measurement software, as the measurements 
were performed by radiologists (in a digital 
manner).

 3. Fully automatic approaches do not require 
manual interaction with the anatomic land-
marks, such as the manual identification or 
marking of points contours, nor do the radio-
graphs have to be cropped, rotated, or centred 
for the measurement procedure. The only 
interaction acceptable is, e.g. to define a 
region of interest. The axes are then measured 
autonomously by the algorithm, and measure-
ment results are provided in a printable report. 
Thus, this method can be used by an assistant 
without the need for detailed instructions and 
allows the batch processing of large amounts 
of data to reduce the impact of computation 
time on the time required for the whole 
procedure.

 4. Autonomous image analysis is the ultimate 
solution, where images are analysed by PACS- 
integrated and computer-assisted measure-
ment software and results are put in the 
DICOM format. No user interaction is 
required to obtain the results. In any case, 
results must be confirmed by a certified radi-
ologist because of the medicolegal issues.

The resultant quantitative information on 
radiographs can be fully exploited in an objective 
and reproducible way without the need for addi-
tional human resources (Roberts et  al. 2006; 
Binkley et al. 2005; Genant 1997; Rea et al. 2001; 
Sailer et al. 2005).
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 Segmentation
A concise nominal definition of the object of 
interest is a prerequisite for the segmentation pro-
cess and later analysis, assuming that a “correct” 
segmentation of the object in the image is possi-
ble at all. Anatomic variations emphasize the 
importance of a concise nominal definition of the 
object of interest, especially if low-contrast or 
overlapping structures complicate a “correct” 
segmentation.

The concise nominal definition of shapes was 
achieved in some clinical applications: e.g. in 
rheumatoid arthritis, joint space width and ero-
sions are measured, while in osteoporosis, the 
shape of vertebral bodies and femoral heads are 
assessed quantitatively by more or less automated 
segmentation of these shapes (Angwin et  al. 
2004; Genant 1997; Bruynesteyn et  al. 2004; 
Conrozier et  al. 2004; Dacre and Huskisson 
1989; Sharp 2004; van der Heijde 2000).

Segmentation is the isolation of an object of 
interest from the background, and the goal of seg-
mentation is to define which part of the image 
data corresponds to the actual object. Automatic 
segmentation is desirable, but due to limitations 
imposed by image acquisition, pathological 
abnormalities, or anatomical variation, fully 
automatic segmentation is difficult to obtain in 
many cases. Approaches that use manual seg-
mentation have proven to be time-consuming and 
inaccurate due to interreader variations. 
Interactive procedures, where manual interaction 
is combined with computational segmentation, 
are the methods of choice in many fields of medi-
cal image segmentation where low-contrast, 
overlapping, or touching objects and abnormal 
shapes are common. Thus, the computation effort 
supports precision, while the operator steers the 
segmentation, based on his/her opinion, to opti-
mize accuracy. Thus, if “correct” segmentation is 
feasible, errors must be attributable to disagree-
ment among radiologists and perceptual inaccu-
racy. Interactive segmentation should not be 
confused with manual processing, which has 
been shown to be susceptible to subjective results 
and inefficient operation.

An example of an interactive method is the 
coarse initial delineation of the object of interest, 
which, in turn, initializes the computational 
method. The initial curve or surface is optimized 
with a function-balancing shape and image prop-
erties. Initialization can be accomplished by 
drawing an initial curve freely, by adjusting pre-
defined templates to the object, or by placing a 
starting point and control points close to the 
object’s boundary (Beard et  al. 1994; Brinkley 
1993; Buck et  al. 1995; Hinshaw et  al. 1995; 
Kass et  al. 1987; Neumann and Lorenz 1999; 
Vehkomäki et  al. 1997). In the last case, initial 
points are used by the algorithm to begin the 
search for a globally optimal delineation of the 
contour. This strategy is also used by Live Wire 
and Live Lane, the Intelligent Scissors, and the 
Magic Crayon (Beard et  al. 1994; Falcao et  al. 
1998, 2000). Graph cuts follow a similar interac-
tion strategy, by letting the user define a small 
number of seed points on the object and on the 
background (Boykov and Kolmogorov 2004). 
Based on this annotation, an estimate of the 
object border is detected by the algorithm, and 
refinements can be performed by defining addi-
tional seed points.

In the Live Wire and Intelligent Scissors meth-
ods, a cost function that is dependent on local 
image information and image intensity statistics 
is defined for each pixel of an image. The cost 
function is based on a weighted combination of 
image-derived features, such as gradient magni-
tude or direction, with parameter values initial-
ized from prior knowledge, and this function is 
dynamically updated based on the contour parts 
accepted by the user. The user dynamically pro-
vides local information that indicates the desired 
outcome, guiding the computational effort in a 
process of progressive refinement of the segmen-
tation result.

For instance, in the Live Wire paradigm, the 
contour is displayed in real time by retrieving the 
shortest paths to the initial point by means of the 
cost function while moving the mouse cursor 
around, so that the user can dynamically evaluate 
the result and simply change the mouse position 
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to obtain a better delineation. The contour is 
accepted when the user clicks the mouse button, 
and this position becomes the starting point for a 
new boundary segment. The software ideally pro-
vides the expert with a tool that supports manual 
segmentation but, at the same time, accelerates 
this tedious process, provides immediate feed-
back, and produces repeatable results. Interactive 
definition of shapes is a highly effective strategy 
to exploit the synergy between a human operator 
who is superior in object recognition and an algo-
rithm that is better in reproducible object 
 delineation. Accuracy and precision of results are 
dependent on the anatomical complexity of the 
object of interest. As suggested above, the results 
of such a segmentation may be used:

 1. Directly to evaluate distances (e.g. joint space 
width), shapes, or axes in different anatomic 
regions (Angwin et  al. 2004; Mazzuca et  al. 
2004; Sailer et al. 2005)

 2. Indirectly, if used for the training of algo-
rithms, which then perform image analysis 
autonomously

 Fully Automatic or Autonomous 
Approaches
These approaches do not require human interac-
tion during application. Many of these methods 
are still in the early stages of clinical testing, but 
they are soon expected to reach a reliability level 
sufficient to be used in a clinical setting. The 
abovementioned semiautomatic segmentation 
can serve as a training annotation by an expert 
and does not have to be performed after a super-
vised learning phase during which the algorithm 
incorporates the anatomic a priori knowledge. 
From this point on, the algorithm is able to detect 
objects of interest (e.g. a bone); segment them 
(e.g. delineate the bone contour), even with 
ambiguous image content because of its model of 
anatomic appearance and shape; and, finally, use 
the model to perform measurements between 
predefined landmarks on the structures. These 

landmarks are defined reliably by the model, 
after training, and after their definition on a sin-
gle prototype shape. Functional complexity and 
computation time are the defining characteristics 
of each method, and steps that are time- 
consuming or cumbersome for the user increase 
functional complexity and, thus, are indirectly 
correlated to the clinical acceptance of the sys-
tem. Efficient interaction must be achieved by 
keeping the operation of the system as simple and 
operator independent as possible.

 Deep Learning
Deep learning is a form of machine learning, and 
with its potential to allow rapid and scalable sys-
tems, it is more and more applied in radiology. 
With the traditional form, the machine is trained 
to analyse features and patterns from training 
sets. An early and widely used form was the arti-
ficial neural networks (ANN). With deep learn-
ing, no definition of features and no correlation 
to a standard are necessary, so that the cumber-
some and in part inefficient training can be 
saved, if a powerful computer is used. 
Convolutional neural networks (CNNs) are the 
most prevalent deep learning architecture typol-
ogies in medical imaging today (Paul et  al. 
2016). A typical CNN comprises a series of lay-
ers that successively map image inputs to desired 
endpoints while learning increasingly higher-
level imaging features (Hosny et  al. 2018). A 
deep learning access for segmentation is charac-
terized by fully CNNs. Another form is U-net 
which has been specifically designed for medical 
images, so that with a single deep learning sys-
tem, the segmentation across multiple modalities 
and tissues is possible. With CNNs and other 
forms of AI, unsupervised classification is also 
possible. With AI, the process of image acquisi-
tion and reporting can also be supported. With its 
expanding capabilities, machine learning is an 
increasingly important part of research at the 
interface of computer science and medicine 
(Langs et al. 2018).
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5.3  Applications

 Geometric Measurements 
and Customized Treatment

Applications in this form are the assessment of 
limb and spine alignment for orthopaedic treat-
ment planning, volume measurements of bone 
and soft tissue tumours, skeletal age assessment, 
and 3D devices for teaching anatomy.

 Assessment of Limb and Spine 
Alignment, Surgical Planning, 
and Simulations
Today, computer-assisted techniques are avail-
able for all steps of correction procedures of 
malalignment, and many of them are indispens-
able for standardization and documentation. 
Computer-assisted measurements base on 
 semiautomated or fully automated contour find-
ing software with automated measurements of 
distances, angles, or volumes. The surgery can be 
planned by calculating the relevant parameters 
for designing the procedure and by virtually posi-
tioning a prosthesis in the bone. A simulation of 
the operation is possible with 3D images or with 
3D printing. Image-guided surgery with naviga-
tion systems can today be regarded as a standard. 
The surgeon uses tracking devices for navigating 
the procedure to achieve a higher accuracy of 
hardware placement and a reliable 
documentation.

Lower limb axis lengths and angles (Fig. 5.1), 
especially associated with leg-length discrep-
ancy, and spinal parameters can be precisely 
measured and calculated (Sailer et  al. 2005). 
With 3D reconstruction, rotational abnormalities 
of lower limbs, scoliosis, and other spine defor-
mities can be displayed and quantified (Wade 
et  al. 2013). For lower limb alignment, several 
indices have been described (Krackow et  al. 
1990; Odenbring et  al. 1993; Shearman et  al. 
1998; Tetsworth and Paley 1994). The very low 
radiation exposure of some of these systems, 
used in musculoskeletal and dental radiology, 
may result in insufficient spatial resolution of the 
images (Krug et al. 2014).

Templating is a process wherein the surgeon 
plans the size and the positioning of a device and 
quantify the degree of limb deformity in paediat-
rics, after trauma or prior to spine surgery. For 
preoperative planning, several dedicated software 
solutions are available on the market with huge 
libraries of prostheses for joint replacement. The 
contours of a given endoprosthesis, which has 
been registrated from the real model by the indus-
trial providers, are positioned within the image 
display of the patient’s joint (Fig. 5.2). The con-
tours of the implant are automatically aligned to 
anatomic landmarks, and the relevant distance 
and angle measurements are calculated. The sys-
tems are used for planning hip and knee surgery 
as well as many other applications. Such systems 
may also be used for perioperative osteotomy 
planning for the dysplastic hip, and on long-leg 
radiographs as well, as for osteophyte quantifica-
tion (Sailer et al. 2005; Conn et al. 2002; Haddad 
et al. 2001; Hadler et al. 1978; Hefti 1995).

A simulation of the surgical procedure can be 
done with these templating software products. 
For improving the intuitive approach of surgery, 
additional 3D reconstructions for performing a 
virtual surgical planning can be used. Three- 
dimensional printing allows to generate a real 
model of the bone in the form of 3D templates, so 
that customized devices with optimized fitting 
can be generated and the surgical procedure be 
simulated (Ballard et al., 2018). Applications for 
printing prostheses and other devices are under 
development (Liacouras et al. 2017).

 Volume Calculations
Volume calculations of bone and soft tissue 
tumours are, in contrast to other oncologic appli-
cations of computer-assisted imaging, difficult 
due to the great varieties of form and structure 
with inhomogeneous architecture and sometimes 
unsharp borders. In an animal model, volumetric 
treatment response assessment of osteolytic bone 
metastases with automated segmentation was 
shown to be superior to unidimensional measure-
ments (Bretschi et al. 2014). In a clinical study 
about semiautomated volumetry of chordomas, 
however, the significantly longer investigation 
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time compared to visual quantification was men-
tioned (Fenerty et al. 2016).

 Skeletal Age Assessment
Radiographic bone age assessment (BAA) is 
used for evaluation paediatric endocrine and met-
abolic disorders, for treatment planning in paedi-
atric oncology, and for forensic purposes. 
Research on computer-assisted technique dates 
back to the 1980s, but the systems were time- 
consuming and the contour finding algorithms 

inaccurate. Automated artificial intelligence (AI) 
deep learning algorithms were developed to per-
form BAA using convolutional neural networks, 
and it could be shown that radiologists perform 
better if they are supported with this system 
(Tajmir et al. 2018; Larson et al. 2018).

 Anatomy
For teaching purposes, virtual or 3D printed 
models are used with increasing frequency and 
bone models are, besides those from large vessels 

Fig. 5.1 A 70-year-old 
female after total knee 
endoprosthesis. A 
standing anteroposterior 
radiograph of the lower 
extremity for assessment 
of limb length and 
angular inequality. 
Measurement was done 
in this case with a 
commercially available 
software
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or the heart, the prototype of such teaching mate-
rials. In terms of quantification, the differentia-
tion between normal and abnormal findings as 
well as the degree of abnormalities is an impor-
tant learning objective.

Three-dimensional statistical shape models 
can be used for research to assess the anatomy 
and anatomical variances of CT data sets of 
bones. After a 3D segmentation, such models 
can be calculated, and the variations of each sur-
face point can be displayed and the differences 
classified. This technique has been applied for 
analysing the shape of vertebra, femora, the 
wrist and the distal radius, the pelvis, and others 
(van de Giessen et  al. 2012; Baumbach et  al. 
2017).

 Bone Tissue Analysis

What is still called bone densitometry is in fact 
much more than the calculation of density values 
that are in most cases derived from dual-energy 
X-ray beam attenuation and expressed with T- 
and Z-scores. Today, bone tissue analysis also 
includes architectural components, and attempts 
have been made to quantify the vessel wall calci-
fications for the risk assessment of cardiovascular 
diseases. Bone tissue analysis may be referred to 
bone mineral density or to bone architecture; 

both are calculated from the attenuation of the 
X-ray beams.

 Bone Mineral Density
Bone mineral density (BMD) measurements, in 
this context also referred to as areal bone mineral 
density (aBMD), are generally performed with 
DXA which, according to the recommendations 
by the International Society of Clinical 
Densitometry (ISCD), is the first-line imaging 
modality in many forms of osteoporosis and 
related diseases. The indications and comments 
on the measurement techniques are listed in 
detail in the current version of the ISCD position 
paper (International Society of Clinical 
Densitometry 2015). An additional indication for 
DXA, established after 2015, is cystic fibrosis in 
children and in adults under 50 years. Limitations 
of the computer-assisted calculation of the scores 
may occur during the data analysis process with 
the semiautomated contour finding and during 
the physician’s data interpretation, if other rea-
sons for a higher or lower calcium content in the 
region of investigation are not considered 
(Guglielmi and Bazzocchi 2017).

Besides DXA, the BMD may be calculated 
with a dedicated CT software named CTXA Hip 
(Cann et  al. 2014). The latter uses three- 
dimensional QCT data sets to generate bone pro-
jection images, and with the software, bone 

Fig 5.2 A 59-year-old female with hip osteoarthritis. Planning of total hip arthroplasty by selecting the appropriate 
prosthesis template from a digital library and by fully automated positioning of template
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voxels can be classified as “cortical” or “trabecu-
lar” based on a user-defined threshold. For these 
two compartments, the area BMD, volumetric 
BMD, mass, area, and volume are calculated. 
With this, a similar information as with DXA is 
yielded with the additional advantage of estimat-
ing the BMD for the cortex and for the trabecular 
bone separately. From the CTXA Hip areal BMD 
measurements, T-scores may derived by using 
conversion equations (Khoo et al. 2009).

The BMD may be indirectly assessed with 
quantitative ultrasound (QUS). With this tech-
nique, the speed of sound (SOS) or the broad-
band ultrasound attenuation (BUA) at the heel is 
measured (theoretically the tibia, patella, and 
other peripheral skeletal sites may also be inves-
tigated). A composite parameter of SOS and 
BUA may be used clinically. According to the 
recent version of the ISCD position paper, vali-
dated heel QUS devices predict fractures in post-
menopausal women (vertebral, hip, and overall 
fracture risk) and in men 65 and older (hip and 
non-vertebral fractures). Discordant results 
between heel QUS and DXA of the hip are often 
observed and may be due to methodological error 
or the different involvement of these sites in 
osteoporosis because the sensitivity of QUS is 
high with severe bone loss.

 Bone Architecture
For bone architecture quantification, several soft-
ware products, mainly for use of CT image data 
sets, are available: with DXA, the trabecular 
bone score (TBS) can be calculated (Fig. 5.3). It 
is a textural measurement derived from lumbar 
DXA images and basis on the observation that 
the vertically oriented trabeculae dominate in 
relation to the transverse trabeculae with the pro-
gression of osteoporosis. This index of bone 
microarchitecture provides additional informa-
tion to that obtained from standard BMD mea-
surement. The combination of BMD and the TBS 
Z-score is a better predictor of fracture risk than 
T- and Z-scores alone. Further, it is independent 
from osteophytes and is a better indicator of bone 
strength than a bone density T-score. It is of spe-
cific value in postmenopausal women with type 2 
diabetes mellitus and in hyperparathyroidism and 
related diseases.

Prediction of hip fractures in osteoporosis can 
be done with DXA or with CT by calculating 
parameters of the architecture of the femoral 
neck, i.e. hip structural analysis (HS), hip axis 
length (HAL), neck shaft angle (NSA), cross- 
sectional moment of inertia (CSMI), femoral 
cross-sectional area (CSA), outer diameter (OD), 
section modules (SM), buckling ratio (BR), and 
femoral strength index (FSI). The HAL is associ-
ated with hip fracture risk in postmenopausal 
women. It has been reported to be independent 
from bone densitometry and FRAX (fracture risk 
assessment tool) in predicting a hip fracture, but 
hip geometry parameters are still under valida-
tion and should not be used to assess hip fracture 
risk or to initiate treatment (Cann et  al. 2014; 
Leslie et al. 2016).

High-resolution peripheral quantitative com-
puted tomography (HRpqCT) is a technique for 
the analysis of the bone architecture at the distal 
radius, the wrist, and the distal tibia in patients. It 
has the potential to perform “virtual biopsies” 
(Patsch et al. 2011). As a clinical routine indica-
tion, HRpqCT can be performed in patients with 
or suspected with hyperparathyroidism 
(Bilezikian et al. 2014). Micro-CT is a research 
application for the structural analysis of the bone 
with a spatial resolution between 1 and 40 
micrometres. Two main types are available: for 
analysing the bone and soft tissue of living ani-
mals with a 12 cm bore warranting the quantita-
tive analysis to scan rats and mice and, depending 
on the size and the tube generator of the unit, for 
bone biopsy probes or larger specimens. HRpqCT 
and micro-CT offer enormous research possibili-
ties in osteology and anthropology (Dall’Ara 
et  al. 2012; Fischer et  al. 2015; Valentinitsch 
et  al. 2013; Weber et  al. 2011). The computer- 
assisted quantification in all these systems bases 
on automated threshold segmentation, so that the 
total, trabecular, and cortical bones are separated 
and quantified in vivo. With a spatial resolution 
of 1–82  mm, the assessment of cross-sectional 
bone geometry and of volumetric bone mineral 
density (vBMD) is possible. The vBMD can be 
differentiated as total and trabecular bone min-
eral density (expressed in mg hydroxyapatite 
(HA)/cm3) and correlated with the cortical thick-
ness and other parameters of bone geometry 
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(Aeberli et al. 2010; Fouque-Aubert et al. 2010). 
Among the various parameters is one of the most 
relevant the bone volume/tissue volume (BV/TV, 
%) for assessing the bone surface area per tissue 
volume which is the percentage of the number of 
bone voxels in the volume of interest (VOI) 
divided by the total number of voxels in the 
VOI. Others are the trabecular thickness (Tb.Th, 
mm) and some subforms of it and the connectiv-
ity density (ConnD, mm3), cortical thickness 

(CTh, μm), trabecular number (TbN, mm-1), and 
distribution of trabecular separation (TbSpSD, 
μm). Three-dimensional volume reconstruction 
is often based on the Feldkamp algorithm 
(Feldkamp et al. 1989).

With CT-based nonlinear finite element 
method (FEM), the vertebral compressive strength 
can be predicted accurately ex vivo and in vivo. It 
is an advanced computer technique of structural 
stress analysis developed in engineering mechan-

Fig. 5.3 A 64-year-old female with breast cancer after treatment. T-score of +0.5 and Z-score of +2.3 indicate normal 
BMD. The trabecular bone Z-score, however, is with -1.5 significantly lower
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ics and has been used for many years to study the 
biomechanical effects on the human bone. 
CT-based FEM seems to be promising in analys-
ing femoral strength and in predicting proximal 
femoral fracture location (Cody et al. 1999; Keyak 
et  al. 2001). With FEM, a given structure is 
divided into many small elements, and mechani-
cal properties are defined for each of them math-
ematically. Under specific loading conditions, 
their strength is then estimated. A subform is 
micro-FEM in which binary images of the bone 
structure are converted into isotropic bone ele-
ments to simulate mechanical properties. With 
micro-FEM cortical and trabecular bone can be 
differentiated (van Rietbergen and Ito 2015).

Quantitative CT (QCT) of the lumbar spine 
for measuring bone mineral density with an in- 
scan calibration phantom or with a comparable 
form of calibration has been replaced by DXA 
and is only recommended under certain circum-
stances in the majority of guidelines about osteo-
porosis. Apart from these recommendations in 
guidelines in recent research, the limitations of 
areal bone mineral density are mentioned as there 
is growing evidence for use of 3D techniques in 
routine CT with the potential to from areal aBMD 
(expressed in mm2) to volumetric vBMD mea-
surements (expressed in mm3) (Johannesdottir 
et al. 2018). The next steps in this concept towards 
3D assessment are voxel-based morphometry 
(VBM) and statistical shape and intensity model-
ling (Li et  al. 2007; Bredbenneer et  al. 2014). 
VBM is an application for the identification of 
bone regions where the vBMD is associated with 
certain biomechanical parameters.

A specific technique used mainly by anato-
mists for quantifying the subchondral bone calci-
fication is CT osteoabsorptiometry (CT-OAM) 
(Müller-Gerbl 1998). With this method a surface 
representation of the 3D density distribution in 
the joints of living subjects can be generated.

With MRI, high-resolution 3D sequences have 
been used to segment the trabecular bone from 
surrounding tissues and analyse the architecture 
of the calcaneus, the knee and the hip. With seven 
Tesla units, this application has been boosted, and 
the volume of the bone and marrow can be calcu-
lated in a reproducible way (Chang et al. 2013).

 Quantification of Body Composition

Body composition is a term used in physiology 
with specific reference to physical fitness for 
describing the percentages of fat, water and mus-
cle, and additionally of bone in the human body. 
For quantifying the fat content and the leanness of 
an individual, DXA, bioimpedance analysis (BIA), 
CT, and MRI may be used. The computer- assisted 
quantification schemes of all these methods rely 
on assumptions mainly influenced by the individu-
al’s phenotype and the hydrogen content. DXA is 
regarded as the gold standard, and BIA, because of 
its easy instrumentation, portability of the equip-
ment, and low costs, is most widely used. The 
indications for body composition are continuously 
increasing with most of them being not yet fully 
adopted in official guidelines. They mainly refer to 
diseases associated with obesity, anorexia, or other 
problems of nutrition, especially bariatric surgery 
for obesity, drug or dietary therapy with significant 
weight reduction (> about 10%) in obesity, muscle 
weakness or poor mobility, antiretroviral therapy 
and increased risk of lipoatrophy in HIV, and 
transgender individuals. Along with the continu-
ous refinement of body composition parameters, 
DXA is on the way to become part of digital 
anthropometry, as clinical nutrition applications 
include morphologic phenotyping across lifespan. 
Another indication for body composition mea-
surement is in sports medicine the relative energy 
deficiency in sport (RED-S). It is due to overtrain-
ing and poor nutrition with impact on bone health 
and muscle loss; the female athlete triad (with 
amenorrhoea/oligomenorrhoea, eating disorders, 
and low bone mass) is a subform of this condition 
(Brunet 2005). Quantification of posttraumatic 
muscle atrophy and bone loss of an extremity is 
another possible indication in sports medicine.

With DXA the fat fraction is estimated from 
the attenuation values that differ significantly 
from bone and lean mass. These three compart-
ments can be fully automated differentiated with 
high precision. With the term lean mass, the mus-
cle and water fractions are summarized, as they 
cannot be discriminated because of similar atten-
uation values. By using correlation coefficients in 
the calculations, the estimation of the fat, the lean 
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mass, and the bone mass can be performed with 
the best possible precision and accuracy among 
all non-invasive techniques for body composition 
measurement (Fig.  5.4) (Shepherd et  al. 2017). 
An important issue is the differentiation between 
subcutaneous and visceral adipose tissue (VAT). 

DXA-VAT measurements can be used in the 
same way as VAT measured with CT.  These 
parameters may be used as phenotype descrip-
tors, mainly for the assessment of the relationship 
between osteoporosis and sarcopenia. Together 
with functional parameters like muscle strength, 

Fig 5.4 A 55-year-old male prior (left) and 6 months 
after (right) bariatric surgery (omega-loop gastric bypass). 
Loss of total body weight from 132 kg before surgery to 
93 kg after 6 months. Body composition analysis showed 
that this difference of 39 kg consisted of a fat loss of 23 kg 

(11.6 % of fat mass) and a loss of lean mass which is 
related to muscle of 16 kg. These measurements show a 
success of surgery but no success of postsurgical rehabili-
tation with relevant muscle atrophy
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such morphologic phenotyping might have the 
potential to predict quality of life and mortality.

With BIA, the electrical impedance of an elec-
tric current through body tissue is measured for 
calculating total body water, fat-free body mass 
and, by differentiating the sum from body weight, 
body fat.

CT and MRI are used for measuring body 
composition by segmenting the fat and muscle 
due to their characteristic density values. Only 
with these modalities, the subcompartments of 
fat and muscle can be quantified: visceral adi-
pose tissue (VAT), subcutaneous adipose tissue 
(SAT), interstitial adipose tissue (IAT), and total 
adipose tissue (TAT). For computer-assisted 
quantification, geometric models of the adipose 
tissue have been described (Shen et  al. 2003). 
Because of the limited availability of CT and 
MRI, they are not widely used for body compo-
sition measurement, but indications for certain 
groups of patients as in oncology may emerge. 
For such routine CT and MRI studies, whole 
body adipose tissue and muscle volume can be 
estimated from a preselected level of CT or MRI 
slices (abdomen or mid- thigh) by assuming a 
linear relationship between cross-sectional area 
and whole body composition.

Quantitative magnetic resonance, QMR, is a 
dedicated system which may be used for measur-
ing the differences between hydrogen properties 
in organic and anorganic tissue. Studies have 
shown high precision, but further research is nec-
essary for improving the accuracy of this 
observer-independent and fast method (Gallagher 
et al. 2010).

US anthropometry has been developed to 
quantify the subcutaneous tissue. The investiga-
tor visually identifies the tissue boundaries and 
measures the thickness with a caliper (Wagner 
2013). Software products to aid this process and 
improve precision and accuracy are emerging.

 Fracture Assessment

Besides bone mineral density and bone architec-
ture analysis for predicting the risk of fractures in 
osteoporosis, other computer-assisted tools have 

been developed for the detection and quantifica-
tion of fractures.

For the vertebral fracture assessment (VFA) 
with DXA, Genant’s semiquantitative assess-
ment is the current standard (Genant 1997). A 
further development was an algorithmically 
based qualitative diagnosis method (ABQ) which 
is not used in clinical routine (Ferrar et al. 2005; 
Jiang et  al. 2004). According to this study, the 
main limitation of VFA is the difficulty in differ-
entiating a true fracture from a non-fracture 
deformity if only relying on shape assessment. 
For computer-assisted quantification, active 
appearance models (AAMs) with an almost fully 
automatic analysis of the shape and appearance 
of vertebrae have been developed (Roberts et al. 
2006). The spine is modelled by a sequence of 
overlapping triplets of vertebrae to extract the 
shape contour around each vertebra. The algo-
rithms then locate all vertebral endplates auto-
matically. In normal vertebrae, the results were 
comparable to manual segmentation, but the 
results worsened with increasing fracture grade 
and stayed comparable to manual assessment in 
approximately 80% of cases. Thus, a consider-
able amount (20%) of manual correction, mainly 
for advanced fractures, is still required.

Spine radiographs may be checked semiauto-
matically for grading the degree of vertebral 
deformity (Engelke et  al. 2010). Comparing 
DXA to spine radiographs, the DXA scans have a 
better contrast resolution with a reduction of sig-
nal loss due to overprojection of lung vessels, the 
diaphragm, or other extravertebral structures. 
Further, with DXA the X-ray beam is directed 
more orthogonally to the vertebrae than with 
radiography. Due to the low radiation dose, how-
ever, the contours of the vertebrae may be blurred. 
Practical experience with this technique shows 
that some vertebral fractures may be overlooked 
that are detected with spine radiographs and vice 
versa.

Vertebral fracture assessment with CT has 
been published by using semiautomated and fully 
automated morphometry or finite element analy-
sis (Burns et al. 2016; Glinkowski and Narloch 
2017; Nakashima et al. 2018).
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For other than vertebral or hip fractures, the 
detection and assessment can be improved by 
using unfolding of the bony surface. A clinical 
application is available for skull fractures which 
can be detected with higher sensitivity compared 
to two-dimensional CT (Ringl et al. 2010). The 
same principle has been applied for rib fractures 
(Ringl et al. 2015). With skull fractures, the same 
principle of computer-assisted diagnosis and 
recently with a deep learning architecture can be 
applied for dural haematoma (Ringl et al. 2013; 
Arbabshirani et al. 2018).

 Quantification of Synovitis

Attempts to quantify synovitis have been directed 
towards the volume of the synovium or parts of it, 
the degree of perfusion and vascularization, on 
joint space narrowing due to hyaline cartilage 
destruction, and on erosions. Rheumatoid arthri-
tis (RA) and related diseases have been of great 
interest in this field of research; other focussed 
diseases are osteoarthritis and gout, the latter 
being regarded as a form of biochemical 
imaging.

 Perfusion Imaging
For dynamic contrast-enhanced magnetic reso-
nance imaging (DCE-MRI) and MR perfusion 
imaging, post-processing might be useful to 
quantify the flow rate of contrast media, thus cal-
culating the severity of local inflammation in the 
synovium (Axelsen et al. 2014). The precision of 
positioning of the regions of interest is, however, 
low and standardization is difficult. With a 
voxel- by- voxel analysis of enhancing voxels, 
data which are automatically normalized to 
baseline images are quantified. Principally, with 
such software for the analysis of tumour or syno-
vitis perfusion in dynamic-enhanced MR, 
parameters such as slope, maximum enhance-
ment, wash-in and wash-out rate, volume of 
interstitial space, and transfer constants between 
blood plasma and interstitial space are calcu-
lated. The limitation of this technique is the low 
intra- and interobserver rates in positioning the 
regions of interest.

 Joint Space Narrowing Measurements
Joint space narrowing measurements have been 
applied for the metacarpophalangeal joints of the 
fingers as they can be displayed on radiographs 
in a standardized form and because this feature 
is a relevant biomarker. Many attempts to use 
computer assistance for radiographic evaluation 
of joint space have been published concerning 
rheumatoid arthritis, partly inspired by the 
OMERACT initiative (www.omeract.org). 
Highly reproducible results have been published 
for several computer- assisted methods, and the 
results were consistent with traditional scoring 
methods. It has been shown that a metacarpo-
phalangeal joint of about 2 mm in width, which 
is symmetric and sharply outlined and has no 
overlying structures, can be measured with good 
reproducibility, but that fully automated meth-
ods for measuring joint space have failed fre-
quently in diseased joints with overlapping 
structures and less sharply outlined edges 
(Figs. 5.5 and 5.6) (Angwin et  al. 2004; Sharp 
et  al. 2000; Sharp 2004; Duryea et  al. 2002, 
2007; Peloschek et  al. 2007). Since then, the 
techniques of automated analysis of joint space 
narrowing measurements on radiographs have 
been refined (Okino et al. 2018).

 Erosions
Erosions are due to artefacts in the form of 
overlying structures on radiographs or partial 
volume effects on cross-sectional images diffi-
cult to be detected automatically. Another prob-
lem is the discrimination of various concavities 
of the bone, so-called pseudoerosions, from 
true inflammatory erosions. In one application, 
the model landmarks used during the model-
based contour search serve as position refer-
ences, enabling follow- up monitoring of 
specific locations on the bone (Langs et  al. 
2005). A semiautomated technique with a freely 
available Live Wire-based program was pub-
lished with excellent intraobserver reliability 
and inter-occasion reliability (intra-class corre-
lation coefficients) for erosion and synovial 
volumes (Bird et al. 2003a, b, 2004, 2005). In 
this work, interreader agreement for wrist MRI 
studies was considerably higher compared to 
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the MCP joint studies, limiting the usefulness 
of erosion volume measurements in this joint 
with this approach. With a new computer vision 
technique, the erosion volume can be calculated 
independent of erosion shape (Figueiredo et al. 
2018).

 Biochemical Imaging of Collagen 
and Fat

Biochemical imaging is a term which in muscu-
loskeletal imaging mainly refers to the analysis 
and quantification of hyaline cartilage with high- 

Fig. 5.5 Automated 
measurements of joint 
space width in 
metacarpophalangeal 
joints
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resolution MRI (Welsch et al. 2008). The defini-
tion may be extended to other applications of 
chemical analysis of tissue components which 
include the quantification of collagen tissue, of 
calcifications, of monosodium urate deposits, and 
of fat and bone marrow oedema. The techniques 
mainly rely on MR and PET, and conclusions 
may be drawn about the urate and glucose metab-
olism of tissue.

 Cartilage
For the hyaline cartilage, the use of T2 maps and 
T1rho imaging potentially gives information on 
early cartilage damage by measuring glucos-
aminoglycane (GAG) content reduction in carti-
lage of large joints (i.e. knee) but also in small 
joints (ankle, wrist). Duryea et  al. published a 
semiautomatic method (“hybrid approach”) to 
segment the cartilage on knee MR images on a 
slice-by- slice basis and provided the reader with 
automated image processing tools to reduce the 
time consumption of the procedure (Duryea 
et al. 2007). Millington et al. recently described 
a method for quantitative and topographical 
evaluation of articular cartilage using high-reso-

lution ankle MRI (Millington et  al. 2007). 
Texture analysis can be used for quantifying the 
amount of heterogeneity of the spatial distribu-
tion of pixels. The technique bases on a grey-
level co- occurrence matrix (GLCM) for 
tabulating the frequency of combinations of 
pixel intensities and for calculating contrast, 
orderliness, and statistical attributes (Li et  al. 
2009). For osteoarthritis, this technique has 
been shown to be a reliable biomarker in detect-
ing early extracellular matrix changes (Joseph 
et al. 2011). For analysing the validity of auto-
mated segmentation of knee cartilage, deep 
learning models were developed with efficacy 
and precision in quickly generating accurate 
segmentations (Norman et  al. 2018; Liu et  al. 
2018).

For quantifying the fat fraction in the bone 
marrow, quantitative chemical shift imaging 
(QCSI) is used in patients with skeletal storage 
disorders such as Gaucher’s disease, where the 
bone marrow is replaced by Gaucher cells 
(glucocerebroside- loaded macrophages). This fat 
fraction quantification is important to assess the 
disease status and therapy response.

Fig. 5.6 (a and b) 
Model landmarks are 
positioned in the form of 
supervised learning as in 
this case the greatest 
joint space width is not 
the contour on the 
radiograph but the 
sclerotic line beneath it 
outlined by a sclerotic 
structure which 
represents the deepest 
point of a shallow 
groove on the base of 
the proximal phalanx
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 Calcifications
Calcifications have been, because of the princi-
pally ease way of mainly cutoff-based segmen-
tation, a major target of computer-assisted 
quantification. With respect to bone diseases, 
the correlation of osteoporosis and atheroscle-
rosis is of interest. With DXA, an automated 
technique for abdominal aortic calcification 
(AAC) has been developed which bases on the 
analysis of lateral vertebral fracture assessment 
(VFA) images (Elmasria et al. 2016). An AAC 
score at the level between the first and the 
fourth lumbar vertebra or more than 3 is associ-
ated with an increased risk of cardiovascular 
disease which is independent from other risk 
factors for this disease. With HRpqCT, the 
simultaneous assessment of arterial calcifica-
tions, bone density, and bone microarchitecture 
is possible, and associations between bone and 
cardiovascular diseases can be evaluated 
(Patsch et al. 2014).

 Monosodium Urate (MSU) Deposits 
in Gout
Cartilage, uric acid, fluids, and fatty tissue 
have characteristic Hounsfield values. With 
dual- source CT and a dedicated post-process-
ing software, the amount of MSU and of bone 
marrow oedema lesions (BMEL) can be esti-
mated. A precise anatomic allocation of MSU 
deposits within or adjacent to collagen fibrils is 
possible. Certain anatomic structures, how-
ever, may show similar colour encoding after 
post-processing, because the calculated values 
are not unique for a tissue. In such a way, the 
skin and nails with high keratin concentration, 
inadequate signal-to-noise ratio, or metallic 
artefacts may appear with the same encoding. 
BMEL can be located and quantified with a 
“virtual noncalcium technique” by subtracting 
calcium from cancellous bone (Pache et  al. 
2010).

 Bone Marrow Oedema
Bone marrow oedema on coronal STIR and 
enhancement on T1w Gd-enhanced MR images 
were quantitatively evaluated using a computer- 
assisted method for texture analysis based on 
greyscale threshold values (Mayerhoefer et  al. 
2004, 2005). In this study, the high inter- and intrao-
bserver variability inherent to manual measuring 
and segmenting of tissue abnormalities on MR 
images was reduced (Fig. 5.7). Threshold calcula-
tion to create a basis for segmenting healthy bone 
marrow from the bone marrow with abnormal sig-
nal intensity through the greyscale value distribu-
tion was performed for every examination of a 
patient on three images with large areas of healthy 
bone marrow. More recently, an atlas-based seg-
mentation technique was used to locate and delin-
eate the carpal bones. Basing on this, the extent of 
BME within each bone was quantified by identify-
ing image intensity value characteristic of BME by 
fuzzy clustering and measuring the fraction of vox-
els with these characteristic intensities within each 
bone (Aizenberg et al. 2018).

 Glucose Metabolism
With PET/CT, PET/MR, and dedicated preclinical 
units, the normal and abnormal glucose metabo-
lism and other forms of tracer accumulation may 
be exactly located. PET depicts biological targets 
and can be used for the detection of inflammation 
at molecular and cellular levels. Multiple PET 
tracers have been investigated for their utility in 
imaging RA by using markers of cell proliferation; 
by targeting macrophages, B cells, or endothelial 
cells; and by using bone markers (Narayan et al. 
2017). Macrophage- targeting PET tracers, such as 
11C-(R)-PK11195 (1-(2-chlorophenyl)-N-
methyl-N-(1-methylpropyl)-3-isoquinoline car-
boxamide) for visualizing macrophage activity 
especially in clinically quiescent phases of RA 
(Gent et  al. 2015). Segmentation is done mainly 
with threshold techniques.

P. Peloschek et al.



93

Fig. 5.7 (a–c) These figures illustrate the image analysis 
concept published by Mayerhoefer et  al. (2004): 1. 
Coronal STIR images depict definition of total volume of 
investigation (TVI). (a) Maximal width of femoral con-
dyles is determined through line M1. Length of M1 is then 
used as maximal height of TVI by drawing line M2, start-
ing at most caudal point of condyles. Line orthogonal to 
M2 is then drawn (1) and remains in constant position for 

all slices to separate TVI from adjacent diaphysis. (b) 
Coronal STIR image depicts manual definition of remain-
ing borders of TVI. (c) Coronal STIR image depicts 
colour demarcation of bone marrow oedema. Pixels with 
signal intensity lower than that of previously calculated 
threshold value are coloured green if inside TVI and red if 
outside TVI. Green areas represent bone marrow 
oedema of femoral condyles
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5.4  Referring and Reporting

Communication of radiologists and radiologic 
technicians with their partners, i.e. the referring 
physicians, other healthcare providers, and last 
not least the patients and their relatives, is a cru-
cial part of imaging. As computer-assisted imag-
ing is not replacing but supporting the radiologist’s 
diagnosis, the results of quantification have to be 
embedded in a report. Communicating the degree 
of findings should be an indispensable part of 
referrals to and of reports from radiology. In the 
RSNA Radlex reporting initiative (http://www.
radlex.org/) for a radiology-specific ontology, a 
detailed wording for quantification is provided. 
With digital referrals or structured reports, man-
datory entry fields for attributing the clinical 
diagnosis and the radiologic findings should be 
part of the software.

The referral diagnosis is traditionally not 
quantified. Adding an attribute to it concerning 
the severity and the degree of pretest probability 
in the form of “mild inflammatory back pain, sus-
pected ankylosing spondylitis” is a simple but 
enormously efficient way of improving the com-
munication at the interface between referrers and 
radiologists.

In the field of musculoskeletal imaging, this 
has been realized with so-called report generators 
which are provided by DXA and digital templat-
ing manufacturers, within the software of skeletal 
age assessment or in web applications. Many of 
these systems provide the referrers with graphics 
to display the calculations, classifications, risk 
estimates, and trending. For generating a so- called 
structured report, an important prerequisite is that 
in the radiologic community, the basic structure is 
defined by scientific societies and by following a 
certain workflow in establishing the templates. As 
computer-assisted quantification should support 
but not replace the radiologist’s diagnosis, the 
process of reporting must be semiautomated with 
the option of editing the machine- generated text. 
A preliminary report should be generated which 

includes numeric and qualitative assessments of 
osteoporosis as well as data from prior studies if 
available. Further editing can also be performed 
with computer assistance as it was described for a 
voice recognition dictation system (Iv et al. 2011; 
England and Colletti 2018).

For DXA reporting, standards for a structured 
report have been established by the International 
Society for Clinical Densitometry and by the 
Canadian Association of Radiologists (Lewiecki 
et  al. 2016; Siminoski et  al. 2005). The auto-
mated transmission of the measurements has 
been shown to be significantly more reliable and 
quicker than with manual reporting if the manual 
data input into the DXA machine has been done 
correctly by the technicians (Tsai et  al. 2016; 
Wachsmann et  al. 2018; Binkley et  al. 2018). 
Further, with such structured reports, a reduction 
of variability, amelioration of errors, and 
improvement of clarity were shown (Allin et al. 
2016).

Other musculoskeletal reports are more com-
plex to be structured so that the literature on this 
topic is scarce. New applications are natural lan-
guage processing and other forms of machine 
learning with initially promising results as it has 
been shown for lumbar spine imaging (Tan et al. 
2018).

Eventually, the reports should contain a “diag-
nostic impact”, i.e. that the impression section 
contains relevant information for the patient’s 
and the social outcomes. In other terms, we 
should follow the recommendations of P4 medi-
cine for creating effective, predictive, personal-
ized, preventive, and participatory models to treat 
patients (Herold et al. 2016). This means that the 
numeric data in the reports should be processed 
with respect to the consequences and explained 
in a patient-friendly form. An example is to 
include the results of DXA in the FRAX or 
another fracture risk assessment tool or the idea 
to add cooking recipes in the radiology report for 
patients with low bone mass or osteoporosis if 
appropriate.
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5.5  Conclusion: Towards More 
Validated Imaging 
Biomarkers and Digital 
Anthropometry

The demands on more efficiency and efficacy of 
imaging are steadily increasing, and reports have 
to contain more detailed information with shorter 
turnaround times but be produced with insuffi-
cient resources. With AI, the radiologists’ work 
can be supported and quantification be specified. 
It may be expected that the radiologist’s job 
description will be changed in a way we only can 
guess: the core of our daily work, the reporting 
process will be done by the computers. After hav-
ing applied a profound error management with 
cross-checks to other healthcare documents and 
available data sets, the computers will prepare a 
multimedia report with estimations of the future 
trend of a disease, prognostic impact, and sug-
gestions for prevention and treatment. The radi-
ologist’s role perhaps will be to approve that the 
relevant information has been extracted and com-
piled in a diagnosis and to manage all matters 
arising from it: personalization with predictive 
impact, communication and counselling, and 
approving new imaging features and definitions 
of new diseases. Handling effectively the huge 
amount of information condensed in such a 
computer- assisted radiology report seems to be 
the outline of our future job profile. A short-term 

prognosis, however, is easy as AI is still in its 
infancy so that traditional reporting and patient 
care can be expected to change slowly and 
gradually.

Imaging biomarkers are a crucial part of quan-
titative imaging. Broadly defined, these are all 
imaging findings which represent normal pro-
cesses, abnormal processes, or therapeutic 
responses to such processes and which are attrib-
uted with a precise quantification and clear 
dimension of their meaning. As such, a close cor-
relation exists between the development of AI 
tools and of imaging biomarkers. In musculo-
skeletal imaging, only joint space narrowing and 
the slowing of progression of arthritis as surro-
gate imaging biomarker have been accepted by 
the US Food and Drug Administration (FDA) and 
the European Medicines Agency (EMA). Another 
is osteoporotic fractures which have been 
approved by the FDA.  The other imaging fea-
tures presented in this chapter are in the process 
of biomarker definition. With the now appearing 
new machine learning techniques, the diversity of 
findings in musculoskeletal imaging can be quan-
tified with higher precision and all steps of the 
imaging workflow be more standardized.
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6.1  Lines, Landmarks and Concepts 
(Roche and Carty 2001)

At birth, the cervical spine measures 3.7  cm in 
length and grows to its adult state by adding a fur-
ther 9 cm. It almost doubles in length by the age of 
6 and gains an additional 3.5 cm during the growth 
spurt at puberty to reach its adult length of 
12–13 cm. There are a number of important lines 
and landmarks used in measuring the cervical 
spine at both the paediatric and adult stages of 
development. Due to different anatomical and 
pathological significance, these cervical spine 
parameters are best presented by separating the 
craniocervical junction from the subaxial portion.

The craniocervical junction is defined as the 
anatomical region between the basiocciput and 
the C2/C3 interspace. Many measurements have 
evolved to assess the craniocervical junction and 
in particular to help determine if there is vertical 
migration of the dens and instability. These mea-
surements will be presented and their strengths 
and weaknesses identified. The normal range for 
each of these measurements, variability of nor-
mal anatomy and challenges in identifying the 
osseous landmarks produce inherent limitations. 
The imaging modality used, (lateral radiograph, 
MDCT and MRI) also has a bearing on the reli-
ability and accuracy of the employed measure-
ment. Depiction of the basion, opisthion and 
rostrum of the odontoid peg is not always possi-
ble on lateral radiographs posing difficulties and 
challenges. For these reasons a wide spectrum of 
measuring methods have evolved all enjoying 
strengths marred with inherent weaknesses.

Precise measurement technique and careful 
analysis are especially important in paediatric 
spinal trauma (Roche and Carty 2001). As the 
paediatric ligaments are more lax in children, 
they enjoy a greater normal range of measure-
ments. In addition due to incomplete ossification, 
the measurement points are different in children. 
There are three developmental variants in which 
measurement aids in differentiating true pathol-
ogy from normal variants, namely, C1 pseudo-
spread, C2/C3 pseudosubluxation and C3 
pseudofracture.
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In C1 pseudospread, the atlas exhibits a C1/C2 
offset of up to 6  mm on the odontoid view in 
young children (up to age 7) due to the advanced 
C1 differential growth rate that can take place 
compared with C2 (Sussex et  al. 1983). This 
needs to be differentiated from a true Jefferson’s 
fracture producing an offset where an offset of 
>2  mm on each side is deemed abnormal. The 
rule of Spence is useful in this regard where a tear 
of the alar ligament can confidently be suspected 
if the total combined right and left C1/C2 offset is 
7  mm or more (Fig.  6.1) (Spence et  al. 1970). 
However, as this measurement was derived from 
direct measurement of cadaveric specimens, 
Heller et al. (1993) warned that overestimation of 
displacement takes place on radiographic assess-
ment due to magnification artefact, and if the 
total displacement is <8.1  mm on open-mouth 
radiographs, the transverse ligament is usually 
intact. This can be also assessed on coronal refor-
matted CT images through the centres of the lat-
eral masses. Vertical lines are first drawn at a 
tangent to both the lateral outlines of C1 and C2 
bilaterally, and then the transverse offset between 
the lines is measured and added together as a 
total lateral mass displacement (Fig. 6.1).

In C2/C3 pseudosubluxation, the anterior and 
posterior vertebral lines are distorted at this level 
as the C2 vertebral body can lie up to 3 mm ante-
rior to C3. The spinolaminal line however is not 

disturbed. In differentiating C2/C3 pseudosub-
luxation from a hangman’s fracture dislocation, 
one can employ Swischuk’s posterior cervical 
line drawn by joining the C1 to C3 spinolaminal 
interface. This line should intersect the C2 spino-
laminal interface or lie anterior to it within a 
2 mm distance in pseudosubluxation, while a dis-
tance >2 mm indicates underlying traumatic dis-
ruption (Fig. 6.2).

The higher fulcrum location at the C2/C3 level 
in the paediatric spine promotes pseudosublux-
ation as well as morphological features of a pseu-
dofracture at the anterosuperior corner of C3 
vertebra due to a delay in ossification. In verte-
bral pseudofracture the discrepancy between the 
anterior and posterior vertebral body height is 
3 mm or less, while a difference >3 mm is taken 
as indicative of true vertebral body fracture.

Craniocervical measurement techniques in 
suspected trauma to the upper cervical spine have 
been standardised by the Spine Trauma Study 
Group which produced a consensus statement as 
a means of producing consistent measurements 
that can guide therapeutic management (Bono 
et al. 2007). Although on the one hand the authors 
based their measurement techniques on an exten-
sive review of the literature up to 2007, they 
stressed that as the accuracy and reproducibility 
of many of the parameters had not been reported, 
validation was still awaited. Odontoid fractures 

a b

Fig. 6.1 C1/C2 offset. Vertical lines are first drawn at a 
tangent to both the lateral articular outlines of C1 and C2 
bilaterally, and then the transverse offset between the lines 
is measured and added together as a total lateral mass dis-

placement A  +  B. ‘Pseudospread’ of C1 on C2 on the 
odontoid peg view is a normal variant in children below 
age of 7 and can measure up to 6 mm

6 Cervical Spine



108

require two measurements for optimal healing 
prognostication: sagittal displacement and angu-
lation as measured on lateral radiographs or CT 
midsagittal reconstructed images. Fractures dis-
placed by >5–6 mm are regarded as at a high risk 
of non-union. Sagittal fracture displacement is 
determined by drawing tangents to the anterior 
aspects of the odontoid peg and C2 body, respec-
tively, and then the transverse line between them 
at the level of the fracture determines the dis-
placement (Fig. 6.3). Odontoid fracture angula-
tion is determined by drawing tangent lines to the 
posterior aspects of the odontoid peg and the pos-
terior body of C2 and calculating the subtended 
angle between the two lines (Fig. 6.4). In C2/C3 
traumatic spondylolisthesis, due to the so-called 
hangman’s fracture, translation and angulation 
are also helpful determinants in management. 
C2/C3 angulation can be assessed either by the 
endplate method (Fig. 6.5) or the posterior verte-
bral body line method (Fig. 6.6), while transla-
tion is the transverse distance between the two 
posterior vertebral body lines (Fig. 6.7).

Craniocervical measurements based on a 
number of craniometric lines are very useful in 
the assessment of instability in the adult rheuma-
toid cervical spine. Anterior and posterior insta-
bility can result in abnormal C1/C2 measurements 
which are enhanced on flexion and extension 

views. In the assessment of vertical atlantoaxial 
subluxation, Riew et al. (2001) assessed the reli-
ability of radiographic criteria employing eight 
measurement methods on 131 adult cervical 

ba c

C2

C3

C4

C2
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C4
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Fig. 6.2 C2/C3 pseudosubluxation: in children up to 
16 years, the C2 vertebral body can lie up to 3 mm ante-
rior to C3, as a normal variant. In differentiating C2/C3 
pseudosubluxation from a hangman’s fracture dislocation, 
Swischuk’s posterior cervical line is helpful. In pseudo-
subluxation a line drawn connecting the anterior cortices 
of the spinous processes of C1and C3 should intersect (b) 

or come within 2  mm of the anterior cortex of spinous 
process of C2 (c). A distance >2 mm indicates underlying 
traumatic disruption. Note that when the posterior cervi-
cal line is drawn in the absence of pseudosubluxation (a), 
it should also be within 2 mm of the anterior cortex of the 
C2 spinous process

Fig. 6.3 Odontoid fractures: sagittal displacement and 
angulation as measured on lateral radiographs or CT mid-
sagittal reconstructed images. Fractures displaced by 
>5–6  mm are regarded as at a high risk of non-union. 
Sagittal fracture displacement is determined by drawing 
tangents to the anterior aspects of the odontoid peg and C2 
body, respectively, and then the transverse line between 
them at the level of the fracture determines the displace-
ment (arrows)
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spine radiographs in patients with rheumatoid 
arthritis and found that none of these methods are 
more than 90% sensitive or specific. They  
compared the measurement findings with tomog-
raphy, CT sagittal reformats and MRI as the gold 

standards. There were 67 with basilar invagina-
tion. As the odontoid was correctly identified in 
only 23 of 67 radiographs, they recommended 
combining various measurements to enhance the 
diagnostic accuracy. For this reason methods that 
do not require accurate visualisation of the tip of 
the odontoid peg were recommended, namely, 
the Clark station, Ranawat criterion and Redlund 

Fig. 6.5 C2/C3 angulation: endplate method. In trau-
matic C2/C3 spondylolisthesis due to the so-called hang-
man’s fracture, translation and angulation are helpful 
determinants in management. C2/C3 angulation can be 
assessed by the endplate method where the angle between 
lines drawn tangential to the inferior endplate of C2 and 
C3 is measured

Fig. 6.6 C2/C3 angulation: posterior vertebral body line 
method. Lines are drawn tangential to posterior cortex of 
bodies of C2 and C3. Perpendicular lines at right angles 
are then extended anteriorly and the angle between them 
is measured

Fig. 6.4 Odontoid Fracture Angulation: odontoid frac-
ture angulation is determined by drawing tangent lines to 
the posterior aspects of the odontoid peg and the posterior 
body of C2 and calculating the subtended angle between 
the two lines

Fig. 6.7 C2/C3 fracture: translation. Translation is the 
degree of forward subluxation of C2 on C3, shown by the 
arrowhead line between the posterior cortex of C2 and C3
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and Johnell criterion. The Clark station defines 
the location of C1 in relation to the C2 vertebra 
which is divided into three equal parts in the sag-
ittal plane (Fig.  6.8). If the C1 anterior arch is 
level with the middle third (station 2) or caudal 
third (station 3), basilar invagination is present 
(Riew et al. 2001). It is therefore important to be 
familiar with more than one method as the under-
lying pathological state can give rise to difficul-
ties in identifying the required anatomical 
landmarks needed for accurate assessment. Using 
MRI, Dvorak et  al. (1989) also determined 
another parameter they called the cranial migra-
tion distance (CMD) by measuring the perpen-
dicular distance between McRae’s line and the 
posteroinferior corner of C2. This is normally 
38.7 mm (SD 2.9 mm, range 33–46 mm) and is 
declared abnormal if <31.5 mm which carries a 
high incidence of myelopathy. There was a good 
correlation between the cranial migration dis-
tance and the values from the Redlund-Johnell 
and Ranawat methods of measurement.

In the evaluation of atlanto-occipital relation-
ships on the cross-table lateral radiograph, diffi-
culties are not uncommonly encountered as 
landmarks may be indistinct, and magnification 
errors render the measured values spuriously 

beyond the normal range. Lee et al. (1987) vali-
dated the measurement methods performed on 
cross-table lateral radiographs in AOD.  The 
Powers ratio was accurate (>1) in 33%, while 
both the direct measurement of the condylar gap 
(>2 mm in adults, >5 mm in children) and the 
basion-dens interval (>10 mm in adults, >12 mm 
in children) were accurate in 50% of cases. They 
devised an X-line method which was the most 
accurate in 75% of cases of AOD. In the X-line 
method, two intersecting lines are drawn often 
referred to as Lee’s lines (Fig. 6.9). The first line 
from the basion to the most anterior point of the 
C2 spinolaminal junction should pass across the 
supero-posterior aspect of the peg of C2, while 
the second line from the opisthion to the postero-
inferior corner of the body of C2 should pass just 
anterior to the posterior portion of the C1 ring 
(Lee et al. 1987). However, in a later study com-
paring the X-line method with the Harris line 
(BDI, BAI) criteria for AOD, the X-line method 
performed poorly compared with the Rule of 
12’s or Harris criteria (BDI and BAI) (Harris 
et  al. 1994). In a blinded study, Dziurzynski 
et  al. (2005) compared radiographic with 

I

II

III

Fig. 6.8 Clark Station method of assessing basilar invag-
ination: The Clark Station defines the location of C1  in 
relation to C2. The C2 vertebra is divided into three equal 
parts in the sagittal plane, labelled I, II and III in diagram. 
If C1 anterior arch is level with the middle third (level II) 
or caudal third (level III) then basilar invagination is 
present

B

C2
C2SL

O

Fig. 6.9 X-line method for evaluation of atlanto-occipital 
relationship. A line is drawn from the basion ‘B’ (anterior 
margin of the foramen magnum) to the most anterior part 
of the C2 spine laminar junction ‘C2SL’. This line should 
run tangential to the posterosuperior aspect of odontoid 
peg. A second line is drawn from the opisthion ‘O’ (poste-
rior margin of foramen magnum) to the posteroinferior 
corner of the body of C2. This line should pass just ante-
rior to the posterior arch of C1
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CT-based methods of measuring five criteria for 
AOD, namely, the Powers ratio, X-line method, 
basion- dens interval, condylar gap and Harris 
method. They concluded that the sensitivity, 
specificity, positive and negative predictive val-
ues of these methods improve when CT is used 
because the anatomical landmarks are better 
visualised. They were optimally visualised in 
99.75% on CT compared to 39–84% on radio-
graphs (Dziurzynski et  al. 2005). The 
Wackenheim line is also useful in the assessment 
of craniocervical relationships. This line is 
drawn down the posterior surface of the clivus as 
seen on the lateral radiograph or CT sagittal 
reformatted image. Its inferior extension should 
normally barely touch the posterior aspect of the 
rostral outline of the odontoid peg as it lies ven-
tral to the line (Fig. 6.10). This normal relation-
ship depicted in the cervical spine in the neutral 
position is not altered in flexion or extension 
views. This relationship is disrupted in both ver-
tical migration and atlanto-occipital dissociation 
(Fig. 6.11) (Thiebaut et al. 1961). It is impor-
tant to remember that the value of the mea-
surement methods for AOD assessment is 
predominantly applied to the most common 
anterior AO dislocation. The performance is 
unreliable in the rarer posterior AO dislocation 
and in AO distraction separation. The 
Wackenheim angle between the clivus and 
the spinal canal is normally >150°, while 
Boogaard’s angle measured between the cli-
vus line and McRae’s line is normally <135°.

It is essential to realise that the craniocervical 
measurement values and ranges differ when mea-
sured on plain radiographs and CT. This is because 
of the magnification effect in radiography and the 
limitations of accuracy in depicting the anatomical 
radiographic landmarks. Using MDCT and MPR, 
Rojas et  al. studied 200 patients measuring the 
basion-axial interval (BAI), basion-dens interval 
(BDI), Powers ratio, atlantodental interval (ADI) 
and atlanto-occipital interval (AOI) and compared 
the measurements with established values from 
plain radiographs. In 95% the BDI measured 
<8.5  mm on MDCT compared with 12  mm on 

Wackenheim
line

Clivus

Fig. 6.10 Wackenheim clivus line—normal position. A 
line drawn along the posterior aspect of the clivus should 
barely intersect or be tangential to the posterior aspect of 
odontoid tip. This relationship is maintained in neutral 
flexion and extension positions

Wackenheim line

a b c

Fig. 6.11 Wackenheim clivus line in: a = normal, b = vertical migration, c = atlanto-occipital dissociation

6 Cervical Spine



112

radiographs, the ADI  <  2  mm compared with 
3 mm on radiographs and the AOI ranged between 
0.5 and 1.4 mm. There are no recorded AO condy-
lar gap measurements in adults although there is 
general agreement this should not be >2  mm, 
while in the paediatric population studies indicate 
it should be <5 mm. The BAI was difficult on CT, 
and no change noted in Powers ratio values (Rojas 
et al. 2007, 2009).

An important clue to the presence of cervical 
spine trauma can be obtained by careful analysis 
of the thickness and appearance of the preverte-
bral soft tissue space (PVSTS) made along lines 
perpendicular to the contact point with the air-
way. Postural changes of the neck alter the mea-
surements recorded. Penning looked at 
radiographs done in flexion and extension and 
showed a maximal difference of <1  mm com-
pared with the neutral position. It is more com-
mon to detect a pathologically widened PVSTS 
in the C2/C3 levels irrespective of the level of 
injury as the tissues in the higher cervical spine 
are more lax. The C4 and C5 levels have a wide 
range of variability with all imaging modalities 
due to the presence of the larynx and oesophagus 
and should not be employed in the assessment of 
PVSTS. Increased thickness and contour altera-
tions are good indicators of injury although it is 
important to remember that significant injury can 
be present despite a normal PVSTS.  Increased 

thickness can also be due to infection, haemor-
rhage, neoplasia and fluid collection. There is 
variation between paediatric and adult measure-
ments and these also vary in their respective nor-
mal range depending on the imaging modality 
used. It is inappropriate to adopt the normal 
radiographic range of PVSTS from C1 to C7 to 
CT images, as measurements on CT have no 
magnification factors and the expected normal 
ranges are less. Furthermore radiographic mea-
surements are calculated from the inferior/supe-
rior borders of the vertebral bodies, while those 
based on sagittal MDCT reformatted images are 
taken from the vertebral midpoint anteriorly 
(Fig. 6.12). A preset CT soft tissue window set-
ting is crucial to ensure uniformity of measure-
ment (WW 500 HU, WL-10 HU) (Rojas et  al. 
2007, 2009). The results using radiographic or 
MDCT methods show a wide range of normal 
PVSTS values, which is why one needs to focus 
on the upper limits of the range when assessing 
the measurement with reference values.

Measurement techniques used in both the 
diagnosis and quantification of lower cervical 
spine injury have also been standardised by the 
Spine Trauma Study Group (Bono et  al. 2006) 
primarily focusing on kyphosis (Cobb angle and 
posterior vertebral body tangent methods), verte-
bral body translation, vertebral body height loss, 
facet fracture fragment size and percentage facet 

a b c

Fig. 6.12 Prevertebral soft tissue space (PVSTS). Pre-injury normal radiographic measurement of PVSTS (a), fol-
lowed by a fracture of C4 as shown on sagittal MDCT (b), resulting in widened PVSTS radiographic measurements (c)
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Fig. 6.13 Cobb measurement of sagittal cervical angula-
tion. A line is drawn along the superior endplate of the 
next cranial unaffected vertebra. Another line is drawn 
along the inferior endplate of the next most caudal unaf-
fected vertebra. The Cobb angle is the angle between the 
perpendicular of the two lines

Fig. 6.15 Cervical translation: The amount of cervical 
translation is measured at the level of the inferior endplate 
of the dislocated vertebral body by measuring the trans-
verse distance between two lines drawn tangential to the 
posterior aspect of the vertebral bodies

Fig. 6.14 Posterior vertebral body tangent method of 
assessing kyphosis: A line is drawn along the posterior 
body of the fractured vertebra and a second line is drawn 
along the posterior cortex of the next most cranial unaf-
fected level. The angle between the two lines is the angle 
of kyphosis

subluxation. In the Cobb measurement of sagittal 
cervical angulation, a superior endplate line 
through the next cranial unaffected vertebra is 
drawn along with an inferior endplate line 
through the next most caudal unaffected vertebra. 
The Cobb angle is the angle between the two 
lines (Fig.  6.13). The posterior vertebral body 
tangent method of assessing kyphosis relies on 
drawing two posterior vertebral body lines at the 
fractured and next most cranial unaffected level 
and determining the angle in between them 
(Fig.  6.14). Cervical translation accompanying 
dislocation is measured at the level of the inferior 
endplate of the dislocated (upper) vertebral body 
(Fig. 6.15), by measuring the transverse distance 
between two lines drawn tangential to the poste-
rior vertebral bodies. Translation is an indicator 
of instability with 2 mm considered by some as 
the critical threshold, although most agree that 
3.5 mm of translation is usually associated with 
mechanical instability. Postfracture vertebral loss 
of height requires firstly measurement of the 
anterior and posterior heights of the two unaf-
fected vertebrae cranial and caudal to the injured 
level with an averaging of both measurements. 
This is then followed by measuring the anterior 
and posterior heights at the fractured level, 
divided by the respective averaged intact anterior 

and posterior heights and multiplied by 100 
(Fig.  6.16) (Frobin et  al. 2002). Facet fracture 
results in a fragment of variable size and a con-
comitant reduction of intact articular facet  surface 
apposition which could have a bearing on insta-
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bility. The measurement can be done on lateral 
radiographs or parasagittal CT reconstructions 
(Fig. 6.17). A line is drawn along the intact artic-
ular surface and measured in mm (A), followed 
by a line measurement of the residual intact artic-
ular surface of the fractured articular surface (B). 
The latter (B) is divided by the former (A) mea-
surement and multiplied by 100. Using a similar 
technique residual articular apposition following 
facet subluxation without fracture can be mea-
sured as (B/A × 100), where A represents total 
articular surface as measured along the inferior 
articular surface of the superior level, and B is the 
distance of contacting articular surface 
(Fig. 6.18). In a reproducibility and interobserver 
reliability study of these radiographic and 
CT-based measurements on 30 cases of cervical 
spinal injury, Bono et  al. (2011) found that the 
translation and kyphosis had satisfactory reliabil-
ity, while the results for vertebral body height 
loss and facet joint apposition were unreliable 
(Bono et al. 2006). The endplate method was bet-

ter and more reliable than the posterior vertebral 
body tangent method in determining kyphosis.

The canal dimensions of the cervical spine, 
especially its sagittal diameter, have attracted 
considerable attention with a number of imaging 
methods used in the assessment in both symp-
tomatic and asymptomatic populations. A num-
ber of studies have confirmed that the diameter of 
the cervical canal varies with location, decreas-
ing in width from C1 to C7, while the spinal cord 
area increases making lower levels at increased 
risk for myelopathy or injury. In the normal adult, 
the AP canal diameter at C3 is equal or >19 mm, 
while the transverse diameter is 27  mm. 
Regardless of vertebral size, e.g. dwarf dyspla-
sias, the cord will always attain its intended adult 
size even if the cervical spinal canal is congeni-
tally narrow due to the dysplasia. The average AP 
diameter of the spinal cord is 7.7  mm and its 
width 13.2 mm (Dimeglio 2011).

In 1956 Wolfe et  al. established the normal 
values of the sagittal cervical canal diameter on 

Fig. 6.16 Measurement of postfracture loss of vertebral 
body height: The anterior and posterior vertebral body 
heights of the two unaffected vertebrae cranial and caudal 
to the fractured vertebra are measured and both measure-
ments (anterior height and posterior height) are averaged. 
The anterior and posterior vertebral body height at the 
affected level are then measured. These are divided by the 
respective averaged intact anterior and posterior heights 
and multiplied by 100 to calculate percentage loss of 
height

A

B

Fig. 6.17 Assessment of intact articular facet apposition 
following facet fracture: A = line drawn along intact facet 
articular surface is measured in mm. B = line drawn along 
residual intact articular surface of the fractured facet is 
measured in mm. B is divided by A and multiplied by 100 
to give a percentage measurement of residual facet 
apposition
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lateral radiographs taken with a FTD of 72 in. of 
200 randomly selected asymptomatic cases. The 
average AP diameter at C1 was 22 mm, 20 mm at 
C2 and 17 mm at C3–C7. Since then studies on 
the subaxial cervical spine have shown that the 
AP dimension should normally be >15 mm and 
spinal stenosis is declared if <13 mm. In 1986 the 
Torg-Pavlov ratio was introduced as the canal/
body ratio with measurement of both numerator 
and denominator taken from the mid-vertebral 
body (Fig. 6.19). If the ratio was <0.80 signifi-
cant spinal stenosis was declared. This was 
employed in screening sport athletes until it was 
shown to carry a low predictive value. Using this 
method Herzog et al. (1991) found that 49% of 
80 asymptomatic professional football players 
had ratios <0.80 at least at one cervical level. 
They indicated a low predictive value of 12% in 
determining spinal stenosis. This was due to the 
larger vertebral body dimensions in athletes 
which lowered the ratio measurement resulting in 
high false positive rate of 88%. CT also has been 
employed in the assessment of bony canal dimen-

sions in the sagittal and transverse plane, but as in 
radiography these osseous dimensions underesti-
mate the true functional space for the cord as they 
do not include the intraspinal soft tissues. 
Employing 1.5 T MRI on healthy asymptomatic 
volunteers, normative cervical spinal canal and 
spinal cord dimensions have been recently estab-
lished in a multicentre study (Ulbrich et al. 2014). 
The  midsagittal diameters were measured pro-
ducing a range of values at C1 (10.7–19.7 mm), 
C3 (9.4–17.2 mm) and C6 (9.2–16.8 mm) levels 
on 140 healthy white volunteers. Measurements 
employed a line drawn from the midpoint 
between the superior and inferior endplates of the 
vertebral bodies from C3 to C6, perpendicular to 
the anterior surface of the spinal cord, to the mid-
point of the level’s spinous process. Using mid-
sagittal TSE T2 and VIBE sequences, they 
concluded that the dimensions of the cervical spi-
nal canal and cord in healthy individuals vary 
with age, sex, height and vertebral level. The 
diameter and the area of the spinal canal decrease 
from C1 to C6 in all the height subgroups. The 
spinal cord behaves in a similar fashion in its AP 
diameter measurements, but the area of the spinal 

A

B

Fig. 6.18 Assessment of residual articular apposition fol-
lowing facet subluxation: A = measurement of total articu-
lar surface along inferior articular surface of superior 
facet. B  =  measurement of residual contacting articular 
surface. B is divided by A and multiplied by 100 to give 
percentage residual facet articular apposition

A
B

Fig. 6.19 Torg-Pavlov ratio: ratio of vertebral canal to 
vertebral body  =  distance from midpoint of posterior 
aspect of vertebral body to nearest point on corresponding 
spinolaminar line (a), divided by anteroposterior width of 
vertebral body, measured at its midpoint (b)
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cord remains virtually the same from C1 to C6. 
This is because the cord alters its shape from cir-
cular at C1 to ellipsoid at C6 becoming broader at 
lower cervical levels. Importantly at all spinal 
levels, the individual’s factors of height, age and 
gender play a statistically significant influence on 
the spinal measurements. This means that the 
provision of valid normal values as reference 
standards for spinal canal and cord dimensions 
require allied definition to location, height, etc. In 
earlier studies, namely, by Sherman et al. (1990) 
on MRI-based measurements of the normal cer-
vical cord, it was amply evident that there is no 
single value for assessing spinal cord dimen-
sions. The spinal cord at each level should be 
compared with the normal reference range spe-
cific to that level. The average AP and transverse 
cord diameters were measured at C2 
(8.8 mm × 12.4 mm), C4 (8.7 mm × 14mm) and 
C7 (7.4 mm × 11.4 mm) with the normal cervical 
enlargement at C4-C6. The average spinal cord 
area at C4  in Sherman’s study was 121.8 mm2, 
while the average area in a Japanese study 
(Ishikawa et  al. 2003) was found to be signifi-
cantly less at 94.6 mm2. This is likely to reflect 
racial differences and not just use of different 
pulse sequences. However, the cord dimensions 
are influenced by pulse sequences with the T1 
images yielding almost the same values as actual 
cord measurements in a cadaveric spinal cord 
model (Suzuki and Shimamura 1994). In Dvorak 
et al.’s study, the mean diameter of the spinal cord 
in normal individuals was 7.7  mm (SD, 0.58; 
range, 6.5-9  mm) which covers the range 
reported by Sherman et al. (1990).

Cervical spondylosis is the commonest cause 
of tetraparesis in adults resulting from a decrease 
in the space available for the cord. Imaging plays 
a role in identifying the extrinsic pressure from 
the spondylotic processes. In addition there are 
four factors that are important determinants of 
myelopathy, namely, the AP diameter of the spi-
nal canal, dynamic cord compression, dynamic 
alteration of the cord’s intrinsic morphology and 
its vascular supply. As discussed previously an 
AP diameter of the canal <13 mm denotes con-
genital stenosis. Flattening of the cord is associ-
ated with myelopathy with Penning et al. (1986) 
showing that when the transverse area of the 
cord is <60mm2, cord compression symptoms 
developed. Ono et  al. (1997) proposed an AP 
cord/compression ratio which is calculated by 
dividing the AP diameter of the cord by the 
transverse diameter. Those with an AP ratio of 
<0.40 have worse neurological deficit. 
Furthermore postoperative assessment by Ogino 
et al. (1983) showed that an AP ratio > 0.40 or a 
transverse diameter increased to >40  mm indi-
cated a strong likelihood of recovery of cord 
function. Dynamic cord compression occurs in 
flexion and extension, and this can increase the 
degree of compression or cause it in these posi-
tions in the absence of compression on the static 
neutral neck position (Bernhardt et  al. 1993). 
Dvorak et al. recommend functional MRI in flex-
ion in an effort to determine the cord’s diameter 
in a subluxed position. If the cord diameter in 
flexion is 6 mm, this is the minimum AP diame-
ter beyond which there is an increased incidence 
of myelopathy (Dvorak et al. 1989).
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6.2  Basilar Invagination: Method 
of Chamberlain 
(Chamberlain 1939)

 Definition

Distance from tip of odontoid process to 
Chamberlain’s line—a line drawn from the pos-
terior margin of the hard palate to the posterior 
margin of the foramen magnum (Fig. 6.20).

 Indications

To detect basilar invagination or protrusion of the 
odontoid process into the foramen magnum. 
Occurs in rheumatoid arthritis, Paget’s disease, 
osteomalacia, rickets and congenital disorders 
such as Chiari malformation, atlanto-occipital 
fusion, hypoplasia of atlas, Klippel-Feil syn-
drome, osteogenesis imperfecta, achondroplasia, 
spondyloepiphyseal dysplasia, Morquio’s syn-
drome, chondro-osteodystrophy and cleidocra-
nial dysostosis.

 Measurement

Radiography Normal—odontoid tip +/− 3.3 mm 
from Chamberlain’s line
Abnormal—6.6 mm or greater 
indicates basilar invagination

MRI Mean 1.2 mm below Chamberlain’s 
line, median 1.5 mm and SD 3 mm

CT Mean 1.4 mm below Chamberlain’s 
line, median 1.2 mm and SD 
2.4 mm

 Techniques

Radiography Central ray perpendicular to lateral 
skull
Target-film distance 36 in.

CT Reformatted midline sagittal images
MRI Sagittal T1-weighted turbo 

spin-echo (TSE) sequence. TR 390, 
TE echo time 10, slice thickness 
5 mm and interslice gap 1 mm. 
FOV 400 mm. Flip angle 50

 Full Description of Technique

Radiography: Perpendicular distance from tip of 
odontoid process to Chamberlain’s line (line con-
necting posterior aspect of the hard palate to pos-
terior aspect of the foramen magnum).
CT/MRI: Midsagittal image used for analysis. 
Perpendicular distance from tip of odontoid pro-
cess to Chamberlain’s line (line connecting pos-
terior aspect of the hard palate to posterior aspect 
of the foramen magnum).

 Reproducibility/Variation

Radiography: Normal—odontoid tip +/− 3.3 mm 
from Chamberlain’s line. Abnormal— 6.6 mm or 
greater indicates basilar invagination. This is 
based on 102 normal skull radiographs (Poppel 
et al. 1953).
CT: Mean 1.4  mm, median 1.2  mm and SD 
2.4 mm. This is based on measurements done in 
150 adults (Cronin et al. 2009).

Fig. 6.20 Basilar invagination—method of Chamberlain. 
Perpendicular distance from tip of Odontoid process (dot-
ted line) to Chamberlain’s line: Chamberlain’s line is rep-
resented by the horizontal blue line in the diagram, a line 
drawn from the posterior margin of the hard palate to the 
posterior margin of the foramen magnum. In most normal 
subjects, the odontoid tip lies less than 3.3  mm above 
Chamberlain’s line
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MRI: Mean 1.2 mm, median 1.5 and SD 3 mm. 
This is based on 200 brain MRI studies in adult 
Europeans (Cronin et al. 2007).

 Clinical Relevance/Implications

Basilar invagination can cause impingement on 
the medulla and result in neurological problems 
and even sudden death (estimated to occur in up 
to 10% of patients with basilar invagination due 
to rheumatoid arthritis).

 Analysis/Validation of Reference Data

Analysis from a plain lateral radiograph is not 
100% sensitive (Riew et al. 2001). Sometimes it 
is not easy to see the tip of the odontoid peg. In 

about 50% of normal subjects, the tip of the 
odontoid process is at or below Chamberlain’s 
line. Using CT the mean position of the odon-
toid process was 1.4 mm below Chamberlain’s 
line (median1.2 mm, SD 2.4 mm). There is no 
difference between male and female values or 
between CT and MRI measurements. 
Chamberlain’s line is in practice more difficult 
to use than McGregor’s line.

 Conclusion

In most normal subjects, the odontoid tip lies 
less than 3.3  mm above Chamberlain’s line, 
and basilar invagination is present when it lies 
>3 mm.
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6.3  Basilar Invagination: Method 
of McGregor

 Definition

Distance from tip of odontoid process to 
McGregor’s line; a line drawn from the posterior 
margin of the hard palate to the lowest point on 
the midline occipital curve (Fig. 6.21).

 Indications

To detect basilar invagination or protrusion of the 
odontoid into the foramen magnum. Occurs in 
rheumatoid arthritis, Paget’s disease, osteomala-
cia, rickets and congenital disorders such as Chiari 
malformation, atlanto-occipital fusion, hypoplasia 
of atlas, Klippel-Feil syndrome, osteogenesis 
imperfecta, achondroplasia, spondyloepiphyseal 
dysplasia, Morquio’s syndrome, chondroosteo-
dystrophy and cleidocranial dysostosis.

 Measurement

Radiography: Odontoid tip from McGregor’s 
line.

Male adults: Mean 3.3 mm, SD 3.81, 90% tol-
erance −7.4 to +8.0

Female adults: Mean 3.67 mm, SD 1.69, 90% 
tolerance −2.4 to +9.7
CT: Mean position 0.8  mm below McGregor’s 
line (median 0.9 mm, SD 3 mm)
MRI: Mean position 0.9 mm below McGregor’s 
line (median 1.1 mm, SD 3 mm)

 Techniques

Radiography: Central ray perpendicular to lateral 
skull.
Target-film distance 72 in.
CT: Midline sagittal reformatted MDCT images 
using bone window settings.
MRI: Sagittal T1-weighted turbo spin-echo 
(TSE) sequence. TR 390, TE echo time 10, slice  
thickness 5  mm and interslicegap 1  mm. FOV 
400 mm. Flip angle 50.

 Full Description of Technique

Radiography: Perpendicular distance from tip 
of odontoid process to McGregor’s line (line 
connecting posterior aspect of the hard palate 
to the lowest point on the midline occipital 
curve.
CT/MRI: Midsagittal image used for analysis. 
Perpendicular distance from tip of the odontoid 
process to McGregor’s line.

Mc Gregor’s line
Hard palate

Fig. 6.21 Basilar invagination—method of McGregor. 
Perpendicular distance from tip of odontoid process (dot-
ted line) to McGregor’s line (blue line) should not exceed 
4.5 mm. McGregor’s line is drawn from the posterior mar-
gin of the hard palate to the most caudal point on the mid-
line occipital curve
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 Reproducibility/Variation

Radiography: Based on 66 normal adult skull 
radiographs (Hinck et al. 1960).
CT: 0.8 mm below McGregor’s line based on 150 
adult normal patients (Cronin et al. 2009).
MRI: 0.9 mm below McGregor’s line SD 2.8 mm 
females and 3.3 mm males. Based on 200 brain 
MRI studies in adult Europeans (Cronin et  al. 
2007).

 Clinical Relevance/Implications

Basilar invagination can cause impingement on 
the medulla and result in neurological problems 
and even sudden death (estimated to occur in up 
to 10% of patients with basilar invagination due 
to rheumatoid arthritis).

 Analysis/Validation of Reference Data

Using CT the mean position of the odontoid 
process is 0.8 mm (median 0.9 mm, SD 3 mm) 
below McGregor’s line normally. There is no 
significant difference between male and female 
values or between CT and MRI 
measurements.

 Conclusion

As drawing of McGregor’s line is easier, this is 
preferred to Chamberlain’s method when radio-
graphs are used, but no disadvantage is experi-
enced if CT or MRI is used.
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6.4  Basilar Invagination: Method 
of McRae

 Definition

The odontoid tip should lie below McRae‘s line 
(a line connecting the anterior and posterior 
margins of the foramen magnum). A perpendic-
ular line drawn from apex of odontoid should 
intersect McRae‘s line in its ventral quarter 
(Fig. 6.22).

 Indications

To detect basilar invagination or protrusion of 
the odontoid into the foramen magnum. Occurs 
in rheumatoid arthritis, Paget’s disease, osteo-
malacia, rickets and congenital disorders such 
as Chiari malformation, atlanto-occipital fusion, 
hypoplasia of atlas, Klippel-Feil syndrome, 
osteogenesis imperfecta, achondroplasia, spon-
dyloepiphyseal dysplasia, Morquio’s syndrome, 
chondroosteo-dystrophy and cleidocranial 
dysostosis.

 Measurement

Radiography: Odontoid tip should lie below 
McRae’s line (a line connecting the anterior and 
posterior margins of the foramen magnum).
MRI: Odontoid tip 4.6 mm below McRae‘s line, 
median 4.8 and SD 2.6.

 Techniques

Radiography: Central ray perpendicular to lateral 
skull.
CT: Midline sagittal reformatted images on bone 
settings.
MRI: Sagittal T1-weighted turbo spin-echo 
(TSE) sequence. TR 390, TE echo time 10, slice 
thickness 5 mm and interslice gap 1 mm. FOV 
400 mm. Flip angle 50.

 Full Description of Technique

Radiography: Perpendicular distance from tip of 
odontoid process to McRae’s line (line connect-
ing anterior margin to posterior margin of the 
foramen magnum).
CT/MRI: Midsagittal image used for analysis. 
Perpendicular distance from tip of the odontoid 
process to McRae’s line.

 Reproducibility/Variation

Radiography: Odontoid tip should lie below 
McRae’s line. A line drawn from the apex of the 
odontoid should intersect the ventral quarter of 
McRae’s line. Based on 26 normal skull radio-
graphs (Poppel et al. 1953).

However, it can be difficult to identify anterior 
and posterior margins of the foramen magnum on 
plain radiographs. A midline sagittal CT refor-
matted image is more reliable.
MRI: 4.6 mm, median 4.8 and SD 2.6 below 
McRae’s line. Based on 200 brain MRI studies in 
adult Europeans. CT measurements based on 150 
normal adult patients (Cronin et al. 2009).

Fig. 6.22 Basilar invagination—method of McRae. 
Odontoid tip should lie below McRae’s line—a line drawn 
between the anterior and posterior margins of the foramen 
magnum (blue line in diagram). In addition, a perpendicu-
lar line drawn from the apex of the odontoid to McRae’s 
line should intersect it in its ventral quarter
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 Clinical Relevance/Implications

Basilar invagination can cause impingement on 
the medulla and result in neurological problems 
and even sudden death (estimated to occur in up 
to 10% of patients with basilar invagination due 
to rheumatoid arthritis).

 Analysis/Validation of Reference Data

It can be difficult to identify the anterior and 
posterior margins of the foramen magnum on 
plain radiographs. Using CT reformatted sagit-
tal midline images, the mean position of the 

odontoid process of C2 is normally 5  mm 
(median 5  mm, SD 1.8  mm) below McRae’s 
line. There is no significant difference between 
males and females or between these CT values 
from those on MRI.

 Conclusion

It can be difficult to identify McRae‘s line in 
practice. McGregor’s line is easier to identify and 
is a more useful measurement for basilar 
invagination.
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6.5  Basilar Invagination: Method 
of Ranawat (Weinstein 2001)

 Definition

The distance between the centre of the pedicles 
of C2 and a line drawn in the transverse axis of 
C1 (Fig. 6.23).

 Indications

To detect basilar invagination. Particularly use-
ful if hard palate cannot be visualised on the 
film, also if the odontoid is poorly visualised, 
for example, due to erosion in rheumatoid 
arthritis.

 Measurement

Men:
Average 17 mm (SD 2 mm)

Women:
Average 15 mm (SD 2 mm)
A distance <15  mm in men and <13  mm in 

women suggests the presence of basilar invagina-
tion, and an MRI needs to be done for further 
assessment.

 Techniques

Radiography: Standard lateral cervical spine 
radiograph.

 Full Description of Technique

Twenty-six normal individuals and 33 patients 
with rheumatoid arthritis were analysed. Using 
this method standard lateral cervical spine radio-
graphs are first obtained.

The distance between the centre of the pedi-
cles of C2 and the transverse axis of C1 is 
measured.

 Reproducibility/Variation

Limited studies regarding validation.

 Clinical Relevance/Implications

Useful for detecting basilar invagination when 
the hard palate cannot be visualised—if the hard 
palate cannot be visualised, Chamberlain’s and 
McGregor’s lines cannot be used to assess for 
basilar invagination.

Fig. 6.23 Basilar invagination—method of Ranawat. A 
line is drawn connecting the centre of the anterior arch of 
the first cervical vertebra with its posterior ring (horizon-
tal blue line). The centre of the sclerotic ring of the sec-
ond cervical vertebra, representing the pedicle is marked. 
The perpendicular distance between the centre of the 
pedicle of C2 and the perpendicular line drawn in the 
transverse axis of C1 is measured. A distance of <15 mm 
in men and <13  mm in women suggests basilar 
invagination
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 Analysis/Validation of Reference Data

Limited validation data available. The study by 
Riew et al. (2001) who examined eight plain film 
diagnostic methods of basilar invagination showed 
that no single plain radiographic assessment 
method was 100% reliable. They recommended 
that measurements be made according to the meth-
ods described by Ranawat et al. (1979), Redlund-
Johnell and Pettersson (1984) and Clark et  al. 

However, 6% of cases with basilar invagination in 
RA patients would still be missed. If any of these 
three methods suggest basilar invagination or are 
equivocal, a CT and MRI should be performed.

 Conclusion

Useful for detecting basilar invagination when 
odontoid peg is poorly visualised or eroded.

C. Roche
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6.6  Basilar Invagination: Method 
of Bull (Bull et al. 1955)

 Definition

The angle between a line drawn along the plane of 
the hard palate and a line drawn along the horizon-
tal plane of C1 should not exceed 13° (Fig. 6.24).

 Indications

To detect basilar invagination or protrusion of the 
odontoid into the foramen magnum. Occurs in 
rheumatoid arthritis, Paget’s disease,  osteomalacia, 
rickets and congenital disorders such as Chiari 
malformation, atlanto-occipital fusion, hypoplasia 
of atlas, Klippel-Feil syndrome, osteogenesis 
imperfecta, achondroplasia, spondyloepiphyseal 
dysplasia, Morquio’s syndrome, chondroosteo-
dystrophy and cleidocranial dysostosis.

 Measurement

Radiography: Angle of Bull more than 13° indi-
cates odontoid process position is abnormal.

 Technique

Radiography: Central ray perpendicular to lateral 
skull.
Patient prone. Chin in neutral position.

 Full Description of Technique

Radiography: A line is drawn along the plane of 
the hard palate and a line is drawn along the hori-
zontal plane of C1. Angle >13° means the posi-
tion of the odontoid is abnormal.

 Reproducibility/Variation

Radiography: Not useful in everyday practice 
since the measurements were made from radio-
graphs obtained with patient prone. Based on 120 
normal skull radiographs.

 Clinical Relevance/Implications

Basilar invagination can cause impingement on 
the medulla and result in neurological problems 
and even sudden death (estimated to occur in up 
to 10% of patients with basilar invagination due 
to rheumatoid arthritis).

 Analysis/Validation of Reference Data

Very limited validated data.

 Conclusion

Not useful in everyday practice.
Varies considerably with flexion and extension.

A
B

C

D

Fig. 6.24 Basilar invagination—method of Bull. Angle 
between a line drawn along plane of hard palate (a, b) and 
a line drawn along horizontal plane of C1 (c, d) should be 
<13°

6 Cervical Spine



126

6.7  Basilar Invagination: Method 
of Redlund-Johnell (Roche 
et al. 2002a, b)

 Definition

The distance between McGregor’s line and the 
lower endplate of C2 (Fig. 6.25).

 Indications

To detect basilar invagination or protrusion of 
the odontoid into the foramen magnum. Occurs 
in rheumatoid arthritis, Paget’s disease, 
 osteomalacia, rickets and congenital disorders 
such as Chiari malformation, atlanto-occipital 
fusion, hypoplasia of atlas, Klippel-Feil syn-
drome, osteogenesis imperfecta, achondroplasia, 
spondyloepiphyseal dysplasia, Morquio’s syn-
drome, chondroosteo-dystrophy and cleidocra-
nial dysostosis.

 Measurement

Males: 41.6 mm (SD 4 mm).
Females: 37.1 mm (SD 4.3 mm).

 Techniques

Radiography: Standard lateral cervical spine 
radiographs.
CT/MRI in the sagittal plane.

 Full Description of Technique

Standard lateral cervical spine radiographs were 
taken of 200 normal adults, 100 female and 100 
male. The distance between McGregor’s line and 
the inferior endplate of C2 was measured.

 Reproducibility/Variation

Limited information but the study by Riew et al. 
(2001) supported its use as one of three most reli-
able methods.

 Clinical Relevance/Implications

Useful in patients in whom the tip of the odontoid 
is eroded or difficult to see, i.e. especially useful 
in rheumatoid arthritis patients.

 Analysis/Validation of Reference Data

Limited but deemed useful in certain clinical sit-
uations. A measurement <34  mm in men and 
<29  mm in women indicates basilar 
invagination.

 Conclusion

Useful measurement in patients in whom the 
odontoid is poorly visualised.

Mc Gregor’s line
Hard palate

Fig. 6.25 Basilar Invagination—method of Redlund- 
Johnell. The distance between McGregor’s line (blue line 
drawn between the posterior margin of the hard palate and 
the lowest point of midline occipital curve) and the mid-
point of the inferior margin of C2. A measurement of 
<34 mm for men and <29 mm for women is considered 
abnormal
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6.8  Foramen Magnum in Children 
and Adult

 Definition

Measurements of the anteroposterior diameter of 
the foramen magnum were made on a line drawn 
between the lower margin of the occipital bone 
and the basion (anterior margin of foramen mag-
num) (Fig. 6.26).

 Indications

To help identify abnormalities of craniocervical 
junction, which can be congenital or acquired.

 Measurement

Average anteroposterior diameter 30–35 mm in 
children.
Average anteroposterior diameter 34.78  +/−   
2.19 mm in adults.

 Techniques

Radiography: Midsagittal pneumotomogram.
CT: Midsagittal reformat.
MRI: Midsagittal image.

 Full Description of Technique

Measurements were obtained from a midsagittal 
pneumotomogram and are reported by Martinez- 
Lozano (2001).

Original data taken from Schmeltzer et  al. 
(1971). 200 subjects.

Measurements using CT, taken from normal 
CT examinations in 100 adults are reported by 
Kanodia and Parihar (2012).

Measurements using MRI (1.5 T) in 40 healthy 
adults are reported by Damiani and Borelli 
(2012).

 Reproducibility/Variation

Limited available data.

 Clinical Relevance/Implications

May be useful in congenital or acquired disorders 
of craniovertebral junction, if applied to plain 
radiographs. Pneumotomography is no longer 
performed.

 Analysis/Validation of Reference Data

Limited data.

 Conclusion

Pneumotomography has been replaced by MRI 
in sagittal plane as it depicts both the bony land-
marks and subarachnoid space.

A
C

D B

Fig. 6.26 Foramen magnum in children and adults. AP 
diameter of the foramen magnum is the distance between 
the basion ‘A’ and opisthion ‘B’. Average diameter in chil-
dren is 30–35  mm. Average diameter in adults is 34.78 
+/− 2.19 mm. AP diameter of the subarachnoid canal at 
the level of the foramen magnum is the distance between 
‘C’ and ‘D’. The average diameter in adults is 28 mm
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6.9  Atlanto-Occipital Joint Space 
in Children and Adults

 Definition

The atlanto-occipital joint space or interval (AOI) 
is defined as the distance between the top of the 
C1 facet and the bottom of the corresponding 
occipital condyle (Fig. 6.27).

 Indications

Useful in suspected atlanto-occipital dislocation.

 Measurement

Radiography: 100 normal children

Point 1: 2.22 +/− 0.70SD range 1.0–3.5
Point 2: 2.63 +/− 1.02SD range 1.0–5.0
Point 3: 2.52 +/− 0.95SD range 1.0–5.0
Point 4: 2.13 +/− 0.70SD range 1.0–4.0
Point 5: 1.96 +/− 0.65SD range 1.0–4.0

CT: 200 normal adults
Mean 1.0 mm, range 0.5–1.8 mm.

 Techniques

Radiography: Lateral skull radiographs in 100 
normal subjects.
CT: Parasagittal reformatted images in 200 
adults.

 Full Description of Technique

Lateral skull radiographs, taken with a film—
focus distance of 40 in. 100 normal children aged 
1–15 years, 63 boys and 37 girls.

The bony landmarks of the occipital condyles 
and the top of the C1 facets were traced on to 
transparent film, and the joint space was mea-
sured at five evenly spaced points, using a hand 
lens micrometre.

CT measurements done on parasagittal MDCT 
reformatted images. The AOI is calculated by 
drawing a line perpendicular to the articular sur-
faces of the occipital condyle and the lateral mass 
of C1. The line is drawn at the centre of the artic-
ulation by correlating the coronal and sagittal 
reformatted images.

 Reproducibility/Variation

Generally accepted as reliable and used in 
practice with limited studies validating the AOI 
value.

 Clinical Relevance/Implications

Useful in suspected atlanto-occipital disloca-
tion. This is usually a fatal injury but some 
children survive. Atlanto-occipital disloca-
tion needs to be recognised early to improve 
outcome.

3

1 2 4 5

Fig. 6.27 Atlanto-occipital joint space in children and 
adults. The space between the occipital condyle and cor-
responding upper margin of C1 facet should not exceed 
5.0  mm in radiographs of children. On CT the space 
should not exceed 1.8 mm in adults.
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Measurements of the atlanto-occipital joint 
(Kaufman et al. 1987)

Measurement 
position

Measurable 
(%) Mean ± SD Range

Normal subjects (n = 100)
1 65 (77) 2.22 ± 0.70 1.0–3.5
2 64 (76) 2.63 ± 1.02 1.0–5.0
3 58 (69) 2.52 ± 0.95 1.0–5.0
4 63 (75) 2.13 ± 0.70 1.0–4.0
5 60 (71) 1.96 ± 0.65 1.0–4.0
Atlanto-occipital distraction injury (n = 8)
1 8 (100) 6.44 ± 1.43 4.5–8.0
2 8 (100) 8.12 ± 2.20 5.5–11.0
3 6 (75) 7.50 ± 1.70 5.0–9.5
4 6 (75) 7.67 ± 2.09 5.0–10.0
5 3 (38) 6.33 ± 3.01 3.5–9.5

 Analysis/Validation of Reference Data

Measurements obtained in the 100 normal chil-
dren were compared to measurements obtained 
in eight children who had suffered atlanto- 
occipital distraction injury.

 Conclusion

In children, the atlanto-occipital joint space on 
plain radiograph should not exceed 5.0 mm.

In adults the atlanto-occipital joint space on 
CT should not exceed 1.8 mm.
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6.10  Powers Ratio  
(Powers et al. 1979)

 Definition

The Powers Ratio is used to confirm a normal 
relationship between occiput and C1 (Fig. 6.28).

 Indications

To detect anterior atlanto-occipital dislocation 
following trauma.

 Measurement

The ratio BC/OA is used to detect anterior 
atlanto-occipital dislocation. A ratio of less than 
1 is normal. Ratio of equal to or greater than 1 
implies anterior atlanto-occipital dislocation.

 Techniques

Radiography: Lateral cervical spine radiographs. 
Central ray perpendicular to the plane of the film 

and centred over the midcervical spine. Film to 
focus distance not relevant, since the measure-
ment is a ratio.
CT: Midline sagittal reformatted image.
MRI: Sagittal images.

 Full Description of Technique

Lateral radiographs of the cervical spines of 100 
adults and 50 children were analysed and com-
pared with four cases of proven anterior atlanto-
axial subluxation.

B is the basion at the anterior margin of the fora-
men magnum.

O is the opisthion at the posterior margin of the 
foramen magnum.

A is the posterior cortex of the anterior arch of 
the atlas (C1).

C is the anterior cortex of the posterior arch of the 
atlas (C1).

The ratio of the two interval lines BC/OA 
should be less than 1 in normal subjects.

 Reproducibility/Variation

Unknown.
The bony landmarks required to assess Powers 

ratio are often not clearly seen, especially the 
opisthion (posterior margin of foramen 
magnum).

Lee et  al. (1987) found Powers ratio to be 
accurate in 33% of cases of atlanto-occipital 
dislocations.

 Clinical Relevance/Implications

Anterior atlanto-occipital dislocation is a severe 
injury and is usually fatal. Commonest cause is 
road traffic accidents. The injury is also reported 
following falls, direct trauma and forceps deliv-
ery. Younger children are at particular risk 
because of relatively small occipital condyles and 

B

O
A

C

Fig. 6.28 Powers ratio. B is the basion at the anterior 
margin of the foramen magnum. O is the opisthion at the 
posterior margin of the foramen magnum. A is the poste-
rior cortex of the anterior arch of the atlas (C1). C is the 
anterior cortex of the posterior arch of the atlas (C1). The 
ratio of the two interval lines BC/OA should be less than 
1 in normal subjects

C. Roche



131

relative horizontal orientation of the atlanto- 
occipital joint. If the victim survives to reach hos-
pital, it is important to recognize this injury at an 
early stage to prevent death or disability. It is usu-
ally associated with marked prevertebral soft  
tissue swelling.

 Analysis/Validation of Reference Data

One hundred fifty normal subjects compared to a 
small sample of four patients with proven atlanto- 
occipital dislocation. It is essential to realise that 
the ratio is normal and therefore unreliable when 

the dislocation is posterior instead of anterior and 
in instances of vertical atlanto-occcipital distrac-
tion injury.

 Conclusion

Atlanto-occipital dislocation is a rare but very 
serious injury. Recognition of the abnormal 
atlanto-occipital relationship can be helped by 
using Powers ratio. Sometimes difficult to iden-
tify the bony landmarks required.
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6.11  Basion-Dens Interval

 Definition

The distance between the inferoposterior tip of 
the basion (anterior margin of the foramen mag-
num) and the superior tip of the odontoid process 
(Fig. 6.29).

 Indications

To detect atlanto-occipital dislocation.

 Measurement

The distance from the basion to the tip of the 
odontoid (BDI) ranges from 2 to 15 mm (mean 
7.5 +/− 4.3 mm 2SD).

In 95% cases, the distance is less than 12 mm.

 Techniques

Radiography: Supine lateral cervical spine 
radiograph taken with a film-focus distance of 
40 in. centred on the occipitocervical junction.
CT: Midsagittal reconstruction is recommended.

 Full Description of Technique

Four hundred adult subjects, cleared clinically 
and radiologically of cervical spine injury. 
Lateral cervical spine radiographs were analysed. 
The distance between the basion and the tip of 
the odontoid process was measured.

 Reproducibility/Variation

The basion-dens interval was measurable in 374 
of the 400 adults. In the others, the bony land-
marks could not be clearly identified.

Cannot be applied to children because of vari-
able ossification of the odontoid.

 Clinical Relevance/Implications

Simple and useful measurement. Atlanto- 
occipital dislocation is a rare and usually fatal 
injury, commoner in children. If patients survive 
to reach hospital, it is important to recognise the 
injury to prevent further neurological injury.

 Analysis/Validation of Reference Data

It was only possible to measure the basion-dens 
interval in 94% of subjects. Good sample size of 
374 adults. Deliganis et  al. (2000) and Fisher 
et  al. (2001) also concluded that both BDI and 
BAI measurements are the most useful parame-
ters of AOD. However, there are no interobserver 
and intraobserver studies.

 Conclusion

Simple measurement provided anatomical land-
marks are visible. A value greater than 12 mm is 
very suggestive of AO dissociation.

BDI

Fig. 6.29 Basion-Dens interval. The basion-dens interval 
(BDI) is the distance between the basion and the tip of the 
odontoid. In 95% adults, this measures less than 12 mm 
on a lateral cervical spine radiograph
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6.12  Basion: Axial Interval

 Definition

The basion-axial interval (BAI) is defined as the 
distance (either anterior or posterior) between the 
basion and the rostral extension of a line drawn 
along the posterior cortical margin of the body of 
the axis (C2) to just beyond the foramen magnum 
(Fig. 6.30).

 Indications

To detect anterior atlanto-occipital dislocation.

 Measurement

In normal subjects the distance from the basion to 
the posterior axial line (PAL) should be less than 
12 mm.

In 80% of subjects, the basion lies within 0–6 mm 
of the posterior axial line.

 Techniques

Radiography: Horizontal beam lateral cervical 
radiographs. Film-focus distance 40 in.
CT/MRI in the midsagittal plane.

 Full Description of Technique

Four hundred adult subjects and 50 children aged 
1–14 years, cleared clinically and radiologically 
of cervical spine injury. Lateral cervical spine 
radiographs taken with a film-focus distance of 
40  in. The perpendicular distance between the 
basion (inferior tip of clivus, anterior margin of 
foramen magnum) and the posterior axial line 
(superior continuation of a line drawn along the 
posterior cortex of the body of C2) is measured.

If the posterior cortex of C2 measured less 
than 1 mm thick, the line was drawn over it. If the 
thickness of the posterior cortex of C2 measured 
more than 1 mm, the line was drawn along the 
midplane between the anterior and posterior mar-
gins. The distance between the basion and this 
line is the basion-axial interval.

 Reproducibility/Variation

Harris et  al. (1994) found that after complete 
ossification and fusion of the dens >13 years of 
age, both the BDI and BAI measured 12 mm nor-
mally. However, <12 years of age, the BDI was 
unreliable due to incomplete ossification, but the 
BAI in such normal patients did not exceed 
12  mm. The normal range of BAI in reality 
extends from 12 mm anterior to 4 mm posterior 
to the posterior axial line while the BDI normally 
does not exceed 12 mm. This is important as the 
BAI has to cope with the limits that are exceeded 
in both anterior as well as posterior AO disloca-
tion. The BAI is not useful on MDCT.  When 
MPR images from MDCT are used the BAI 
assessment is difficult to obtain reliably. There is 
a lot of variation in drawing the PAL due to the 
irregular contour of the posterior C2 cortex, 
which leads to significant intraobserver and 
interobserver variation. In addition obtaining a 

PAL

12mm

Fig. 6.30 Basion-axial interval. The perpendicular dis-
tance between the basion (inferior tip of clivus, anterior 
margin of foramen magnum) and the posterior axial line 
(superior continuation of a line drawn along the posterior 
cortex of the body of C2) is measured. This distance 
should be less than 12 mm
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perfect midline sagittal image is not easy and dif-
ferent sagittal views are used by different 
observers.

 Clinical Relevance/Implications

Atlanto-occipital dislocation is a rare and usually 
fatal injury. Survivors are often left with severe 
neurological defects. The injury occurs more com-
monly in children. It is important to recognise this 
injury if the patient survives to reach the hospital 
to help prevent further neurological damage.

 Analysis/Validation of Reference Data

Harris et  al. (1994) performed two complimen-
tary studies using lateral radiographic assessment 
of BDI and BAI. The first was on a large cohort 
of normal subjects, 400 adults and 50 children. 

The BAI and BDI did not exceed 12 mm in 98% 
and 95%, respectively, in adults.

In the second study, 37 patients’ lateral radio-
graphs with suspected atlanto-occipital disloca-
tion were retrospectively analysed—31 were 
subsequently proven to have complete (23) or 
incomplete (8) dislocation.

 Conclusion

Useful measurement, provided the relevant  
anatomical landmarks, can be visualised. It can 
be used in association with the basion-dens 
interval.

Recommended cut-off value for the basion- 
axial interval is 12 mm anterior to posterior axial 
line and no greater than 4 mm posterior to poste-
rior axial line.
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6.13  C1 Bony Landmarks on CT 
(Naderi et al. 2003)

 Definition

Computed tomographic measurements of C1 AP 
diameter, C1 transverse diameter, facet diameter, 
distance between anterior tubercle and anterior 
aspect of C1 lateral mass on the lateral view 
(Fig. 6.31).

 Indications

Can be helpful prior to surgical procedures, e.g. 
C1 laminectomy or C1/C2 fusion.

 Measurement

 1. Outer AP diameter of C1: 43.3548 mm (SD 
2.3741 mm) 2. Inner AP diameter of 
C1: 30.6774 mm (SD 2.4548 mm)

 3. Outer transverse diameter of C1: 74.9677 mm 
(SD 5.5286 mm)

 4. Distance between C1 anterior tubercle and lat-
eral mass in lateral view: 4.9032  mm (SD 
1.3749 mm)

 5. AP diameter of superior articular facet: 
19.9355 mm (SD 1.9989 mm).
AP diameter of anterior arch: 6.2258 mm (SD 

1.0555 mm)

 Technique

CT: Axial plane, with sagittal reformatting.

 Full Description of Technique

Axial thin slice CT through C1 vertebra, reviewed 
on bone window settings.

 1. Outer AP diameter of C1 is measured from the 
most anterior cortex of the anterior arch to the 
most posterior cortex of the posterior arch.

 2. Inner AP diameter of C1 is measured from the 
inner cortex of the anterior arch to the inner 
cortex of the posterior arch.

 3. Outer transverse diameter of C1 is measured 
from the most lateral point of the transverse 
processes.

 4. Distance between C1 anterior tubercle and lat-
eral mass in lateral view.

 5. AP diameter of superior articular facet.

Fig. 6.31 C1 bony landmarks on CT.  The measured 
parameters. (1) outer AP diameter of C1, (2) inner AP 
diameter of C1, (3) outer transverse diameter of C1, (4) 
distance between midline and vertebral artery groove on 
the outer cortex of C1 posterior arch, (5) distance between 
C1 anterior tubercle and lateral mass in lateral view, (6) 
AP diameter of C1 superior facet, (7) distance between 
outer margin of transverse foramen and outer margin of 
lateral mass and (8) AP diameter of superior surface of C1 
anterior arch
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AP diameter of anterior arch is measured from 
the anterior to posterior cortex of anterior arch.

 Reproducibility/Variation

Study involved 31 cadavers. CT measurements 
were obtained and compared with anatomical 
measurements for each C1 vertebra examined.

Good correlation between CT and anatomical 
measurements.

 Clinical Relevance/Implications

May be useful in preoperative planning for 
patients undergoing surgery at C1 level.

 Analysis/Validation of Reference Data

CT of anatomical specimens compared with 
accurate measurements of same specimens, good 
reproducibility.

 Conclusion

An anatomical study, measuring C1 specimens 
from 31 cadavers. May be useful for preoperative 
planning.
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6.14  Anterior Atlantoaxial Interval

 Definition

The distance between the posteroinferior margin 
of the anterior arch of the atlas and the anterior 
surface of the odontoid process (Fig. 6.32).

 Indications

Suspected anterior atlantoaxial subluxation, 
which can occur due to trauma, arthritis (includ-
ing rheumatoid arthritis, ankylosing spondylitis, 
psoriatic arthritis), odontoid hypoplasia, some 
skeletal dysplasias and Down’s syndrome.

 Measurement

Lateral cervical spine radiograph:
Adult male: 2.052−(0.0192  ×  age in 

years) +/− 1.0 mm.
Adult female: 1.238−(0.0074  ×  age in 

years) +/− 0.9 mm.
95% of normal adults will have an atlas- 

odontoid distance of between 0.4 and 2.0 mm in 
neutral position.
CT: In 95% of normal adults, the anterior atlanto-
axial interval is less than 2 mm.

 Techniques

Radiography: Lateral cervical spine radiographs. 
Target-film distance 72 in.
CT: Midsagittal reformatted image.

 Full Description of Technique

Radiography: 25 adult male and 25 adult female 
subjects, aged 20–80 years. Lateral cervical spine 
radiograph at a target-film distance of 72  in. 
Central ray perpendicular to the plane of the film, 
centred at the level of thyroid cartilage.
CT: Two hundred patients without cervical spine 
injury, aged 20–40 years.
MDCT. Sixteen slice scanner using 1 mm thick 
slices and multiplanar reconstructions.

Fig. 6.32 Anterior atlantoaxial interval and anterior 
atlantoaxial distance in children. Anterior atlantoaxial 
interval is the distance between the posteroinferior margin 
of the anterior arch of the atlas (C1) and the anterior sur-
face of the Odontoid process
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 Reproducibility/Variation

Unknown.

 Clinical Relevance/Implications

Useful in detecting atlantoaxial subluxation 
which can cause cervical cord impingement.

 Analysis/Validation of Reference Data

Limited data. Not possible in very young chil-
dren before ossification is present.

 Conclusion

Useful measurement but needs to be taken in 
conjunction with the posterior interval 
measurement.
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6.15  Anterior Atlantoaxial 
Distance in Children

 Definition

The anterior atlantoaxial distance (AAAD) or 
anterior atlantodental interval (AADI) is the dis-
tance between the posterior aspect of the anterior 
arch of C1 and the anterior aspect of the odontoid 
in the anteroposterior direction.

 Indications

To determine if there is anterior atlantoaxial 
subluxation.

 Measurement (Wang et al. 2001)

Male children

0–60 months: median 2.02 mm (SD 0.40)
61–120 months: median 2.16 mm (SD 0.57)
121–180 months: median 2.19 (SD 0.67)

Female children

0–60 months: median 2.16 mm (SD 0.96)
61–120 months: median 1.91 mm (SD 0.51)
121–180 months: median 1.83 (SD 0.64)

 Measurement (Locke et al. 1966)

Anterior atlantoaxial distance in children average 
= 2.0 mm; 99% of children will have an anterior 
atlantoaxial distance of between 1 and 4 mm. 
Maximum distance found in a normal child was 
5 mm.

 Techniques

Radiography: Lateral cervical spine radiographs, 
film-to-focal-spot distance approximately 183 cm.
CT: Midsagittal reformatted images.

 Full Description of Technique

50 boys and 46 girls who had serial cervical spine 
radiographs taken as part of the Cleveland Study 
of Normal Growth and Development, compiled 
between 1927 and 1942.

Lateral radiographs of the cervical spine were 
taken at the ages of 3, 6, 9, 12, 18, 24, 30, 36, 42, 
48, 54 and 60 months and then annually until the 
age of 17 years.

Film-to-focal-spot distance of approximately 
183 cm.

The outline of the cervical spine on each 
radiograph was traced onto a transparent sheet. 
Vertical lines were placed along the most anterior 
and posterior point of the vertebral bodies, along 
the most anterior point of the posterior arches, 
along the posterior portion of the anterior arch of 
C1 and along the anterior aspect of the odontoid. 
Horizontal lines were placed along the most 
superior and inferior portions of the vertebral 
bodies. Images were entered into a computer 
using a Summasketch Plus digitizing pad 
(Summagraphics, GTCO CalComp, Scottsdale, 
Arizona). The images were analysed with the use 
of a custom-designed software programme 
(Wang et al. 2001).

Two hundred children aged 3–15 years were 
analysed by Locke et  al. (1966). Lateral radio-
graphs were taken in neutral, flexion and 
 extension positions at target-film distances of 
72 in. (patient sitting) and 40 in. (patient supine).
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 Reproducibility/Variation

Limited published data.

 Clinical Relevance/Implications

Increased atlantoaxial distance can indicate ante-
rior atlantoaxial subluxation. This can occur due 
to trauma, with rupture of alar ligaments. It can 
also occur due to inflammatory arthropathies 
such as rheumatoid arthritis and following infec-
tions in the head and neck.

 Analysis/Validation of Reference Data

Computer programme analysis of tracings of the 
cervical spine was done to obtain the measure-
ments. This is a unique study, made from the 
same dataset that Greulich and Pyle used to chart 
bone age.

 Conclusion

A useful measurement to help determine if there 
is anterior atlantoaxial subluxation.
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6.16  Dens Tilt Angle (Bohrer et al. 1985)

 Definition

The dens tilt angle (DTA) is defined as the angle 
enclosed by the intersection of tangents from the 
anterior cortex of the odontoid and the posterior 
cortex of the body of C2 (Fig. 6.33).

Virtually all subjects have a posterior slanting 
or tilting of the dens.

 Indications

May help to identify injury to odontoid peg.

 Measurement

The range of values of dens tilt angle is up to 35° 
(mean 17.43, standard deviation 6.11).

98% have an angle greater than 6°.

 Techniques

Radiography: 175 patients. Lateral radiographs 
in flexion, extension and neutral.
CT/MRI: Midsagittal images.

 Full Description of Technique

175 adult, 94 male and 81 female patients, aged 
16–84  years, without subsequent clinical or 
radiological evidence of neck injury.

Lateral radiographs taken in neutral, flexion 
and extension. Radiographic technique not 
described. The dens tilt angle was measured for 
each patient.

 Reproducibility/Variation

No mention of how measurements were made  
or how many observers. There is no identified 

PDA

DTA

Interspinous
distance

A

B

D
C

Canal

Fig. 6.33 Dens tilt 
angle and predens space 
angle. PDA (predens 
angle) is formed by lines 
AC and BD. DTA (dens 
tilt angle) is formed by 
lines tangent to upper 
anterior portion of the 
dens and the posterior 
body of C2
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relationship between the predens angle and the 
dens tilt angle.

 Clinical Relevance/Implications

Probably not that useful a measurement in clini-
cal practice. Study serves to emphasise the wide 
variation in normal subjects. Virtually every per-
son has some degree of posterior tilt or slant of 
the anterior cortex of the odontoid. This may 
reflect the complex embryology of the odontoid 
and its propensity for wide anatomic variation. A 
posteriorly slanted odontoid on its own is not a 
sign of a fractured odontoid, and additional stud-

ies should be used to confirm or refute the 
diagnosis.

 Analysis/Validation of Reference Data

Unknown.

 Conclusion

Serves to emphasise the wide variability in nor-
mal subjects. A tilted odontoid, on its own, should 
not be taken to be as a sign of acute or remote 
fracture.

C. Roche



143

6.17  Predens Space Angle

 Definition

The predens space angle (PDA) is defined as the 
angle enclosed in the intersection of tangents 
from the posterior cortex of the anterior arch of 
the atlas and the anterior cortex of the articulating 
part of the odontoid (Fig. 6.33).

 Indications

It can help to identify injury to atlantoaxial and 
alar ligaments.

 Measurement

0–13° (mean 5.57 ° SD 4.13) in neutral position.
0–18° (mean 9.27 ° SD 5.06) in flexion.

92% of cases have angles >3° in flexion.

 Techniques

Radiography: 175 patients. Lateral radiographs 
in flexion, extension and neutral.
CT/MRI: Midsagittal images.

 Full Description of Technique

175 adult, 94 male and 81 female patients, aged 
16–84  years, without subsequent clinical or 
radiological evidence of neck injury.

Lateral radiographs taken in neutral, flexion 
and extension. Radiographic technique not 
described. The predens angle (PDA) was mea-
sured in the flexion and neutral position for each 
patient.

 Reproducibility/Variation

No mention of how measurements were made or 
how many observers.

 Clinical Relevance/Implications

Probably not that useful a measurement in clini-
cal practice. Study serves to emphasise the wide 
variation in normal subjects.

 Analysis/Validation of Reference Data

Unknown.

 Conclusion

Limited clinical use.

6 Cervical Spine



144

6.18  Odontoid Dimensions 
(McManners 1983)

 Definition

Measurement of the vertical height and sagittal 
depth of the odontoid peg on plain radiographs 
(Fig. 6.34).

 Indications

To assess for odontoid hypoplasia.

 Measurement

Odontoid vertical height:

18.04 mm +/− 0.14 (males)
16.88 mm +/− 0.10 (females)
17.4 mm (overall mean)
9–23 mm (range)

Odontoid sagittal depth:

12.3 mm (males)
11.8 mm (females)
12.0 mm (overall mean)
9–16 mm (range)

 Techniques

Radiography: Film-focus distance of 100  cm. 
As the embryological base of the dens lies 
within the body of C2, the exact point of the 
junction cannot be determined once the ossifi-
cation centres have fused. For this paper, the 
anatomical junction of the body and dens has 
been used for the purposes of measuring. This 
point can be readily identified on the lateral 
film by the superimposed shadows of the supe-
rior articular processes.
CT/MRI.  Usually landmarks more readily 
appreciated.

 Full Description of Technique

From a randomised series of 500 adult patients 
(217 male and 283 female), aged 25–90, average 
measurements of the normal adult odontoid peg 
in the vertical and sagittal planes, as seen on a 
standard lateral radiograph of the cervical spine, 
were obtained. Film-focus distance of 100  cm. 
As the embryological base of the dens lies within 
the body of C2, the exact point of the junction 
cannot be determined once the ossification cen-
tres have fused. For this paper, the anatomical 
junction of the body and dens has been used for 
the purposes of measuring; this point can be read-

Superior articular
process

Superior articular
process

Dens

Embryological
base of dens

Fig. 6.34 Odontoid dimensions. Odontoid vertical height 
is measured from tip of odontoid to the anatomical junc-
tion of odontoid with C2. Anatomical junction of the body 
of C2 and the odontoid is represented by hatched line on 

diagram. This can be readily identified on lateral radio-
graph by the superimposed shadows of the superior artic-
ular processes. Odontoid sagittal depth is the distance 
between anterior and posterior margin of the odontoid
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ily identified on the lateral film by the superim-
posed shadows of the superior articular processes.

 Reproducibility /Variation

Unknown how measurements were made. Single 
observer. Large population studied = 500 patients.

 Clinical Relevance/Implications

Odontoid hypoplasia is taken as a vertical height 
of 11.9 mm or less.

In odontoid hypoplasia the attachments for the 
alar and apical ligaments are missing, and the 
hypoplastic odontoid process cannot act as a 

restraining structure within the ring of the atlas. 
The hypoplastic odontoid may slide underneath 
the transverse ligament resulting in atlantoaxial 
subluxation.

 Analysis/Validation of Reference Data

Unknown.

 Conclusion

Odontoid hypoplasia is taken as a vertical height 
of 11.9 mm or less.
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6.19  Posterior Atlantoaxial 
Relationship (Lovelock and 
Schuster 1991)

 Definition

The relationship between the height of the poste-
rior arch of C1 at the spinolaminar line (SLL) and 
the interspinous distance between C1 and C2 
during maximal flexion (FID) (Fig. 6.35).

 Indications

To detect posterior ligamentous disruption 
between C1 and C2.

 Measurement

Ratio of flexion interspinous distance (FID) 
between C1 and C2 to height of posterior arch of 
C1 at spinolaminar line (SLL):

FID mean 9.86 mm (range 4–20 mm)
SLL mean 12.0 mm
FID/SLL mean 0.82, +/− 0.28

FID/SLL range 0.29–1.82

If the FID/SLL ratio is >2, it is deemed abnor-
mal due to ligamentous insufficiency.

 Techniques

Radiography: Lateral cervical spine radiographs 
taken during maximal cervical spine flexion.
CT/MRI: Midsagittal images.

 Full Description of Technique

100 healthy adult volunteers, 56 men and 44 
women, aged 20–69 years. Subjects were asked 
to flex their necks to limit of tolerance. Lateral 
cervical spine radiographs were taken. Focus film 
distance not given.

The height of the posterior arch of C1 was mea-
sured at the level of the spinolaminar line (SLL).

The interspinous distance was measured as the 
distance between the spinous processes of C1 
and C2 measured at the level of the spinolaminar 
line (FID).

The ratio of FID/SLL was calculated.

 Reproducibility/Variation

Although there was variation in the individual 
measurements of FID and SLL between individ-
uals and gender, the ratio remained constant. In 
no case was the FID/SLL ratio greater than 2. No 
change with advancing years.

May be difficult to apply, for instance, in 
patients with congenital anomalies of posterior 
arch of C1.

 Clinical Relevance/Implications

Can be used to detect ligamentous injury. Ratio 
method, therefore film-focus distance irrelevant.

SLL

FID

Fig. 6.35 Posterior atlantoaxial relationship. FID and 
SLL measurements. The height of the posterior arch of C1 
is measured at the level of the spinolaminar line (SLL). 
The flexion interspinous distance (FID) is measured as the 
distance between the spinous processes of C1 and C2 at 
the level of the spinolaminar line. The ratio of FID/SLL 
should be less than 2
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 Analysis/Validation of Reference Data

Reasonable sample size of 100 healthy adult 
volunteers.

 Conclusion

Useful measurement when analysing cervical 
spine radiographs in trauma. Injuries of the upper 
cervical spine are often missed. This method 

uses a ratio; therefore, measurements are not 
affected by magnification distortion. The ratio 
FID/SLL is reasonably constant and should be 
less than 2.
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6.20  Interspinous Distance

 Definition

The C1–C2 interspinous distance is measured on 
a true lateral view. The Sun ratio is also assessed 
on the lateral view by direct measurement. These 
two measurements are useful in the detection of 
craniocervical distraction injuries (Fig. 6.36).

The interspinous distance (ISD) in the subaxial 
portion of the cervical spine is measured on the AP 
view from the centre of the spinous process above 
to the centre of the spinous process below. An 
abnormal measurement is seen in  posterior liga-
mentous injury usually with anterior dislocation 
(Fig. 6.37).

 Measurement

There are three measurements:

 1. The C1–C2 interspinous distance is normally 
<10 mm.

C1-2

C2-3

Fig. 6.36 Interspinous distance. The C1–C2 interspinous 
distance on a lateral radiograph is normally <10 mm. Sun 
ratio of C1–C2 ISD to C2–C3 ISD should be <2.5

a bFig. 6.37 Interspinous 
distance. The 
interspinous distance on 
an AP radiograph may 
be measured from the 
centre of the spinous 
process above to the 
centre of the spinous 
process below (a). For 
increased accuracy the 
measurement can be 
done between the cranial 
ends of the ‘teardrops’ at 
the confluence of the 
inner cortices (b). The 
normal interspinous 
distance (ISD) on the AP 
view is <1.5 times the 
ISD above and <1.5 
times the ISD below. No 
interspinous distance 
should be more than 
50% wider than the one 
immediately above and 
below it
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 2. Sun ratio of C1–C2 ISD to C2–C3 ISD should 
be <2.5.

 3. The normal interspinous distance (ISD) on the 
AP view is <1.5 times the ISD above and <1.5 
times the ISD below.

 Indications

To detect cervical injury.

 Technique

Radiography: Lateral and anteroposterior cervi-
cal radiograph.
Film-focus distance immaterial.

 Full Description of Technique

Routine lateral views must be done with meticu-
lous technique.

In Naidich et al.’s study, anteroposterior cervi-
cal spine radiographs, taken in the supine posi-
tion, in 500 normal subjects were analysed and 
compared with anteroposterior radiographs 
obtained in 14 patients with documented anterior 
cervical dislocations. The interspinous distances 
were measured from the C3–C4 interval through 
the C7–T1 interval. The distance was measured 
from the centre of the spinous process above to 
the centre of the spinous process below. The mea-
surements can be done for increased accuracy 
between the cranial ends of the ‘tear drops’ at the 
confluence of the inner cortices and not the outer 
cortices.

Although widening of the interspinous space 
had been well known as a sign of spinal injury, 
validated and practical methods were lacking 
until 2010. In Eubanks et al.’s (2010) study, the 
ISD measurements were taken from the flexion- 
extension lateral views of 156 skeletally mature 
asymptomatic subjects providing normal refer-
ence data that can be used quantitatively. In addi-
tion radiographic measurements were done on 12 
cadaveric cervical spines before and after C4–C5 
posterior ligamentous disruption. Of the two 

 distances measured, the interlaminar values were 
more reliable than the true ISD measurements 
because there were difficulties in identification of 
the tips of some of the spinous processes 
(Fig. 6.38). The authors normalised the measured 
cervical ISD’s to the AP width of the C4 vertebral 
endplate as well as calculating the changes in 
flexion/extension distances. Flexion-extension 
radiographs have poor sensitivity to disco- 
ligamentous soft tissue injury but are highly spe-
cific. They introduced two simple ‘rule of thumb’ 
criteria for abnormal ISD widening (based on 
interlaminar measurements) on flexion lateral 
radiographs:

 1. When >30% relative to an adjacent level 
(>40% at C1–C2 and C2–C3).

 2. When >50% of the anteroposterior width of 
the C4 vertebral body (>30% for C2–C3).

 Reproducibility/Variation

Very large study of 500 normal subjects in 
Naidich’s study examined the C3–C4 to C7–T1 
levels compared with 14 patients with anterior 
cervical dislocation. In every case of anterior dis-
location, the affected interspinous distance was 
found to be at least 2.1 times > than the one below 

Fig. 6.38 Interspinous distance. On lateral radiographs 
the interlaminar distance is more reliable than the interspi-
nous distance, because there may be difficulty in identify-
ing the tips of some of the spinous processes
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and above. The use of the ratio has the added 
advantage of eliminating the effect of 
magnification.

 Clinical Relevance/Implications

In occipital to C2 paediatric cervical spine inju-
ries, Sun et al. (2000) showed that the tectorial 
membrane is the critical stabilising ligamentous 
structure. The radiographic Sun ratio in the upper 
cervical spine is important as a ratio equal to or 
>2.5 signifies injury to the tectorial membrane 
which is a potentially unstable injury. This was 
shown to be 87% (95% CI 0.42–0.99) sensitive 
and 100% (95% CI 0.94–1.0) specific when cor-
related with MRI evidence of injury to the tecto-
rial membrane.

The C1–C2 ISD (Fig. 6.37) should normally 
be <10 mm, but in the paediatric age group due to 
the large head, a supine cross-table lateral view 
can result in flexed position of the upper cervical 
spine producing a widened C1–C2 ISD in keep-
ing with pseudosubluxation.

The ISD ratio in the subaxial cervical spine is 
a useful sign only of anterior cervical dislocation 
and not posterior dislocation. Particularly useful 
in patients in whom the lower cervical spine/cer-
vicothoracic junction cannot be visualised on the 
initial lateral cervical radiograph because of 
overlying shoulders. Put succinctly, no interspi-
nous space should be 50% wider than the one 
immediately above and below it. If it is, it indi-
cates anterior cervical dislocation, and if there is 
no rotation, it usually has underlying bilateral 
facet dislocation.

 Analysis/Validation of Reference Data

Although small in number, Sun et al.’s study is 
novel and correlates the MRI spectrum of AO 
injury in 23 patients with the cross-table lateral 
radiographic measurement of the posterior C1–

C2 ISD.  The other traditional craniocervical 
measurements were also performed radiograph-
ically or on CT reconstructions, namely, BDI, 
BAI, Powers ratio, AO joint distance, etc. The 
bone landmarks for Sun et al.’s C1–C2:C2–C3 
ratio are always well seen radiographically 
unlike the landmarks for the other measure-
ments. The ratio in all the patients with normal 
MR appearances was <2.5 (mean 1.41+/− 0.45 
2SD). The ratio in all the ten patients with 
abnormal MR appearances but intact tectorial 
membrane was also <2.5. In the eight patients 
with MR evidence of ruptured tectorial mem-
brane, the ratio was 2.5 or > (3.1+/−0.71 2SD) 
and statistically greater than the other two 
groups’ values (p < 0.005). Four of these eight 
patients also had AO dissociation. The interob-
server agreement was excellent (Pearson corre-
lation coefficient of 0.96).

Large sample in Naidich’s study of 500 
patients with normal cervical spines and 14 
patients with anterior cervical dislocations. 
Importantly the criteria for anterior dislocation 
require that both the ISD measurements above 
and below are less than the widened ISD at the 
injured level. In differentiating voluntary flexion 
from anterior dislocation, the ISD at one level 
may exceed 1.5 times the ISD on either side of it 
but not on both sides. There was no false positive 
or false negative diagnosis in Naidich’s study. 
However, caution needs to be exercised as this 
measurement may be misleading in the presence 
of spinous process fractures. Pennecot et  al. 
(1984) applied the ratio to normal children’s cer-
vical spines and found there was a significant 
correlation with the conclusions found by 
Naidich et al. (1977).

The ISD is also measured on the lateral 
radiograph either from the tips of the spinous 
processes and more reliably as the interlaminar 
distances as shown in Eubanks et al.’s study, in 
the assessment of post-traumatic from the 
cranio- caudal tips of the spinolaminal line 
(Fig. 6.39).
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 Conclusion

The C1–C2 and Sun ratio ISD values are very 
useful in suspecting the presence of upper cervi-
cal injury. In the lower cervical spine, these mea-
surements are used in a trauma setting when 
assessing the AP view. In most patients this mea-
surement will be unnecessary because anterior 
cervical dislocation will be readily apparent on 
the lateral radiograph. However, if the lower cer-
vical spine is not visualised on the initial lateral 
radiograph, a widened interspinous distance 
should alert the radiologist to the possibility of 
anterior dislocation, and further investigation 
should be undertaken, usually by CT.

Fig. 6.39 Cervical spinal canal sagittal dimensions. The 
sagittal spinal canal diameter is measured from the middle 
of the posterior surface of the vertebral body to the nearest 
point of the corresponding spinolaminar line
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6.21  Cervical Spinal Canal Sagittal 
Dimensions

 Definition

The conventional method measures the sagittal 
diameter of the cervical spinal canal at 
mid-vertebral body level (Fig. 6.39).

The vertebral body ratio method compares the 
sagittal diameter of the cervical spinal canal with 
the sagittal diameter of the corresponding 
vertebral body (Pavlov).

 Indications

To assess for congenital or acquired spinal canal 
stenosis.

 Measurement

Cervical spinal canal sagittal dimensions; 
conventional and vertebral body ratio method, 
measured using plain radiographs (Pavlov et al. 
1987).

Conventional method (males):

C3: 19.24 mm +/− 0.188
C4: 18.56 mm +/− 0.195
C5: 18.71 mm +/− 0.183
C6: 19.3 mm +/− 0.193

Conventional method (females):

C3: 17.19 mm +/− 0.151
C4: 16.92 mm +/− 0.134
C5: 17.04 mm +/− 0.138
C6: 17.52 mm +/− 0.144

Vertebral body ratio method (males):

C3: 1.008 +/− 0.118
C4: 0.973 +/− 0.110
C5: 0.975 +/− 0.091
C6: 0.978 +/− 0.104

Vertebral body ratio method (females):

C3: 1.018 +/− 0.106
C4: 1.011 +/− 0.071
C5: 1.016 +/− 0.057
C6: 1.016 +/− 0.078

Average AP diameter of cervical spinal canal 
(Wolfe)

C1: 22 mm
C2: 20 mm
C3–C7: 17 mm

 Measurement

Cervical spinal canal sagittal dimensions, mea-
sured using CT (Matsura et al. 1989):

C3: 15.2 mm +/− 1.9
C4: 15.1 mm +/− 1.6
C5: 14.7 mm +/− 1.5
C6: 14.4 mm +/− 1.4
C7: 14.6 mm +/− 1.5

 Measurement

Cervical spinal canal sagittal dimensions; mea-
surement using MRI (Ulbrich et al. 2014)

C1: 10.7–19.7 mm
C3: 9.4–17.2 mm
C6: 9.2–16.8 mm

 Techniques

Radiography: Routine lateral radiographs of 74 
patients (49 male and 25 female) aged 15–38 years, 
without spinal abnormalities, fractures, disloca-
tions or neurological symptoms (Pavlov).
(Wolfe): Lateral radiographs taken with a FTD of 
72 in. 200 asymptomatic cases.
CT: 100 control subjects (47 males and 53 
females aged 18–36) GE 8800 CT scanner, high- 
resolution, 1.5  mm thin section images in the 
axial, coronal and sagittal planes.
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MRI: 140 healthy Caucasian volunteers (Ulbrich 
et al. 2014).

 Full Description of Technique

Plain radiographs: (Pavlov) Routine lateral radio-
graphs of 74 patients (49 male and 25 female) 
aged 15–38 years, without spinal abnormalities, 
fractures, dislocations or neurological 
symptoms.

Cervical spinal measurements were deter-
mined with two different methods:

 1. The sagittal spinal canal diameter is measured 
from the middle of the posterior surface of the 
vertebral body to the nearest point of the cor-
responding spinolaminar line.

 2. The ‘ratio method’ compares the sagittal spi-
nal canal diameter, measured as described in 
(1) with the sagittal diameter of the corre-
sponding vertebral body, measured at its 
midpoint.

Plain radiographs (Wolfe): lateral radiographs 
taken with a FTD of 72  in. 200 asymptomatic 
cases.
In CT: (Matsura) 100 control subjects (47 males 
and 53 females aged 18–36) who were being 
investigated for non-traumatic neurological or 
orthopaedic disorders and whose plain cervical 
spinal radiographs were deemed normal.

GE 8800 CT scanner, high-resolution, 1.5 mm 
thin section images in the axial, coronal and sagit-
tal planes. Images enlarged and transferred to 
copy paper. An X-360 planimeter, which is a 
highly accurate architectural drafting instrument, 
was used to obtain linear and area measurements.

All sagittal diameters were measured using 
sagittal reconstruction to minimise the potential 
for gantry-angle distortion. Transverse diameters 
and area measurements were obtained from sag-
ittal images.
MRI: 140 adult Caucasian volunteers. Midsagittal 
TSE T2 and VIBE sequences. Sagittal diameter 
measured as a line drawn from the midpoint 
between superior and inferior endplates of the 
vertebral bodies, perpendicular to the anterior 

surface of the spinal cord, to the midpoint of the 
corresponding spinous process.

 Reproducibility/Variation

Plain radiographic study (Pavlov et  al. 1987): 
Unknown what the inter or intraobserver vari-
ability is.

CT study (Matsura et  al. 1989): 15 group 
members were randomly selected for indepen-
dent measurement by two of the investigators. 
Measurements were found to be highly reliable: 
sagittal diameter, r = 0.96 (p <0.001), transverse 
diameter, r = 0.97 (p < 0.001) and cross- 
sectional area r = 0.97 (p <0.001).

 Clinical Relevance/Implications

The ratio method of diagnosing cervical spinal 
canal stenosis is independent of magnification 
factors caused by differences in target distance, 
object to film distance or body habitus.

There is normally an approximately one-to- 
one relationship between the sagittal diameter of 
the spinal canal and vertebral body regardless of 
sex. A spinal canal/vertebral body ratio of less 
than 0.82 indicates significant spinal stenosis.

 Analysis/Validation of Reference Data

Using direct measurements of 469 skeletal speci-
mens, Lee et al. (1987) reported an average sagit-
tal canal diameter in the cervical spine between 
C3 and C7 of 14.1+/−1.6 mm. Males have sig-
nificantly larger diameters than females at all lev-
els when measured radiographically, but this is 
not due to a true difference and is related to other 
factors that affect magnification from wider 
shoulders, etc.

The assumption here is that the canal-to-body 
ratio is an accurate and reliable determinant of 
the true diameter of the canal of the cervical 
spine. However, both the diameter of the canal 
and the vertebral body are variable. On lateral 
radiographs, the sagittal diameter of the cervical 
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spinal canal is constant from C4 to C7 (range 
15–25 mm, average 17 mm), and measurements 
<14 are regarded critical. The diameter of the 
vertebral bodies gradually enlarge from C4 to 
C7.The midsagittal cervical canal diameter is 
largest in whites, followed by Afro-Caribbean 
and then Asian populations. From radiological 
measurements, Murone 1974 showed that the 
Japanese dimension is narrower by 2.25  mm 
compared with the dimension in the European 
adult. The relationship of the radiographic canal- 
to- body ratio with the true diameter of the cervi-
cal canal as measured by CT was assessed from 
C3 to C6 by Blackley et al. (1999) and found to 
be of limited value. This is probably explained by 
the common unrelated anatomical variations seen 
in any cervical vertebra.

Herzog et  al. (1991) evaluated athletes to 
assess the risk from spinal stenosis and indi-
cated that the ratio relies on both the spinal 
canal size and the vertebral body size. Their ath-
letes had significantly larger vertebral bodies 
which resulted in low Torg ratios with inaccu-

rate reflection of the true spinal canal dimen-
sions. Herzog et al. (1991) recommended that if 
the Torg ratio is <0.80, an MRI is done to assess 
the space available for the cord (SAC). The sag-
ittal diameter of the spinal cord is uniformly 
constant from C3 to C7 averaging 7 mm with an 
increase at the C3 and C5 levels (Prasad et al. 
2003). The SAC is determined by subtracting 
the sagittal diameter of the spinal cord from the 
sagittal diameter of the spinal canal. This is 
measured with the head in the neutral position, 
i.e. the orbitomeatal line perpendicular to the 
horizontal plane.

 Conclusion

Useful measurements when assessing patients for 
spinal stenosis.

Vertebral body ratio is a practical tool, which 
eliminates error due to magnification distortion.
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6.22  Paediatric Sagittal Diameter 
of Cervical Spinal Canal

 Definition

The sagittal diameter of the spinal canal is mea-
sured from the midpoint of each vertebral body to 
the closest point of the corresponding spinolami-
nar line on lateral cervical spine radiographs.

 Indications

To detect spinal canal stenosis or pathological 
widening.

Sagittal diameter of the cervical spinal canal 
in children from 3 to 14 years of age (Markuske 
(1977). Sagittal diameter measurements of the 
bony cervical spinal canal in children. Pediatr 
Radiol 6:129–131. Used by permission)

 Techniques

Radiography: Lateral projection, film-focus dis-
tance 60 in.

 Full Description of Technique

The subjects were 120 children aged 3–14 years. 
FFD was 150 cm and there was no correction for 
magnification. Measurements were made from 
lateral cervical spine radiographs of children. 
The sagittal diameter was measured from the 

midpoint of the posterior cortex of the vertebral 
body to the closest point of the corresponding 
spinolaminar line, using a caliper device.

 Reproducibility/Variation

Unknown.

 Clinical Relevance/Implications

Useful reference ranges for detection of spinal 
stenosis.

Measurements show that the spinal canal 
diameter increases with increasing age and body 
height.

Sagittal diameter reduces from the foramen 
magnum to C3 level then remains fairly constant.

 Analysis/Validation of Reference Data

Most studies show that regardless of age, the 
sagittal diameter either gradually decreases 
from C1 to C7 or diminishes from C1 to C3 
and then remains unchanged from C4 to C7. 
However, at ages below 11 years, Yousefzadeh 
et  al. (1982) showed that the canal slightly 
widens in the lower cervical canal in 30% of 
normal children. Markuske et al. also demon-
strated that the sagittal diameter of the bony 
cervical spinal canal varied according to 
height. For example, at the level of C4, the 

Age (years) 3–6 7–10 11–14

Number
40 40 40
Mean ± SD 90% CI Mean ± SD 90% CI Mean ± SD 90% CI

Level
C1 19.9 ± 1.3 17.8–22.0 20.6 ± 1.3 18.5–22.7 21.3 ± 1.4 19.0–23.6
C2 17.9 ± 1.3 15.8–20.0 18.8 ± 1.0 17.2–20.4 19.4 ± 1.1 17.6–21.2
C3 16.0 ± 1.3 13.9–18.1 17.2 ± 1.0 15.6–18.8 17.8 ± 1.0 16.2–19.4
C4 15.8 ± 1.3 13.7–17.9 16.9 ± 0.9 15.4–18.4 17.3 ± 0.9 15.8–18.8
C5 15.7 ± 1.3 13.6–17.8 16.7 ± 0.9 15.2–18.2 17.0 ± 0.9 15.5–18.5
C6 15.6 ± 1.2 13.6–17.6 16.4 ± 0.9 14.9–17.9 16.7 ± 0.9 15.2–18.2
C7 15.3 ± 1.1 13.5–17.1 16.0 ± 0.9 14.5–17.5 16.2 ± 0.9 14.7–17.7

All measurements are in millimetres. SD standard deviation, CI confidence interval
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diameter was 15 mm at a height of 91–100 cm, 
15.6  mm at 101–110  cm, 16.5  mm at 111–
120 cm, 16.9 mm at 121–130 cm and 17.0 mm 
at 131–140 cm.

 Conclusion

Useful to have a range of normal values to help 
detect abnormal stenosis or widening of the cer-
vical spinal canal.
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6.23  Paediatric Sagittal Diameter 
of Cervical Spinal Canal (in 
Infants under 1 Year)

 Definition

The sagittal diameter of the spinal canal is measured 
from the posterior border of the vertebral body to the 
posterior end of the laminae (distance a) and sub-
tracting the height (c) of the laminae (Fig. 6.40).

 Indications

To detect spinal canal stenosis or pathological 
widening.

 Measurement

C2: Mean 12.5 mm, SD 0.7 mm
C3: Mean 11.5 mm, SD 0.7 mm
C4: Mean 11.5 mm, SD 0.7 mm
C5: Mean 12.2 mm, SD 0.7 mm
C6: Mean 12.6 mm, SD 0.7 mm
C7: Mean 12.1 mm, SD 0.7 mm

 Techniques

Radiography: Lateral projection, film-focus dis-
tance 90 cm.

Pedicle

Lamina

Pedicle

Vertebral
body

Vertebral
body

A

B

A

C

Fig. 6.40 Paediatric 
sagittal diameter of 
cervical spinal canal (in 
infants under 1 year). 
Cervical spinal canal 
sagittal diameter in 
infants. A =  distance 
from posterior border of 
vertebral body to tip of 
the spinous process; 
B =  thickness of the 
spinous process; 
C = height of the 
spinous process. Since 
in infants under 1 year 
of age B = C (based on 
Naik study of 
postmortem cases), the 
sagittal diameter of the 
cervical spinal canal can 
be taken as measurement 
A minus measurement C

6 Cervical Spine



158

 Full Description of Technique

Twenty-five postmortem specimens of normal cer-
vical spines of infants under 12 months of age were 
studied. Lateral radiographs were obtained at a FFD 
of 90 cm with no correction for magnification.

 Reproducibility/Variation

Unknown.

 Clinical Relevance/Implications

Small sample size. Useful reference ranges for 
detection of spinal stenosis.

 Analysis/Validation of Reference Data

In infancy it is not possible to define the osseous 
landmark of the anterior spinous process margin 
as it is cartilaginous and not visible. Naik (1970) 
showed that in infancy the height of the spinous 
process at its base is equal to its sagittal thick-
ness. The internal sagittal diameter can be calcu-
lated as shown in the diagram.

 Conclusion

Useful to have a range of normal values to help 
detect abnormal stenosis or widening of the cer-
vical spinal canal.
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6.24  Width of Cervical Vertebrae

 Definition

The width of the vertebral body measured from 
the anterior to posterior cortex at the level of the 
midpoint of the posterior aspect of each vertebral 
body (Fig. 6.41).

 Indications

To help determine if a cervical vertebra is abnor-
mally widened, as can occur due to fracture, or nar-
rowed as can occur with congenital anomalies.

 Measurement

Width of cervical vertebrae (in mm) in male 
children:

At C2 level:

0–60 months: median 10.41 (SD 0.61)
61–120 months: median 12.88 (SD 0.82)
121–180 months: median 14.52 (SD 0.98)

At C3 level:

0–60 months: median 10.36 (SD 0.62)
61–120 months: median 12.93 (SD 0.84)
121–180 months: median 14.53 (SD 0.97)

At C4 level:

0–60 months: median 10.37 (SD 0.62)
61–120 months: median 12.76 (SD 1.18)
121–180 months: median 14.10 (SD 1.18)

At C5 level:

0–60 months: median 10.57 (SD 0.66)
61–120 months: median 12.57 (SD 0.95)
121–180 months: median 13.94 (SD 1.60)

 Measurement

Width of cervical vertebrae (in mm) in female 
children:

At C2 level:

0–60 months: median 9.79 (SD 0.70)
61–120 months: median 12.49 (SD 0.84)
121–180 months: median 14.30 (SD 1.02)

At C3 level:

0–60 months: median 9.74 (SD 0.65)
61–120 months: median 12.26 (SD 0.91)
121–180 months: median 13.86 (SD 0.95)

E

G

F

C D

A B

Fig. 6.41 Width of cervical vertebrae in children. 
A = width of the dens, B = sagittal diameter of the canal at 
the first cervical level, C = width of the second cervical 
vertebra, D = sagittal diameter of the canal at the second 
cervical level, and E = sagittal diameter of the third cervi-
cal vertebral body. F = sagittal diameter of the canal at the 
third cervical level and G = height of the fourth cervical 
vertebra
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At C4 level:

0–60 months: median 9.68 (SD 0.69)
61–120 months: median 12.11 (SD 0.92)
121–180 months: median 13.38 (SD 1.08)

At C5 level:

0–60 months: median 10.05 (SD0.74)
61–120 months: median 12.03 (SD 1.24)
121–180 months: median 13.64 (SD 1.17)

 Techniques

Radiography: Lateral radiograph of cervical 
spine, film-to-focal-spot distance of approxi-
mately 183 cm.

 Full Description of Technique

50 boys and 46 girls who had serial cervical spine 
radiographs taken as part of the Cleveland Study 
of Normal Growth and Development, compiled 
between 1927 and 1942.

Lateral radiographs of the cervical spine were 
taken at the ages of 3, 6, 9, 12, 18, 24, 30, 36, 42, 
48, 54 and 60 months and then annually until the 
age of 17 years.

Film-to-focal-spot distance of approximately 
183 cm.

The outline of the cervical spine on each 
radiograph was traced onto a transparent sheet. 
Vertical lines were placed along the most ante-
rior and posterior point of the vertebral bodies, 
along the most anterior point of the posterior 
arches, along the posterior portion of the ante-
rior arch of C1 and along the anterior aspect of 

the odontoid. Horizontal lines were placed 
along the most superior and inferior portions of 
the vertebral bodies. Images were entered into a 
computer using a Summasketch Plus digitizing 
pad (Summagraphics, GTCO CalComp, 
Scottsdale, Arizona). The images were analysed 
with the use of a custom-designed software 
programme.

 Reproducibility/Variation

A unique radiographic record of growth of the 
cervical spine.

It would not be possible to replicate this study 
nowadays because of radiation safety concerns.

 Clinical Relevance/Implications

Can help to determine if there is abnormal widen-
ing of the vertebral body, for example, due to 
trauma or tumour.

 Analysis/Validation of Reference Data

This study could not be replicated because of 
radiation protection concerns.

 Conclusion

It is a unique dataset acquired over time, from the 
same archive that the Greulich and Pyle data on 
bone age norms were derived.
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6.25  Vertical Height of Cervical 
Vertebrae

 Definition

The vertical height of each vertebra measured at 
both the anterior and posterior portions of the verte-
bral body. The average of the anterior and posterior 
heights for each vertebra is used to calculate the 
height of individual vertebrae. The height of C2 was 
measured from the inferior aspect of the vertebral 
body to the tip of the odontoid process (Fig. 6.41).

 Indications

To help determine if there is vertebral collapse, 
due to trauma, for example.

 Measurement

Vertical height of cervical vertebrae (in mm) in 
male children:

At C2 level:

0–60 months: median 18.79 (SD 5.03)
61–120 months: median 27.54 (SD 3.26)
121–180 months: median 33.65 (SD 3.71)

At C3 level:

0–60 months: median 5.52 (SD 1.18)
61–120 months: median 7.82 (SD 1.29)
121–180 months: median 11.51 (SD 2.45)

At C4 level:

0–60 months: median 5.41 (SD 1.24)
61–120 months: median 7.77 (SD 1.15)
121–180 months: median 10.98 (SD 2.12)

At C5 level:

0–60 months: median 5.47 (SD 1.19)
61–120 months: median 7.53 (SD 0.99)
121–180 months: median 10.51 (SD 2.10)

 Measurement

Vertical height of cervical vertebrae (in mm) in 
female children:

At C2 level:

0–60 months: median 18.92 (SD 5.49)
61–120 months: median 27.48 (SD 3.09)
121–180 months: median 34.28 (SD 3.75)

At C3 level:

0–60 months: median 5.84 (SD 1.18)
61–120 months: median 8.09 (SD 1.20)
121–180 months: median 11.56 (SD 2.69)

At C4 level:

0–60 months: median 5.70 (SD 1.17)
61–120 months: median 8.01 (SD 1.24)
121–180 months: median 11.27 (SD 2.43)

At C5 level:

0–60 months: median 5.74 (SD 1.12)
61–120 months: median 7.69 (SD 1.10)
121–180 months: median 10.79 (SD 2.16)

 Techniques

Radiography: Lateral radiographs of the cervical 
spine. Film-to-focal-spot distance of approxi-
mately 183 cm.
CT/MRI: Midsagittal images.

 Full Description of Technique

50 boys and 46 girls who had serial cervical spine 
radiographs taken as part of the Cleveland Study 
of Normal Growth and Development, compiled 
between 1927 and 1942.

Lateral radiographs of the cervical spine were 
taken at the ages of 3, 6, 9, 12, 18, 24, 30, 36, 42, 
48, 54 and 60 months and then annually until the 
age of 17 years.
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Film-to-focal-spot distance of approximately 
183 cm.

The outline of the cervical spine on each radio-
graph was traced onto a transparent sheet. Vertical 
lines were placed along the most anterior and poste-
rior point of the vertebral bodies, along the most ante-
rior point of the posterior arches, along the posterior 
portion of the anterior arch of C1 and along the ante-
rior aspect of the odontoid. Horizontal lines were 
placed along the most superior and inferior portions 
of the vertebral bodies. Images were entered into a 
computer using a Summasketch Plus digitizing pad 
(Summagraphics, GTCO CalComp, Scottsdale, 
Arizona). The images were analysed with the use of 
a custom-designed software programme.

 Reproducibility/Variation

This study is unique and could not be replicated 
because of radiation protection concerns. The radio-
graphs were obtained over time in a cohort of healthy 
children. The same database was used for compiling 
the Greulich and Pyle data on bone age assessment.

 Clinical Relevance/Implications

Reduced vertebral body height can occur 
due to congenital anomaly of the vertebral 
body or can be acquired, for example, due to 
trauma or other conditions such as osteomyeli-
tis or Langerhans cell histiocytosis, for 
example.

 Analysis/Validation of Reference Data

A computerized programme analysed the data 
once the cervical vertebral shapes were traced 
onto transparent sheets.

 Conclusion

Useful and unique series of longitudinal mea-
surements of the growth and development of the 
paediatric cervical spinal canal.
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6.26  Cervical Spinal Canal 
Transverse Dimensions

 Definition

Transverse diameter is the widest diameter of the 
cervical spinal canal, measured from the axial 
plane.

 Indications

To assess for congenital or acquired spinal canal 
stenosis.

 Measurement

C3: 25.1 mm +/− 1.5
C4: 25.3 mm +/− 2.0
C5: 25.1 mm +/− 1.7
C6: 25.3 mm +/− 1.7
C7: 24.4 mm +/− 1.9

 Technique

CT: 100 control subjects (47 males and 53 
females aged 18–36) GE 8800 CT scanner, high- 
resolution, 1.5  mm thin section images in the 
axial, coronal and sagittal planes.

 Full Description of Technique

CT: 100 control subjects (47 males and 53 
females aged 18–36) who were being investi-
gated for non-traumatic neurological or ortho-
paedic disorders and whose plain cervical spinal 
radiographs were deemed normal.

GE 8800 CT scanner, high-resolution, 1.5 mm 
thin section images in the axial, coronal and sagit-
tal planes. Images enlarged and transferred to copy 
paper. An X-360 planimeter, which is a highly 
accurate architectural drafting instrument, was 
used to obtain linear and area measurements.

All sagittal diameters were measured using 
sagittal reconstruction to minimise the potential 
for gantry-angle distortion. Transverse diameters 

and area measurements were obtained from axial 
images.

 Reproducibility/Variation

CT study (Pavlov et al. 1987): 15 group members 
were randomly selected for independent mea-
surement by two of the investigators. 
Measurements were found to be highly reliable: 
sagittal diameter, r = 0.96 (p <0.001), transverse 
diameter, r = 0.97 (p <0.001) and cross-sectional 
area r = 0.97 (p <0.001).

 Clinical Relevance/Implications

The ratio of sagittal to transverse diameter of the 
spinal canal gives some indication of its shape. 
The smaller the sagittal to transverse diameter of 
the cervical spine, the greater the predisposition 
to spinal cord injury.

In practice, transverse spinal canal diameter is 
not routinely used.

 Analysis/Validation of Reference Data

CT study (Pavlov et al. 1987): 15 group members 
were randomly selected for independent mea-
surement by two of the investigators. 
Measurements were found to be highly reliable: 
sagittal diameter, r = 0.96 (p < 0.001), transverse 
diameter, r = 0.97 (p < 0.001) and cross-sectional 
area r = 0.97 (p < 0.001).

 Conclusion

The ratio of sagittal to transverse diameter of the 
spinal canal gives some indication of its shape. 
The smaller the sagittal to transverse diameter of 
the cervical spine, the greater the predisposition 
to spinal cord injury.

In practice, transverse spinal canal diameter is 
not routinely used.
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6.27  Cervical Spinal Canal Cross- 
Sectional Area

 Definition

Transverse area of cervical spinal canal.

 Indications

To detect spinal stenosis.

 Measurement

CT: Cross-sectional area of cervical spinal canal 
on CT in 100 normal adults:

C3: 320 mm2, (SD 35)
C4: 270 mm2 (SD 43)
C5: 264 mm2 (SD 37)
C6: 272 mm2 (SD 38)
C7: 280 mm2 (SD 47)

MRI: Transverse area of cervical spinal canal on 
MRI in 96 normal adults:

C3: 246.9 mm2, (SD 30.3)
C4: 236.1 mm2, (SD 29.0)
C5: 238.8 mm2, (SD 30.6)
C6: 248.5 mm2, (SD 30.1)
C7: 254.8 mm2, (SD 32.7)

 Techniques

CT: GE 8800 CT scanner, high-resolution, 
1.5 mm thin section images in the axial, coronal 
and sagittal planes.
MRI: T1-weighted sequences. 0.5 T MRI, cervi-
cal coil, pulse sequence TR 500, TE 20–30 ms, 
192 × 192 matrix, 10 mm section thickness, and 
FOV 25 cm.

 Full Description of Technique

CT: 100 control subjects (47 males and 53 
females aged 18–36) who were being investi-
gated for non-traumatic neurological or ortho-
paedic disorders and whose plain cervical spinal 
radiographs were deemed normal.

GE 8800 CT scanner, high-resolution, 
1.5 mm thin section images in the axial, coronal 
and sagittal planes. Images enlarged and trans-
ferred to copy paper. An X-360 planimeter, 
which is a highly accurate architectural drafting 
instrument, was used to obtain linear and area 
measurements.

All sagittal diameters were measured using 
sagittal reconstruction to minimise the potential 
for gantry-angle distortion. Transverse diameters 
and area measurements were obtained from axial 
images.
MRI: 92 normal adults (54 males and 42 females).
T1-weighted sequences. 0.5 T MRI, cervical coil, 
pulse sequence TR 500, TE 20–30 ms, 192 × 192 
matrix, 10  mm section thickness, and FOV 
25 cm.

Axial images were angled parallel with each 
disc and vertebral body from C2 to C7, perpen-
dicular to the long axis of the spinal canal.

The area of the spinal canal was measured 
along the inner border line of low signal inten-
sity, which included ligaments as well as the 
bone.

Areas measured five times in each slice using 
a computer-linked digitizer.

Mean of the middle three measurements in 
each area was taken.

 Reproducibility/Variation

CT study: 15 group members were randomly 
selected for independent measurement by two of 
the investigators. Measurements were found to be 
highly reliable: sagittal diameter, r  =  0.96 
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(p <0.001); transverse diameter, r = 0.97 (p <0.001) 
and cross-sectional area r = 0.97 (p <0.001).
MR study: The reliability of the measurements 
was confirmed by measuring 20 normal adults 
twice by two independent observers.

 Clinical Relevance/Implications

Can be used to detect spinal canal stenosis, which 
can be congenital or acquired. Transverse area is 
more reliable than canal diameter alone.

 Analysis/Validation of Reference Data

CT study: 15 group members were randomly 
selected for independent measurement by two 
of the investigators. Measurements were found 
to be highly reliable: sagittal diameter, r = 0.96 
(p  <0.001), transverse diameter, r  =  0.97 

(p  <0.001) and cross-sectional area r  =  0.97 
(p <0.001).
MR study: The reliability of the measurements 
was confirmed by measuring 20 normal adults 
twice by two independent observers.

 Conclusion

Not practical in day-to-day practice.
Measurements on MRI give smaller cross- 

sectional areas than those obtained at CT.
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6.28  Flexion-Extension Motion

 Definition

Altered angular and linear dimensions with 
dynamic movements. Full flexion to full exten-
sion angular ranges of motion (ROM) from C2 to 
C7 (Holmes et al. 1994).

Interspinous distance defined as the distance 
between the midpoints of each spinous process at 
the posterior margin of the spinal canal (Knopp 
et al. 2001).

Subluxation defined as the distance from the 
posterior margin of one vertebral body to the pos-
terior margin of the next caudad vertebral body 
(Knopp et al. 2001).

The degree of angulation between C3 and C7 
was defined as the intersecting angle from a line 
perpendicular to the base of C3 to a line perpen-
dicular to the base of C7 (Knopp et al. 2001).

 Measurement

(Holmes et al. 1994):

Average ROM at C2–C3: 7.7° (SD 3.2)
Average ROM at C3–C4: 13.5° (SD 3.4)
Average ROM at C4–C5: 17.9° (SD 3.1)
Average ROM at C5–C6: 15.6° (SD 4.9)
Average ROM at C6–C7: 12.5° (SD4.8)

(Knopp et al. 2001):
Interspinous distance—flexion minus neutral:

C3–4: 1.2 mm, SD 1.7
C4–5: 2.2 mm, SD 1.7
C5–6: 3.5 mm, SD 2.3
C6–7: 4.6 mm, SD 2.4

Interspinous distance—neutral minus exten sion:

C3–4: 1.5 mm, SD 1.9
C4–5: 2.2 mm, SD1.7
C5–6: 1.9 mm, SD 1.8
C6–7: 1.2 mm, SD 1.8

Vertebral angulation C3–C7:

Flexion minus neutral = mean 14.1°, SD 9.5
Neutral minus extension = mean 24.2°, SD 13.3

 Subluxation:

Was less than 2 mm during flexion in all sub-
jects from C3 to C7.
Was greater than 2 mm in one of the subjects 
at C3–C4 in extension.

 Indications

To determine if there is abnormally increased or 
reduced flexion-extension motion.

 Technique

Radiography: 78 normal subjects (Chinese popu-
lation). Tube-film distance 150 cm. Lateral radio-
graphs taken in maximal voluntary flexion and 
extension (Holmes et al. 1994).

One hundred male volunteers. Tube-film dis-
tance 72  in. Lateral cervical spine radiographs 
taken in neutral position and during maximal vol-
untary extension. Flexion radiographs were 
obtained with the patient supine and asked to flex 
their neck until forehead rested on a stop, prede-
termined to provide approximately 30° of flexion 
(Knopp et al. 2001).

 Full Description of Technique

Measurements are taken from lateral radiographs 
of the cervical spine in maximum flexion and 
extension. 78 normal subjects (Chinese).

Tube-film distance 1.5 m.
The angular range of motion (ROM) was mea-

sured at each level from C2 to C7 by adding the 
full flexion angle to the full to the full extension 
angle, giving the maximum angular displacement 
of the joint under voluntary effort. This was done 
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by tracing the outline of the lower vertebra (e.g. 
C5) onto translucent paper over a light box. The 
four corners of the superior vertebral body (in this 
case C4) were marked and the tracing was then 
transferred to the corresponding radiograph of the 
pair (either full flexion or full extension). The 
traced outline of the lower vertebra was superim-
posed on, and aligned with, the same vertebra on 
the new radiograph and the four corners of the 
superior vertebral body were again marked, now 
in their new positions. Four lines were then drawn 
between the four pairs of points to represent the 
planes of the superior and inferior margins of the 
vertebra, both in full flexion and full extension 
(see diagram). The flexion-extension range of 
motion is equal to the angles a and b, which are 
measured using a protractor (Holmes et al. 1994).

One hundred male volunteers, aged 18–40. 
Tube-film distance 72 in. Lateral cervical spine 
radiographs taken in neutral position and dur-
ing maximal voluntary extension. Flexion 
radiographs were obtained with the patient 
supine and asked to flex their neck until fore-
head rested on a stop, predetermined to provide 
approximately 30° of flexion. For each subject 
the radiologist measured the interspinous dis-
tance, amount of subluxation and degree of 
angulation between C3 and C7  in each of the 
three views. Interspinous distance was defined 
as the distance between the midpoints of each 
spinous process at the posterior margin of the 
spinal canal. Subluxation was defined as the 
distance from the posterior margin of one verte-
bral body to the posterior margin of the next 
caudad vertebral body. The degree of angula-
tion between C3 and C7 was defined as the 
intersecting angle from a line perpendicular to 
the base of C3 to a line perpendicular to the 
base of C7 (Knopp et al. 2001).

 Reproducibility/Variation

Some errors due to change in appearance of 
radiographic landmarks between the flexion and 
extension radiographs can occur.

Intra- and interobserver variability gives a 
measurement error of +/− 2° (Holmes et al. 1994).

Single observer for this study (Knopp et  al. 
2001).

 Clinical Relevance/Implications

Increased angular range of motion can occur in 
cervical instability due to ligament rupture fol-
lowing trauma.

Decreased angular range of motion can occur 
due to a variety of causes including congenital 
and acquired vertebral fusion, degenerative 
change and arthropathies.

There is a wide range of normal for angular 
range of motion and interspinous distance on 
flexion and extension radiographs in normal sub-
jects, so these measurements may not be very 
useful clinically.

However, subluxation of greater than 2 mm is 
a useful sign of abnormality.

 Analysis/Validation of Reference Data

Measurements in reference apply to a Chinese 
population (Holmes et al. 1994).

 Conclusion

Useful studies.
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6.29  C C0-C3 Rotation

 Definition

Rotation at C0/C1 is defined as the degree of 
angular rotation between the occiput and C1 
(Fig. 6.42).

Rotation at C1/C2 is defined as the degree of 
angular rotation at the atlantoaxial joint.

 Indications

Useful when atlantoaxial rotatory fixation is 
suspected.

 Measurement (Pfirrmann 2000)

Rotation at C0/C1:

To the right (from neutral) mean 2.7 °, SD 3.3
To the left (from neutral) mean 3.3 °, SD 3.6

Differences in left-to-right segmental rotation 
at C0/C1: 3.5 °, SD 8

Rotation at C1/C2:

To the right (from neutral) mean 38.0°, SD 6.5
To the left (from neutral) mean 37.8°, SD 6.4
Differences in left-to-right segmental rotation 
at C1/C2: 6.3 °, SD 4.4

Rotation at C2/C3:

To the right (from neutral) mean 1.7 °, SD 4.0
To the left (from neutral) mean 2.0 °, SD 4.1
Differences in left-to-right segmental rotation 
at C2/C3: 3.9 °, SD 2.9

(Roche 2002)
Rotation at C1/C2:

To the right (from neutral) mean 32.4 °, SD 8.2
To the left (from neutral) mean 34.2 °, SD 9.4

 Techniques

CT: Dynamic CT in children is the optimal 
method of assessing rotational C1/C2 relation-
ships. Transaxial images of mid-C1 and mid-C2 
are obtained ideally by angling the gantry appro-
priately. From the axial C2 image, a line is 
drawn in the AP plane bisecting the body and 
spinous process of C2, and from this a perpen-
dicular line is drawn at a tangent to the posterior 
body of C2. From the axial C1 image, a line 
through the midpoints of the foramina transver-
saria is drawn. The angle between the superim-
posed lines determines the degree of rotation 
(Fig. 6.42).
MR: (Pfirrmann) 50 healthy volunteers. Imaging 
performed with a 1.0 T scanner (Siemens Impact 
Expert; Siemens medical systems, Erlangen, 
Germany).
Axial T1-weighted images (TR 640, TE 12 mil-
liseconds) were obtained with the head in maxi-

Atlantoaxial rotation (right)

LR

Fig. 6.42 Rotation. Axial MR or CT images of mid-C1 
and mid-C2 are obtained. From the axial C2 image, a line 
is drawn in the AP plane bisecting the body and spinous 
process of C2, and from this a perpendicular line is drawn 
at a tangent to the posterior body of C2. From the axial C1 
image, a line through the midpoints of the foramina trans-
versaria is drawn. The angle between the superimposed 
lines determines the degree of rotation

C. Roche



169

mal right and left rotation and in neutral position. 
Neutral position was verified by an axial localiser 
sequence. Slices covered the region between 
skull base and third cervical body (Pfirrmann 
et al. 2000).
(Roche 2002): 29 subjects, 20 adult aged 19–52 
(mean age 37.6) and 9 children aged 5–14 (mean 
10.5). Axial T1 images, slice thickness 4  mm. 
Imaged from occipital to lower border of C3. 
Subject imaged supine, in neutral position then 
repeated with maximal head rotation to the right 
and to the left. Angle of rotation calculated by 
superimposing anatomical landmarks.

 Full Description of Technique

50 healthy volunteers, 31 male and 19 female 
aged 19–47. Imaging performed with a 1.0  T 
scanner (Siemens Impact Expert; Siemens medi-
cal systems, Erlangen, Germany).

Axial T1-weighted images (TR 640, TE 12 
milliseconds) were obtained with the head in 
maximal right and left rotation and in neutral 
position. Neutral position was verified by an axial 
localiser sequence. Slices covered the region 
between skull base and third cervical body. 
Additionally coronal T1- and T2-weighted turbo 
spin-echo images with a slice thickness of 3 and 
4 mm were obtained parallel to the dens axis with 
a field of view of 26 × 180, 3 and 4 acquisitions 
were averaged.

For determination of the range of motion of 
C0 to C3 images in maximum right and left rota-
tion were analysed digitally. Lines were drawn 
through the nasal septum and internal occipital 
crista for C0, through the foramen of the trans-
verse processes for C1 and C3 and through the 
middle of the body of C2. Angles to neutral posi-
tion and differences were calculated to obtain 
segmental range of motion and left-to-right dif-
ferences. All measurements were independently 
performed by two musculoskeletal radiologists to 

assess correlation coefficients for the interob-
server agreement (Pfirrmann).

Twenty-nine healthy volunteers. 20 adult 
aged 19–52 (mean age 37.6) and 9 children aged 
5–14 (mean 10.5). 0.5 T MRI scanner (Philips). 
Axial T1 images, slice thickness 4 mm. Imaged 
from occipital to lower border of C3. Subject 
imaged supine, in neutral position then repeated 
with maximal head rotation to the right and to 
the left. Angle of rotation calculated by super-
imposing anatomical landmarks on tracings of 
images of each vertebra at each stage of rota-
tion. (Roche)

 Reproducibility/Variation

Two observers. Interobserver correlation coeffi-
cients for the rotation measurements range from 
0.93 to 0.98 (Pfirrmann et al. 2000).

 Clinical Relevance/Implications

Reduced C1/C2 rotation occurs in rotatory atlan-
toaxial subluxation.

Increased rotation at C0/C1 or C1/C2 can 
occur following trauma due to ligament rupture.

There is often a difference between left and 
right rotation in normal subjects and a discrep-
ancy should not be considered pathological.

 Analysis/Validation of Reference Data

Fifty healthy subjects. Two observers. Interobserver 
correlation coefficients for the rotation measure-
ments range from 0.93 to 0.98 (Pfirrmann et  al. 
2000).

Similar range of rotation at C1/C2 confirmed 
in (Roche 2002)
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6.30  Prevertebral Soft Tissue 
Space (PVSTS)

 Definition

The retrocricoid soft tissue thickness is measured 
on a lateral radiograph from the posterior aspect 
of the cricoid to the adjacent anterior cortex of 
C5. The retrotracheal soft tissue thickness is 
measured from the posterior wall of the tracheal 
air column to the anterior cortex of C5 (Chen and 
Bohrer 1999).

The prevertebral soft tissue thickness is mea-
sured on a lateral radiograph from the inferior 
endplate to the posterior aspect of the pharyngeal 
or tracheal air space (Matar and Doyle 1997) 
(Fig. 6.43).

 Indications

In the setting of acute trauma to alert the radiologist 
to the possible presence of prevertebral haematoma 

or oedema. This can be a sign of vertebral injury 
(Fig. 6.12).

 Measurement

Prevertebral soft tissue thickness (radiographs) 
(Chen and Bohrer 1999):

Retrocricoid thickness (C5 level):

10.46 mm +/− 2.53 (all)
10.74 mm +/− 3.33 (male)
10.31 mm +/− 2.01 (female)

Retrotracheal thickness (C5 level):

15.46 mm +/− 3.08 (all)
17.16 mm +/− 4.00 (male)
14.54 mm +/− 1.95 (female)

C5 diameter:

19.33 mm +/− 2.80 (all)
21.47 mm +/− 2.34 (male)
18.17 mm+/− 2.33 (female)

Retrocricoid/C5 ratio:

0.5485 +/− 0.1348 (all)
0.5003 +/− 0.1438 (male)
0.5746 +/−0.1239 (female)

Retrotracheal/C5 ratio:

0.8111 +/− 0.1709 (all)
0.8054 +/− 0.1975 (male)
0.8141 +/− 0.1577 (female)

Prevertebral soft tissue thickness (radiographs) 
(Matar and Doyle 1997):

C2/C3 prevertebral soft tissue thickness should 
be less than 7 mm
C6/C7 prevetebral soft tissue thickness should be 
less than 21 mm

Radiograph

20

20

20

10

5

7
7

CT

18

18

18

8.5

6

7
7

Fig. 6.43 Measurement of prevertebral soft tissue space 
(PVSTS). Radiographic measurements of the PVSTS are 
calculated from the inferior/superior borders of the verte-
bral bodies. CT measurements of the PVSTS based on 
reformatted sagittal MDCT are calculated from the verte-
bral midpoint anteriorly and are measured using a soft  
tissue window setting
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Prevertebral soft tissue thickness (radiographs) 
(Templeton et al. 1987):

C2:

4.7 mm +/− 1.5 (all)
5.0 mm +/− 1.7 (male)
4.4 mm +/− 1.2 (female)

C3:

5.0 mm+/− 1.5 (all)
5.1 mm+/− 1.5 (male)
4.8 mm+/− 1.4 (female)

C4:

6.4 mm+/−2.0 (all)
6.6 mm+/−2.1 (male)
6.2 mm+/−1.8 (female)

‘Considerable overlap between measurements 
in normal and spine-injured patients. Taking an 
upper limit of normal of 10 mm at any level from 
C2 to C4 only 5% of normal patients would be 
classified as abnormal’

Prevertebral soft tissue thickness (radiographs) 
(Penning 1981):

C1:

Flexion 5.6 mm, range 2–11 mm
Midposition 4.6 mm, range 1–10 mm
Extension 3.6 mm, range 1–8 mm.

C2:

Flexion 4.1 mm, range 2–6 mm
Midposition 3.2 mm, range 1–5 mm
Extension 3.8 mm, range 2–6 mm

C3:

Flexion 4.2 mm, range 3–7 mm
Midposition 3.4 mm, range 2–7 mm
Extension 4.1 mm, range 3–6 mm

C4:

Flexion 5.8 mm, range 4–7 mm
Midposition 5.1 mm, range 2–7 mm
Extension 6.1 mm, range 4–8 mm

C5:

Flexion 17.1 mm, range 11–22 mm
Midposition 14.9 mm, range 8–20 mm
Extension 15.2 mm, range 10–20 mm

C6:

Flexion 16.3 mm, range 12–20 mm
Midposition 15.1 mm, range 11–20 mm
Extension 13.9 mm, range 7–19 mm

C7:

Flexion 14.7 mm, range 9–20 mm
Midposition 13.9 mm, range 9–20 mm
Extension 11.9 mm, range 7–21 mm

Prevertebral soft tissue thickness (radiographs) 
(Keats and Sistrom 2001):

Measurements expressed as ratio of width of C5 
vertebral body:

Adult male postpharyngeal: 0.3
Adult female postpharyngeal: 0.3
0–1 year: postpharyngeal 1.5, postventricular 2.0
1–2 year: postpharyngeal 0.5, postventricular 1.5
2–3 year: postpharyngeal 0.5, postventricular 1.2
3–6 year: postpharyngeal 0.4, postventricular 1.2
6–14 year: postpharyngeal 0.3, postventricular 1.2

Prevertebral soft tissue thickness (multidetector 
CT) (Rojas).
Upper limits of normal:

C1: 8.5 mm
C2: 6 mm
C3: 7 mm
C6: 18 mm
C7: 18 mm
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 Techniques

Radiography: Lateral cervical spine radiograph 
obtained with patient in the upright position. 
Tube-film distance 100 cm. The retrocricoid soft 
tissue thickness was measured, and the retrotra-
cheal soft tissue thickness was measured at C5 
level (Chen and Bohrer 1999).
Lateral cervical spine radiograph. Variable tube-
film distance between 120 and 150  cm. 
Prevertebral soft tissues measured from the ante-
rior aspect of the inferior endplate to the posterior 
aspect of the pharyngeal or tracheal air column 
(Matar and Doyle 1997).
Lateral cervical spine radiograph. Tube-film dis-
tance 102 cm. Retropharyngeal soft tissues were 
measured at C2, C3 and C4 levels. Distance from 
posterior aspect of pharyngeal air column to 
anteroinferior aspect of respective vertebral body 
was measured (Templeton et al. 1987).
CT: 16 slice MDCT.  Midline sagittal image 
(Rojas).

 Full Description of Technique

54 adults (19 male and 35 female) aged 22–75, who 
had normal findings on lateral cervical radiographs.

Lateral cervical spine radiograph obtained 
with patient in the upright position. Tube-film 
distance 100  cm. Calipers were used to make 
measurements to the nearest millimetre. The 
diameter of C5 vertebral body was measured at 
its mid-level. The retrocricoid soft tissue thick-
ness was measured from the most anteroinferior 
aspect of C5 perpendicular to the soft tissue of 
the posterior pharyngeal wall to the cricoid. The 
retrotracheal soft tissue thickness was measured 
from the same point to posterior wall of the tra-
cheal air column (Chen and Bohrer 1999).

Seventy-five control subjects, aged 15–88, 
who had cervical radiographs taken for trauma 
but who subsequently had no clinical or radio-
logical evidence of cervical spine injury. All 
films taken within 24 h of injury. Radiographic 
technique variable, with tube-film distance 
ranging between 120 and 150  cm. 
Measurements were taken at C2, C3, C6 and 

C7. Measurements were made directly from 
the radiograph using a transparent ruler. 
Distance between the anterior aspect of the rel-
evant inferior endplate and the posterior aspect 
of the pharyngeal or tracheal air column was 
measured (Matar and Doyle 1997).

Two hundred thirty-six subjects who were 
classified as normal had lateral cervical spine 
radiographs. Tube-film distance 102  cm. 
Retropharyngeal soft tissues were measured at 
C2, C3 and C4 levels. Distance from posterior 
aspect of pharyngeal air column to anteroinferior 
aspect of respective vertebral body was measured 
(Templeton et al. 1987).

50 normal adults and 25 normal infants. 
Postpharyngeal soft tissue, measured at the 
point where the soft tissues run parallel to the 
vertebra. Postventricular soft tissue for use in 
children when the cricoid is not visible. The dis-
tance is measured between the posterior com-
missure of the larynx and the nearest portion of 
the cervical spine. Retrotracheal soft tissue is 
measured between the posterior wall of the tra-
chea and the anterior surface of the adjacent 
cervical vertebra. Postcricoid soft tissue is mea-
sured from the posterior surface of the cricoid 
cartilage and the anterior surface of the adjacent 
cervical vertebra. C5 diameter is measured from 
the anterior to posterior surface of the body of 
C5 at its middle (Keats and Sistrom 2001).

One hundred ninety-two adults aged 
20–98  years, 119 male and 73 female. 16 slice 
MDCT. 16  ×  0.75  mm collimation. 1  mm slice 
thickness. Measurements made on midline sagittal 
reconstructions. Prevertebral soft tissues measured 
using soft tissue window settings, from midpoint 
of anterior vertebral body to the closest point in 
the air column. Upper limits of normal for C4 and 
C5 measurements not taken because of variable 
position of the larynx and oesophagus (Rojas).

 Reproducibility/Variation

Calipers were used for measurement. No indica-
tion of how many observers were used or if there 
was inter- or intraobserver variability in the mea-
surements (Chen and Bohrer 1999).
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Two independent reviewers made the mea-
surements. At C2 and C3 levels, the two review-
ers recorded measurements within 1 mm of each 
other 95% of the time (correlation coefficients 
0.91 and 0.93) and within 2  mm of each other 
93% of the time at C6 and C7 (correlation coef-
ficients 0.88 and 0.95) (Matar and Doyle 1997).

 Clinical Relevance/Implications

Increased retrocricoid or retrotracheal soft tissue 
measurement can be an indication of prevertebral 
haematoma or soft tissue oedema following 
trauma and should prompt further evaluation to 
exclude cervical spine injury (Fig.  6.41). 
Increased prevertebral soft tissue thickness can 
also occur due to infection, tumour, non-trau-
matic haemorrhage and foreign bodies.

 Analysis/Validation of Reference Data

Small study, 54 adults. The retrotracheal/C5 
ratio is useful because it does not require 

remembering empirical diameters; taking the 
mean plus one standard deviation then one 
should take 1 × C5 diameter for the maximum 
allowed retrotracheal soft tissue thickness (Chen 
and Bohrer 1999).

In a large study of 236 subjects and measure-
ments are compared to 49 spine- injured patients. 
No mention is made of how many observers or 
how measurements were made (Templeton et al. 
1987).

 Conclusion

Useful measurement for detecting subtle soft tis-
sue signs of cervical spine trauma.

Cannot be used if patient is unconscious or 
intubated because pooled secretions in the trachea 
and pressure effects from endotracheal tube can 
falsely alter the apparent soft tissue thickness.

Large overlap between measurements in nor-
mal and spine-injured patients; therefore, false 
positive and negative cases occur.
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6.31  Dural Sac AP Diameter on MR

 Definition

The anteroposterior diameter of the cervical dural 
sac measured using MR imaging (Fig. 6.44).

 Indications

To detect spinal stenosis or dural ectasia.

 Measurement

(Holsheimer)

C4: 13.3 mm +/− 1.4 SD
C5: 13.4 mm +/− 1.5 SD
C6: 13.4 mm +/− 1.4 SD

(Khanapurkar et al. 2014)

C1: mean 14.39 mm
C2: mean 13.82 mm
C2–C3: mean 12.58 mm
C3: mean 12 mm
C3–C4: mean 11.51 mm
C4: mean 11.54 mm
C4–C5: mean 11.29 mm
C5: mean 11.45 mm
C5–C6: mean 11.15 mm

C6: mean 11.37 mm
C6–C7: mean 11.14 mm
C7: mean 11.7 mm

 Technique

MRI: T2 sequences, 5  mm thick slices 
(Holsheimer).
MRI: T2 sequences (Khanapurkar et al. 2014)

 Full Description of Technique

MRI: (Holsheimer) 26 adult volunteers, aged 
19–38 years.

Turbo spin-echo T2 (4000/168)-weighted 
axial images were obtained, using a dedicated 
spine coil. Slice thickness was 5  mm with a 
0.5 mm interslice gap.
MRI: (Khanapurkar et al. 2014) 60 patients with-
out cervical spinal pathology, 30 male and 30 
female, age range 25–60.
T2 slices. Measurements made at level of mid-
height of vertebral body and at mid-disc level.

 Reproducibility/Variation

Unknown.

 Clinical Relevance/Implications

Can be used to detect spinal stenosis or dural 
ectasia. Measurement can easily be made in rou-
tine practice.

 Analysis/Validation of Reference Data

Limited evidence.

 Conclusion

Simple measurement which can be made readily. 
However, transverse area is a more accurate reflec-
tion than single bidimensional diameter alone.

SAC TRV

CORD
AP

SAC
AP

CORD TRV

Fig. 6.44 Dural sac/cord diameters on MRI.  The AP 
diameter of thecal sac/cord is measured at the midsagittal 
plane. The transverse diameter of thecal sac/cord is mea-
sured in the mid-coronal plane
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6.32  Dural Sac Transverse 
Diameter on MR

 Definition

The transverse diameter of the cervical dural sac 
measured using MR imaging (Fig. 6.44).

 Indications

To detect spinal stenosis or dural ectasia.

 Measurement

(Holsheimer)

C4: 20.4 mm +/− 2.0 SD
C5: 20.6 mm +/− 2.0 SD
C6: 20.7 mm +/− 2.1 SD

(Khanapurkar et al. 2014)

C1: mean 20.8 mm
C2: mean 20.19 mm
C2–C3: mean 19.7 mm
C3: mean 19.25 mm
C3–C4: mean 18.97 mm
C4: mean 19.31 mm
C4–C5: mean 19.01 mm
C5: mean 19.64 mm
C5–C6: mean 18.97 mm
C6: mean 18.95 mm
C6–C7: mean 17.95 mm
C7: mean 18.06 mm

 Technique

MRI: T2 sequences, 5 mm thick slices.

 Full Description of Technique (s)

MRI: (Holsheimer) 26 adult volunteers, aged 
19–38 years.

Turbo spin-echo T2 (4000/168)-weighted 
axial images were obtained, using a dedicated 
spine coil. Slice thickness was 5  mm with a 
0.5 mm interslice gap.
MRI: (Khanapurkar et al. 2014) 60 patients with-
out cervical spinal pathology, 30 male and 30 
female, age range 25–60.
T2 slices. Measurements made at level of mid-
height of vertebral body and at mid-disc level.

 Reproducibility/Variation

Good reproducibility between the two MRI 
studies.

 Clinical Relevance/Implications

Can be used to detect spinal stenosis or dural 
ectasia. Measurement can easily be made in rou-
tine practice.

 Analysis/Validation of Reference Data

Limited validation with other studies.

 Conclusion

Simple measurement which can be made readily. 
However, transverse area is a more accurate 
reflection than single bidimensional diameter 
alone.
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6.33  Cervical Dural Tube 
Transverse Area

 Definition

Transverse area of cervical dural tube on MRI in 
normal adults.

 Indications

To detect dural ectasia or canal stenosis.

 Measurement

Transverse area of cervical dural tube on MRI in 
96 normal adults:

C2–C3: 218.8 mm2, (SD 31.4)
C3: 200.8 mm2, (SD 25.4)
C3–C4: 192.6 mm2, (SD 21.9)
C4: 193.0 mm2, (SD 21.6)
C4–C5: 189.8 mm2, (SD 20.3)
C5: 188.9 mm2, (SD 21.2)
C5–C6: 186.0 mm2, (SD 20.3)
C6: 191.7 mm2, (SD 24.2)
C6–C7: 186.6 mm2, (SD 22.0)
C7: 196.5 mm2, (SD 24.4)

 Technique

MRI: T1-weighted sequences. 0.5 T MRI, cervi-
cal coil, pulse sequence TR 500, TE 20–30 ms, 
192 × 192 matrix, 10 mm section thickness, and 
FOV 25 cm.

 Full Description of Technique

MRI: 92 normal adults (54 males and 42 females)
T1-weighted sequences. 0.5  T MRI, cervical 
coil, pulse sequence TR 500, TE 20–30  ms, 
192  ×  192 matrix, 10  mm section thickness, 
and FOV 25 cm.

Axial images were angled parallel with each 
disc and vertebral body from C2 to C7, perpen-
dicular to the long axis of the spinal canal.

Areas measured five times in each slice using 
a computer-linked digitizer.

Mean of the middle three measurements in 
each area was taken.

 Reproducibility/Variation

The reliability of the measurements was con-
firmed by measuring 20 normal adults twice by 
two independent observers.

 Clinical Relevance/Implications

Can be used to detect dural ectasia and spinal 
stenosis.

 Analysis/Validation of Reference Data

Limited but measurements seem reliable.

 Conclusion

Readily made assessment.
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6.34  Adult Spinal Cord on CT 
Myelography (Thijssen et al. 
1979)

 Definition

The mean frontal and sagittal diameter of the 
adult cervical spinal cord measured at CT 
myelography (Fig. 6.45).

 Indications

CT myelography rarely performed nowadays, 
unless there is a contraindication to MRI.

 Measurement

Frontal diameter: (in mm +/− 2SD)

C1: 10.4 +/− 1.7
C2: 10.9 +/− 2.2
C3: 11.3 +/− 2.0
C4: 11.7 +/− 1.9

C5: 11.8 +/− 2.7
C6: 10.5 +/− 2.3
C7: 9.3 +/− 2.5

Sagittal diameter: (in mm +/− 2SD)

C1: 7.2 +/− 1.6
C2: 6.5 +/− 2.0
C3: 6.2 +/− 2.2
C4: 6.0 +/− 1.5
C5: 6.2 +/− 2.3
C6: 6.4 +/− 2.7
C7: 6.8 +/− 2.5

 Techniques

CT myelography.

 Full Description of Technique

Twenty adult patients, without cervical symp-
toms, who were undergoing lumbar myelogra-
phy because of suspected herniated lumbar disc. 
CT scanner used was a Technicare Delta 50-DS 
with 13 mm slice collimation and gantry angu-
lation perpendicular to the long axis of the spi-
nal column. Patients scanned in supine position. 
19  mm of metrizamide (170  mg iodine/mL) 
instilled in lumbar subarachnoid space. After 
completion of the myelogram, patient is placed 
in lateral decubitus position for 1 h to mix the 
cervical region.

 Reproducibility/Variation

Unknown.

 Clinical Relevance/Implications

CT myelography not used routinely now. 
However the values serve as reference values 

Fig. 6.45 Adult spinal cord on CT myelography/
MRI. The sagittal diameter of the spinal cord is measured 
from the anterior margin to the posterior margin in the 
midsagittal plane. The transverse (frontal) diameter is the 
widest diameter from right to left in the coronal plane
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which can be applied when evaluating MR of the 
cervical spine.

 Analysis/Validation of Reference Data

Limited.

 Conclusion

Can be used as reference values for interpreting 
MR of cervical spine, particularly when looking 
for cord atrophy.
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6.35  Cervical Spinal Cord AP 
Diameter on MRI

 Definition

Anteroposterior diameter of cervical spinal cord 
on MRI in normal adults (Fig. 6.46).

 Measurement

Cervical spinal cord AP diameter on MRI (Okada 
et al. 1994):

C3: 7.8 mm +/− 2.4 SD
C3–C4: 7.6 mm +/− 2.8 SD
C4: 7.7 mm +/− 2.6 SD
C4–C5: 7.5 mm +/− 2.8 SD
C5: 7.5 mm +/− 2.4 SD

C5–C6: 7.3 mm +/− 2.4 SD
C6: 7.3 mm +/− 1.9 SD
C6–C7: 7.1 mm +/− 1.7 SD
C7: 7.0 mm +/− 1.6 SD

Cervical spinal cord AP diameter on MRI 
(Holsheimer et al. 1994):

C4: 7.3 mm +/− 0.6 SD
C5: 6.9 mm +/− 0.6SD
C6: 6.7 mm +/− 0.6SD

Cervical spinal cord AP diameter on MRI 
(Khanapurkar et al. 2014)

C2–3: mean 7.651 mm
C3–4: mean 7.222 mm
C4–5: mean 7.022 mm
C5–6: mean 6.623 mm
C6–7: mean 6.102 mm

Cervical spinal cord AP diameter on MRI 
(Sherman)

C1: 9.3 mm (SD 0.9)
C2: 8.8 mm (SD 0.9)
C3: 8.6 mm (SD 0.8)
C4: 8.7 mm (SD 0.9)
C5: 8.3 mm (SD 0.9)
C6: 7.9 mm (SD 0.8)
C7: 7.4 mm (SD 0.9)

 Indications

To detect cord oedema or atrophy.

 Technique

MRI: T1-weighted sequences. 0.5 T MRI, cervi-
cal coil, pulse sequence TR 500, TE 20–30 ms, 
192 × 192 matrix, 10 mm section thickness, and 
FOV 25 cm (Okada et al. 1994).
T2-weighted sequences, 5  mm slice thickness 
(Holsheimer et al. 1994).
T2-weighted sequences (Khanapurkar et  al. 
2014).

C2

C3

C4

Fig. 6.46 Adult spinal cord AP diameter on MRI.  AP 
diameter is measured from anterior aspect to posterior 
aspect of the cord, in the midsagittal plane, perpendicular 
to long axis of the cord
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 Full Description of Technique

MRI: 92 normal adults (54 males and 42 females)
T1-weighted sequences. 0.5  T MRI, cervical 
coil, pulse sequence TR 500, TE 20–30  ms, 
192 × 192 matrix, 10 mm section thickness, and 
FOV 25 cm.
Axial images were angled parallel with each disc 
and vertebral body from C2 to C7, perpendicular 
to the long axis of the spinal canal.
Diameters measured five times in each slice 
using a computer-linked digitizer.
Mean of the middle three measurements in each 
area was taken (Okada et al. 1994).
MRI: 26 adult volunteers, aged 19–38 years.
Turbo spin-echo T2 (4000/168)-weighted axial 
images were obtained, using a dedicated spine 
coil. Slice thickness was 5 mm with a 0.5 mm 
interslice gap (Holsheimer et al. 1994).
MRI: 60 healthy subjects, 30 male, 30 female. 
Aged 25–60. T2 axial images. Measurements 
taken at the level of the intervertebral disc spaces 
(Khanapurkar et al. 2014).
MRI: 66 ‘normal’ subjects, aged 19–74 (mean 
41). 1.5  T MRI. 5  mm slice thickness, FOV 
20 cm. Axial slices (Sherman).

 Reproducibility/Variation

The reliability of the measurements was con-
firmed by measuring 20 normal adults twice by 
two independent observers (Okada et al. 1994).

Similar measurements obtained in study by 
Holsheimer et al. (1994), though for all levels the 
mean was slightly less. This may reflect the dif-
ferent imaging sequences used. On T2 sequence 
there is more contrast between cord and high- 
signal CSF, which could affect accuracy of mea-
surements. Also the slice thickness was less in 
this study, reducing partial volume averaging.

 Clinical Relevance/Implications

Can be used to detect cord atrophy or swelling. 
Transverse area is more reliable than cord diam-
eter alone.

 Analysis/Validation of Reference Data

Ninety-six healthy subjects. The reliability of the 
measurements was confirmed by measuring 20 
normal adults twice by two independent observ-
ers (Okada et al. 1994).

 Conclusion

Cervical spinal cord AP diameter can be readily 
measured from MR images. The AP diameter is 
widest at C3 level then reduces sequentially at 
levels below.
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6.36  Cervical Spinal Cord 
Transverse Diameter on MR

 Definition

The transverse diameter of the cervical dural sac 
measured using MR imaging (Fig. 6.44).

 Indications

To detect spinal cord swelling or atrophy.

 Measurement

(Holsheimer)

C4: 13.6 mm +/− 1.1 SD
C5: 13.4 mm +/− 1.1 SD
C6: 13.0 mm +/− 1.1 SD

(Khanapurkar et al. 2014)

C2–C3: mean 11.77 mm
C3–C4: mean 12.48 mm
C4–C5: mean 12.93 mm
C5–C6: mean 12.9 mm
C6–C7: mean 11.24 mm

(Sherman)

C1: 11.3 mm (SD 0.9)
C2: 12.4 mm (SD 0.9)
C3: 13.2 mm (SD 1.0)
C4: 14.0 mm (SD 1.1 mm)
C5: 13.9 mm (SD 1.0)
C6: 13.2 mm (SD 1.0)
C7: 11.4 mm (SD1.2)

 Technique

MRI T2 sequences, 5 mm thick slices.

 Full Description of Technique

MRI: (Holsheimer) 26 adult volunteers, aged 
19–38 years.
Turbo spin-echo T2 (4000/168)-weighted axial 
images were obtained, using a dedicated spine 
coil. Slice thickness was 5 mm with a 0.5 mm 
interslice gap.
MRI: (Khanapurkar et al. 2014) 60 patients with-
out cervical spinal pathology, 30 male and 30 
female, age range 25–60.
T2 slices. Measurements made at mid-disc level.
MRI: 66 ‘normal’ subjects, aged 19–74 (mean 
41). 1.5  T MRI. 5  mm slice thickness, FOV 
20 cm. Axial slices (Sherman).

 Reproducibility/Variation

Good correlation between studies.

 Clinical Relevance/Implications

Can be used to detect spinal cord swelling or 
atrophy. Measurement can easily be made in rou-
tine practice.

 Analysis/Validation of Reference Data

Limited.

 Conclusion

Simple measurement which can be made readily. 
However, transverse area is a more accurate 
reflection than single bidimensional diameter 
alone.
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6.37  Cervical Spinal Cord 
Transverse Area

 Definition

Transverse area of cervical spinal cord on MRI in 
normal adults (Fig. 6.44).

 Indications

To detect cord oedema or atrophy.

 Measurement

Transverse area of cervical spinal cord on MRI in 
96 normal adults: (Okada)

C2–C3: 79.4 mm2, (SD 6.9)
C3: 80.5 mm2, (SD 7.1)
C3–C4: 82.9 mm2, (SD 6.9)
C4: 84.6 mm2, (SD 6.2)
C4–C5: 85.8 mm2, (SD 7.2)
C5: 83.2 mm2, (SD 6.2)
C5–C6: 81.2 mm2, (SD 7.2)
C6: 76.1 mm2, (SD 7.3)
C6–C7: 69.3 mm2, (SD 8.0)
C7: 60.9 mm2, (SD 7.5)

(Sherman)

C1: 105.1 mm2 (SD 13.8)
C2: 109.1 mm2 (SD 15)
C3: 113.5 mm2 (SD 16)
C4: 121.8 mm2 (SD 17.5)
C5: 115.4 mm2 (SD 15.7)
C6: 104.3mm2 (SD 15.0)
C7: 84.4 mm2 (SD 15.7)

 Technique

MRI T1-weighted sequences. 0.5 T MRI, cervi-
cal coil, pulse sequence TR 500, TE 20–30 ms, 
192 × 192 matrix, 10 mm section thickness, and 
FOV 25 cm.
Other.

 Full Description of Technique

MRI: 92 normal adults (54 males and 42 females)
T1-weighted sequences. 0.5  T MRI, cervical 
coil, pulse sequence TR 500, TE 20–30  ms, 
192 × 192 matrix, 10 mm section thickness, and 
FOV 25 cm.
Axial images were angled parallel with each disc 
and vertebral body from C2 to C7, perpendicular 
to the long axis of the spinal canal.
Areas measured five times in each slice using a 
computer-linked digitizer.
Mean of the middle three measurements in each 
area was taken.
MRI: 66 ‘normal’ subjects, aged 19–74 (mean 
41). 1.5  T MRI. 5  mm slice thickness, FOV 
20 cm. Axial slices (Sherman).

 Reproducibility/Variation

The reliability of the measurements was con-
firmed by measuring 20 normal adults twice by 
two independent observers.

 Clinical Relevance/Implications

Can be used to detect cord atrophy or swelling. 
Transverse area is more reliable than cord diam-
eter alone.

 Analysis/Validation of Reference Data

Ninety-six healthy subjects. The reliability of the 
measurements was confirmed by measuring 20 
normal adults twice by two independent observers.

 Conclusion

Cervical spinal cord area measurement is not a 
routine measurement and is difficult to apply in 
practice, needing a dedicated computer pro-
gramme. These are useful reference measure-
ments, however, for research studies where 
objective assessment of the spinal cord area is 
required to detect cord atrophy or swelling.
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6.38  Ratio of Cervical Spinal Cord 
Area to Cervical Spinal Canal 
Area on MRI

 Definition

The ratio of cervical spinal cord area to cervical 
spinal canal area.

 Indications

Can help to determine what space is available for 
the cord in the spinal canal.

 Measurement

C3: 33.0 +/− 4.4%
C4: 36.4 +/− 4.1%
C5: 35.5 +/− 4.4%
C6: 30.8 +/− 3.9%
C7: 23.7 +/− 3.4%

 Technique

MRI: T1-weighted sequences. 0.5 T MRI, cervi-
cal coil, pulse sequence TR 500, TE 20–30 ms, 
192 × 192 matrix, 10 mm section thickness, and 
FOV 25 cm.

 Full Description of Technique

MRI: 92 normal adults (54 males and 42 females)
T1-weighted sequences. 0.5  T MRI, cervical coil, 
pulse sequence TR 500, TE 20–30 ms, 192 × 192 
matrix, 10 mm section thickness, and FOV 25 cm.

Axial images were angled parallel with each disc 
and vertebral body from C2 to C7, perpendicular 
to the long axis of the spinal canal.
Area of spinal cord and spinal canal measured in 
each slice using a computer-linked digitizer.
Mean of the middle three measurements in each 
area was taken.

 Reproducibility/Variation

The reliability of the measurements was con-
firmed by measuring 20 normal adults twice by 
two independent observers.

 Clinical Relevance/Implications

Can be used to detect cord atrophy or swelling 
and also canal stenosis. Transverse area is more 
reliable than cord or canal diameters alone.

 Analysis/Validation of Reference Data

Ninety-six healthy subjects. The reliability of the 
measurements was confirmed by measuring 20 
normal adults twice by two independent 
observers.

 Conclusion

Cervical spinal cord and spinal canal areas are 
not routinely measured in everyday practice. 
These measurements require a dedicated com-
puter programme.
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6.39  Paediatric Cord/Subarachnoid 
Space Ratio (Boltshauser and 
Hoare 1976)

 Definition

The ratio of spinal cord to thecal sac diameters in 
children, measured using air myelography with 
tomography (Fig. 6.47).

 Indications

To assess cord atrophy or cord swelling.

 Measurement

Normal range for paediatric cord/subarachnoid 
space ratio—2 standard deviations to +2 standard 
deviations:

C1: 0.44–0.68
C2: 0.47–0.67
C3: 0.51–0.71
C4: 0.51–0.71
C5: 0.49–0.69
C6: 0.46–0.7
C7: 0.43–0.67

 Technique

Air myelography with tomograms.

 Full Description of Technique

Based on a study of 110 normal air myelograms 
in children aged 1 month to 15 years.

One hundred ten normal air myelograms of 
children were reviewed, and the ratio of the spi-
nal cord width to the subarachnoid space width 
(cord/SAS ratio) was calculated in the sagittal 
and transverse planes.

The spinal cord and subarachnoid space are 
measured in sagittal diameter at mid-vertebral 
level and in the transverse diameter at interpe-
dicular level. The cord/subarachnoid space (cord/
SAS) ratio is calculated.

 Reproducibility/Variation

This technique is no longer used and has been 
superseded by MRI.

 Clinical Relevance/Implications

Useful reference values for detecting cord atro-
phy or oedema.

 Analysis/Validation of Reference Data

One hundred ten normal air myelograms of 
children were reviewed, and the ratio of the 
spinal cord width to the subarachnoid space 
width (cord/SAS ratio) was calculated in the 
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Fig. 6.47 Paediatric cord/subarachnoid space ratio. 
Mean and two standard deviations of cervical cord/sub-
arachnoid space ratio in sagittal plane
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sagittal and transverse planes. This ratio proved 
to be independent of age and sex. The mean 
values at different vertebral levels are in close 
agreement with those previously reported for 
adults.

 Conclusion

The cord/SAS ratio is helpful in evaluating 
changed cord dimensions, especially that of cord 
atrophy.
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7.1  Introduction

The spine is a complex anatomical structure, 
undergoing huge developmental changes from 
birth to attain skeletal maturity. At birth the spine 
is predominantly cartilaginous, with 30% ossifi-
cation. The primary ossification centres in each 
vertebra expand to demarcate the parallel growth 
plates, which then contribute to cranio-caudal 
growth under normal physiological stresses. 
Interstitial growth in the physes accounts for cir-
cumferential growth (Debnath 2010). By 5 years 
of age, 65% of the spine is ossified, and the spinal 
canal capacity has reached up to 95% of its final 
size. The growth velocity is particularly rapid 
during the first 5  years of life, then slowing 
towards puberty. From the age of 5 to puberty, the 
growth of the thoracolumbar spine is in the order 
of 15 cm, with 2/3 accounted for by the thoracic 
spine. By age 10, approximately 11 cm of thora-
columbar growth remains for males and 7 cm for 
females. At the onset of puberty, there is an aver-
age of a further 9.5 cm thoracolumbar growth for 
males and 6.5  cm for females (Bick and Copel 
1950). The rate of growth during puberty remains 
less than the initial growth from birth to age 5.

In neonates the cervical and lumbar lordosis are 
relatively underdeveloped, with a predominantly 
straight spine or mild kyphotic curve above a well-
demarcated lumbosacral angle. These primary 
curves are then followed by the development of 
secondary curves (lumbar and cervical lordosis) 
from around age 3 onwards. Cil et al. have shown 
through radiographic assessment that as a child 
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grows and an upright posture is attained, the axial 
loading of the spine contributes to the development 
of the adult-type sagittal curvature, with a neutral 
coronal and axial-plane curvature (Cil et al. 2004). 
As a child grows, there is a significant change in 
total thoracic kyphosis and lumbar lordosis; how-
ever, this is not a linear progression. As childhood 
advances there is an increase in thoracic kyphosis 
and lumbar lordosis; however, at the time of the 
adolescent growth spurt, the kyphosis decreases, 
and the lumbar lordosis continues to increase. 
During this growth spurt, anterior vertebral growth 
exceeds posterior growth, resulting in a decrease in 
the thoracic kyphosis and an increase in the lordo-
sis. The same trend in sagittal alignment has also 
been shown in studies quantifying clinical and 
visual assessment of curvature through a panto-
graph (Giglio and Volpon 2007). Once skeletal 
maturity is reached, there is a wide variation in the 
normal values for thoracic kyphosis and lumbar 
lordosis. Normal values for lumbar lordosis have 
been determined between 46°–87° (Legaye et  al. 
1998) and 35°–90° (Jackson et al. 2000a), with a 
mean of 61° (Guigui et  al. 2003). Physiological 
thoracic kyphosis ranges between 7°–65° (Guigui 
et al. 2003) and 33°–71° (Legaye et al. 1998), with 
a mean of 41° (Guigui et al. 2003).

A study by Shefi et  al. has shown that the 
physiological lumbar lordosis in children and 
adolescents is formed by wedging of the verte-
bral bodies and intervertebral discs (Shefi et al. 
2013). Dorsal wedging of the bodies and discs 
increases the lordosis angle, and ventral wedging 
increases the thoracic kyphosis. The interverte-
bral discs show increased wedging with age, con-
tributing 14° towards the lordosis angle at age 
2–4 compared with 35° from 17 to 20 years. In 
the 2–4  year-old group, the intervertebral discs 
contribute 47% of the lordosis angle and the ver-
tebral bodies 53%. In the older group, the rela-
tionship changes, and the discs contribute towards 
80% of the lordosis and the vertebral bodies only 
20%. This study shows that the intervertebral 
discs and vertebral bodies function together as a 
disco-vertebral unit in the development of physi-
ological sagittal plane curvature.

Dynamic changes with growth influence both 
sagittal spinal balance and posture. The orientation 

of each vertebra to gravity alters with growth. 
Furthermore it is different before and after the ado-
lescent growth spurt. In addition there are signifi-
cant gender differences which impact on the 
normal/abnormal development and treatment of 
adolescent spinal deformity. Thoracic kyphosis 
gender differences exist with a mean value of 
34+/− 9° in boys compared with 32+/−10° in 
girls. This gender difference is maximal at the 
peak of the growth spurt, with girls exhibiting sig-
nificantly lower thoracic kyphosis values due to 
the growth spurt starting about 1.4 years earlier in 
girls. Sagittal parameters including thoracic 
kyphosis and lumbar lordosis in isolation are of 
limited value in the assessment of spinal loading 
as the same value of thoracic kyphosis may have 
different positions related to gravity. Dubousset 
introduced the “pelvic vertebra” concept stressing 
that this transitional area between the spine and 
hips needs to be taken into consideration in the 
evaluation of sagittal spinal balance. Global analy-
sis of lumbar-pelvic-femoral balance needs to be 
done in the erect posture to allow an assessment of 
the reciprocal contribution of each of these seg-
ments in achieving a stable standing position. This 
is done on spino-pelvic radiographs in the erect 
posture. Sagittal spinal alignment therefore 
requires three spinal (cervical lordosis (CL), tho-
racic kyphosis (TK), lumbar lordosis (LL)) and 
three pelvic (pelvic incidence (PI), pelvic tilt (PT), 
sacral slope (SS)) parameters. Mac-Thiong et al. 
described normal paediatric spino-pelvic parame-
ter values, while Lee et  al. provided values in 
asymptomatic children in stratified age groups 
(CL 4.8°, TK 33.2°, LL 48.8°, PI 43.9°, SS 34.9°). 
Mac-Thiong et al. extensively researched sagittal 
alignment of the spine and pelvis and have shown 
that PI, PT, LL and TK increase with age through 
childhood and adolescence before stabilising and 
are significantly increased at the end of puberty. PI 
remains constant in adulthood governing the ideal 
spino- pelvic morphology and does not change in 
the standing or sitting postures. Sacral slope gen-
erally does not change after 3 years of age. The 
combination of a stable sacral slope and an 
increase in lordosis is postulated to give rise to a 
dorsal shift in the C7 plumb line as a child grows, 
to allow a stable sagittal alignment (Cil et  al. 
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2004). The three pelvic parameters are closely 
related whereby PI = PT + SS. As the SS is stable, 
the increase in PI that takes place with growth is 
therefore due to a PT increase. The sagittal vertical 
axis (SVA) is defined as the linear horizontal dis-
tance between the C7 plumb line which originates 
in the centre of C7 vertebral body and the posterior 
corner of the S1 endplate. If the SVA is posterior, 
it is designated negative, and if it is anterior to the 
posterior corner of S1, it is designated positive. 
The spino-pelvic structures are continually adjust-
ing the posture to ensure that the C7 plumb line 
falls through or within 2 cm anterior or posterior of 
the posterior corner of S1. The ideal sagittal bal-
ance is therefore expected to have a SVA of <5 cm 
and a PT of <25°, with major sagittal malalign-
ment defined as an SVA > 5 cm.

The growing vertebra responds to loading, 
with the Hueter-Volkmann law indicating that 
growth is inversely proportional to the mechanical 
stress sustained (Castro 2003). No spinal defor-
mity exists in a single plane alone and is a combi-
nation of coronal and sagittal deviation. The 
concept of imbalanced stresses is one theory pro-
posed for the development of adolescent idio-
pathic scoliosis (AIS). A slight neuromuscular 
imbalance is further compounded by a growth 
response of the vertebra to the altered mechanical 
loading, thus perpetuating any scoliosis. The ver-
tebrae on the convex side of the scoliosis are 
mechanically loaded to a greater extent than the 
vertebrae on the concave side and thus undergo 
less growth, further compounding the curvature 
through differential growth. In females with AIS, 
the increased dorsal vertebral inclination is due to 
the relative anterior vertebral overgrowth. Indeed 
it is the vertebral height growth that accounts 
almost exclusively for spinal growth in AIS and 
not the intervertebral disc height growth in 
patients between 10 and 20 years of age. The per-
turbation in normal physiological stresses can 
lead to altered vertebral development also in 
spondylolysis. This was first proposed by Farfan 
et  al. in 1978, whereby a chronic spondylolysis 
gives rise to less pronounced growth of the poste-
rior aspect of L5 vertebral body compared with 
the anterior aspect and corresponding overgrowth 
of the pars interarticularis (Farfan et  al. 1976). 

The lumbar index (see later) is reduced, and this 
becomes relevant clinically helping to differenti-
ate a chronic spondylolysis from acute traumatic 
pars fractures.

Quantifying normal variation in the shape of 
vertebrae is important to be able to appreciate 
pathology. This has particular importance in 
assessing vertebral fractures in osteoporosis and 
trauma (Oei et al. 2013; Black et al. 1991; O’Neill 
et al. 1994). Studies have shown a normal variance 
in vertebral morphology, as determined by the ver-
tebral height ratio. Generally, the anterior vertebral 
height is slightly less than the posterior vertebral 
height, in particular in the thoracic spine. At T7 the 
ratio of anterior-posterior vertebral height is 0.860 
compared with 0.929 at T12, 0.962 at L1 and 
1.037 at L4. The relationship between anterior and 
posterior vertebral height was studied by Black 
et al. (Black et al. 1991). A graph has been plotted 
from their data (Graph 7.1). This shows that the 
anterior vertebral height is less than the posterior 
vertebral height in the thoracic spine, with the dif-
ference gradually  decreasing caudally along the 
spine to L4. Females have smaller anterior and 
central vertebral height ratios compared with 
males, with significant differences in the same val-
ues between populations (O’Neill et  al. 1994). 
Thus, vertebral morphological data are population 
and gender specific (Lau et al. 1996).

The facet joints are paired posteriorly located 
synovial joints throughout the spine. The width 
of the articular cartilage is 2.5–4  mm and the 
cartilage is always thicker at the centre of the 
joint. The sagittal alignment of the facet joints 
determines the degree of movement of the 
joints. In the lumbar spine they usually assume 
a more coronal orientation from proximal to dis-
tal with the sagittally orientated joints allowing 
a greater range of flexion while preventing sig-
nificant rotational instability. The facet capsule 
also has a role in limiting excessive joint motion. 
The facet joint capsule is normally 1 mm thick 
and attaches 2 mm from the articular margins. It 
is increasingly being recognised that the sagittal 
orientation of the lumbar facet joints is an 
important determinant for the risk of developing 
degenerative spondylolisthesis. Patients with 
narrow facet angles less than 78° have a  
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2.5 times higher risk of developing degenerative 
spondylolisthesis. The facet joint angles can be 
determined from axial CT or MRI images. A 
coronal reference line passing tangential to the 
posterior outline of the disk perpendicular to the 
spinous process at the level of interest is first 
drawn. Respective facet joint lines are then 
drawn passing through the anteromedial and 
posterolateral margins of the joints. This also 
allows a calculation of the degree of facet joint 
tropism. Facet joint tropism is the asymmetry 
between the right and the left facet joint angles 
when one joint has a predominant sagittal orien-
tation than the other. Asymmetry of the facet 
joints occurs in 25–32% of individuals. An 
increased severity of facet joint tropism at the 
L4–L5 has been associated with a significantly 
higher risk of developing symptomatic disk her-
niation at that level. This occurs on the side of 
the more obliquely orientated facet joint. The 
normal capacity of a facet joint is not more than 

2  mL of joint fluid, which means that larger 
effusions result from an underlying loss of 
integrity and abnormal facet joint motion. On 
T2-weighted MRI images, facet joint effusions 
with a joint gap greater than 1.5 mm are highly 
predictive of a degenerative spondylolistheses 
even if this is not seen on supine MRI. In these 
circumstances standing lateral flexion/extension 
radiographs will demonstrate the degenerative 
spondylolistheses. A facet–fluid index has been 
developed which is the sum of the facet fluid 
width divided by the sum of the facet width. 
There is a positive linear correlation between 
this facet–fluid index and the anterior percent-
age spondylolisthesis seen at the L4–L5 level. 
This positive predictive value of the facet fluid 
at the L4–L5 level correlates with radiographic 
instability in the order of 82%.

This chapter explores measurements in the 
adolescent and adult spine, with reference to their 
clinical utility.
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7.2  Lumbar Intervertebral Disc 
Height

 Definition

The cranio-caudal length of the intervertebral disc, 
measured at either the dorsal or ventral aspect.

 Full Description of Technique

On a standing lateral radiograph, the four corners 
of the vertebra are determined, and the cranio- 
caudal midpoint is noted. A line bisecting the 
dorsal and ventral midpoints for two adjacent 
vertebrae is drawn, and then a further line bisect-
ing the distance between these two lines is drawn 
and designated as the bisectrix. The disc height is 
determined by the sum of the distance between 
the bisectrix and the perpendicular for the ante-
rior (or posterior) vertebral corners as described 
by Shao et al. (2002) (Fig. 7.1).

 Reproducibility/Variation

The disc height is subject to changes in lumbar 
lordosis and potentially positioning, which can 
be accounted for using adjustment factors (Frobin 
et al. 1997).

 Clinical Relevance/Implications

Studies have shown that disc height increases 
from L1–2 caudally to L4–5 and then decreases 
at L5–S1 or remains static (Pfirrmann et al. 2006; 
Roberts et  al. 1997). In asymptomatic people, 
disc height increases with age up to the seventh 
decade and then decreases (Shao et  al. 2002; 
Inoue et al. 1999; Luoma et al. 2001). This is pos-
tulated to be secondary to an increase in disc con-
cavity, with resultant increase in disc height as 
the discal tissue fills the space left by the more 
pronounced vertebral concavity (Shao et  al. 
2002).

B

Fig. 7.1 Lumbar 
intervertebral disc height: 
Disc height can be 
determined both 
anteriorly and posteriorly 
by measuring the 
distance between the 
bisectrix (dashed line) 
and the corners of the 
vertebra, shown here as 
the anterior disc height. 
The distance from the 
inferior margin of the 
cranial vertebra to the 
bisectrix is added to the 
distance from the 
bisectrix to the superior 
margin of the caudal 
vertebra to give the total 
disc height. Usually 
these two values are 
equal
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Loss of disc height is known to be associ-
ated with disc degeneration, confirmed in stud-
ies comparing MRI and radiography (Roberts 
et  al. 1997; Luoma et  al. 2001; Tibrewal and 
Pearcy 1985; Frobin et  al. 2001; Amonoo-
Kuofi 1991). A study by Luoma et al. demon-
strated that early disc degeneration is not 
necessarily correlated with loss of disc height 

on radiographs, and a decrease in T2 signal on 
MRI is a better indicator. MRI can therefore 
detect disc pathology prior to the radiographic 
loss of disc height. Surgical discectomy 
decreases disc height and is associated with 
disc degeneration. Knowledge of normal disc 
height, therefore, is necessary to appreciate 
changes with pathology.
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7.3  Interpediculate Distance

 Definition

The distance between the narrowest point of the 
pedicles, as viewed on a frontal radiograph or 
coronal plane on cross-sectional imaging.

 Indications

Knowledge of the normal values for interpedic-
ulate distance is necessary to appreciate the dif-
ferences with pathology which can increase, as 
in chronic space occupation in the spinal canal, 
or reduce, as in bone dysplasias. The interpe-
diculate distance should increase normally from 
L1 to L5.

 Full Description of Technique

The anteroposterior radiograph is the current 
gold standard for this measurement. The original 
reference values were taken from anteroposterior 
radiographs and have not been extensively repro-
duced on cross-sectional imaging modalities. On 
the radiograph, the narrowest point between the 
medial edge of the pedicles is determined, and 
the distance is measured on a perpendicular line 
between the left and right pedicles (Fig. 7.2).

 Reproducibility/Variation

As with all radiographic measurements, there are 
errors introduced by the magnification factor of 
the image. Errors are introduced by imprecise 
assessment of the narrowest point between the 
pedicles, with no defined reference marker to 
take this measurement from. Inter and intra- 
observer variation may also introduce error. In 
addition poor radiographic technique or rotation 
due to scoliotic deformity also introduces mea-
surement errors.

In 1956 Schwarz measured the interpediculate 
distance in children and determined the normal 
values across the different ages in the growing 

skeleton (Schwarz 1956). In 1966 Hinck also 
took the same measurements in a different patient 
cohort (Hinck et al. 1966). This work was later 
extended by Larsen in 1981, taking into account 
the magnification factor of the radiographs 
(Larsen 1981). The studies all showed a slightly 
greater distance at all levels between males and 
females and a gradual increase in value progress-
ing caudally along the lumbar spine. Selected 
data from Larsen’s paper has been plotted as a 
graph (Larsen 1981) (see Graph 7.2).

 Clinical Relevance/Implications

Knowledge of the interpediculate distance in nor-
mal subjects is necessary to appreciate abnormal-
ities indicating pathology. For example, usually 
the interpediculate distance widens progressing 
caudally along the lumbar spine; however, in 
achondroplasia, this relationship is reversed with 
narrowing of the interpediculate distance cau-
dally (Jeong et al. 2006). The interpediculate dis-
tance is also affected by the presence of intraspinal 
tumours, usually widened (Steurer et  al. 2011; 
North American Spine Society 2011). Before the 
advent of MRI, detecting alteration of the inter-

Fig. 7.2 Interpediculate distance: The interpediculate 
distance is measured on an anteroposterior image as the 
narrowest point between the medial edge of the pedicles
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pediculate distance was the mainstay of identify-
ing spinal tumours and remains an important 
assessment of the radiograph. Occult pathology, 
such as benign intraspinal tumours or syringomy-
elia, can present with a scoliosis and assessment 
of the interpediculate distance is required in the 

evaluation of scoliosis radiographs. Pathology of 
the interpediculate distance may also be a feature 
in spinal dysraphism, and appreciating this radio-
graphic abnormality may be the only feature in 
occult spinal dysraphism.
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7.4  Inter-facetal Distance

 Definition

The distance between the inferior articular pro-
cesses of the facet joints, as measured on the 
frontal plane.

 Indications

Recent studies have shown a relative lack of 
increase in lumbar facet spacing at L4–5 to be 
associated with spondylolysis; therefore a knowl-
edge of the normal lumbar inter-facet distance is 
important to appreciate perturbance in pathology 
(Zehnder et al. 2009; Ward et al. 2007).

 Full Description of Technique

On a frontal radiograph (or equivalent coronal 
plane on a cross-sectional study), the perpendicu-
lar distance between the two inferior articular 
processes is measured. The distance can be 
expressed as a ratio compared with the lumbar 
interpediculate distance or the vertebral width, to 
standardise for the size of an individual vertebra. 
Normally the inter-facet distances increase from 
L1 to L5. When compared with the adjacent 
inter-facet distance, the ratios in the spondylotic 
patients are found to be significantly smaller 
compared with normal (Fig. 7.3).

 Reproducibility/Variation

Studies in both adult and paediatric patients have 
shown a similar trend, with a relative lack of 
increase in the lumbar facet distance in patients 
with spondylolysis. The absolute values and 
ratios have been shown to be different between 
control and affected groups.

 Clinical Relevance/Implications

Detection of an abnormal pattern of inter-facet 
spacing may be useful to help predict if a patient 
is at risk to develop a spondylolysis. It may also 
have implications for predicting healing in 
patients with an established pars defect. 
Alteration in the orientation of the facet joints is 
also implicated in the development of a 
spondylolysis.

 Analysis/Validation of Reference Data

The trend has been replicated in both paediatric 
and adult populations suggesting a genuine find-
ing (Zehnder et al. 2009; Ward et al. 2007); how-
ever, this has not been extensively replicated in 
further studies.

Fig. 7.3 Inter-facetal distance: The inter-facetal distance 
is the perpendicular measurement between the most lat-
eral point of the two inferior articular processes
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7.5  Lumbar Spinal Stenosis

 Definition

A radiological definition of spinal stenosis is nar-
rowing of the spinal canal, which may be 
 associated with clinical symptoms (Steurer et al. 
2011). This is distinct from the clinical definition 
of lower extremity pain, which may occur with 
low back pain, associated with reduced space for 
the neural and vascular elements in the lumbar 
spine (North American Spine Society 2011).

 Indications

Lumbar spinal stenosis is the most frequent indi-
cation for spinal surgery in the older population. 
A radiological diagnosis of spinal stenosis which 
correlates with clinical signs and symptoms can 
guide surgery and further management.

Multiple different measurements can be 
made in the assessment of degenerative lumbar 
spinal stenosis. In general reporting of CT and 
MRI of the lumbar spine, in practical terms 
semi- quantitative assessment is acceptable in 
describing the presence and extent of spinal 
stenosis. Of the methods available for quantita-
tive assessment, the AP diameter and thecal 
cross-sectional area are the two more often 
employed.

 1.  Anteroposterior Diameter 
of the Osseous Spinal Canal

 Full Description of Technique

This measurement can be made on CT, MRI or 
CT myelography. On MRI, one described method 
is to take the midline sagittal image and measure 
between the posterior aspect of the mid-vertebral 
body and the anterior aspect of the posterior neu-
ral arch (Herzog et al. 1991). This measurement 
may also be taken in a similar manner from a sag-
ittal CT-reconstructed image.

The anteroposterior diameter of the canal 
may be measured on both CT and MRI axial 
images, taking the measurement at the mid-

body of each vertebra and measuring to the con-
fluence of the lamina (Herzog et  al. 1991) 
(Figs. 7.4 and 7.5).

 Reproducibility/Variation

The numerical value for defining stenosis by the 
anteroposterior canal dimension shows a wide 
variation between studies. On MRI, this has been 
defined as 12  mm (Koc et  al. 2009), 15  mm 
(Fukusaki et  al. 1998) and the range of values 
between these (Eisenstein 1977; Guen et  al. 
2011). Most papers denote relative spinal steno-
sis being between 10 and 12  mm and absolute 
spinal stenosis as <10  mm (Kalichman et  al. 
2009). Some of the first studies using CT showed 
significant interobserver variation in measuring 
the midline sagittal diameter of the canal (Beers 
and Carter 1985). In order to address the difficul-
ties with measurement reproducibility, Herzog 
proposed using percentage compression of the 
thecal sac in comparison with the normal mid-
sagittal diameter rather than absolute measure-
ments (Herzog et  al. 1991). Thus, there is no 
consensus as the value for relative spinal steno-
sis, with most authors agreeing that an anteropos-
terior dimension of <10 mm constitutes absolute 
spinal stenosis.

Fig. 7.4 Anteroposterior diameter of the canal: This mea-
surement is taken from a midline sagittal image, at the 
narrowest portion of the canal and perpendicular to the 
posterior edge of the vertebral body
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 2. Cross-sectional Area of the Thecal Sac

 Full Description of Technique

Cross-sectional area of the thecal sac is a further 
measurement of spinal stenosis and can be made 
on CT, MRI or CT myelography. At the level of 
the intervertebral disc, a region of interest is 
drawn around the thecal sac, and the cross- 
sectional area can be computed by most commer-
cially available PACS software (Fig. 7.6).

 Reproducibility/Variation

Similar to measuring the anteroposterior dimen-
sions of the osseous spinal canal, there is a range 
of measurements quoted in the literature. 
Generally, <70 mm2 is taken to represent severe 
spinal stenosis (Mamisch et al. 2012; Quint et al. 
1988) and >145 mm2 within normal range (Guen 
et al. 2011; Quint et al. 1988; Lisai et al. 2001).

 3. Ligamentous Inter-facet Distance

 Full Description of Technique

This measurement can be made on both CT and 
MRI. It is the distance between the inner surfaces 

of the ligamentum flavum on a line connecting 
the joint space of the facet joints at the level of 
the intervertebral disc (Fig. 7.7).

 Reproducibility/Variation

The measurements in the literature to define ste-
nosis are <10  mm at L2–3, <10  mm at L3–4, 
<12 mm at L4–5, <13 mm at L5–S1 (Beers and 
Carter 1985; Wakerley et  al. 2011), <16  mm 
(Ullrich et  al. 1980) and <15  mm (Koc et  al. 
2009). Ligamentous inter-facet distance is quoted 
in relatively few papers, owing to its poor repro-
ducibility, likely owing to the difficulty in ade-
quately visualising the ligamentum flavum on 
CT.

Fig. 7.5 Anteroposterior diameter of the canal: The mea-
surement can also be taken from an axial image, with the 
measurement taken perpendicular to the posterior margin 
of the vertebral body and to the confluence of the lamina 
at the midpoint of the vertebral body

Fig. 7.6 Cross-sectional area of the thecal sac: This is 
measured at the level of the intervertebral disc by drawing 
a region of interest around the thecal sac
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 4.  Transverse Diameter of the Spinal 
Canal

 Full Description of Technique

This measurement can be taken at the upper, mid-
dle and lower zones of the vertebral bodies and 
the disc space (Fig. 7.8).

 Reproducibility/Variation

<15 mm is taken to represent stenosis (Koc et al. 
2009; Ullrich et al. 1980). This measurement is 
infrequently used in the literature and is not fully 
validated. Furthermore, one study shows that the 

transverse diameter of the canal is not consistent 
between racial groups (Amonoo-Kuofi et  al. 
1990) and thus not reliable between populations.

 Reproducibility/Variation

All of the above described measurements are 
subject to error in equipment and observer. The 
interobserver and intra-observer reproducibility 
for many of the measurements is poor (Steurer 
et al. 2011), as is the consistency of the defined 
measurements between the studies. Importantly 
comparing measurements made between CT and 
MRI introduces variability, and the two modali-
ties are not always directly comparable. For 
example, the slice thickness for most standard 
protocol MRI examinations is 4  mm compared 
with 1 mm for CT, thereby introducing error from 
image spatial resolution.

Absolute measurements are unlikely to be 
consistent between different population groups. 
For example, between Caucasian and Asian pop-
ulations, there may be a difference purely sec-
ondary to average height and skeletal size 
(Eisenstein 1977).

Most of the papers regarding spinal mea-
surements date from the 1980s and 1990s with 
relatively few studies published more recently. 
A paper in Skeletal Radiology from 2011 pro-
posed that a semi-quantitative scale may be 
more clinically useful rather than absolute mea-
surements (Guen et  al. 2011), hence negating 
any inaccuracies secondary to measurement 
error, different modalities and different popula-
tion groups.

 Clinical Relevance/Implications

The degree of constriction of the spinal canal 
related to patient’s symptoms is a controversial 
topic; radiographic severity is only weakly asso-
ciated with clinical symptoms and prognosis. 
Anatomically, there are two separate types: cen-
tral stenosis, when there is abnormal narrowing 
of the main spinal canal, and lateral, when there 
is lateral recess (subarticular stenosis) or forami-
nal stenosis. Central canal stenosis is found at the 
intervertebral level and is caused by hypertrophic 

Fig. 7.7 Ligamentous inter-facet distance: This measure-
ment is taken at the level of the facet joint and is the dis-
tance between the anterior limits of the ligamenta flava, 
parallel to the posterior margin of the vertebral body
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facets, ligamentum flavum hypertrophy, disc 
protrusion or spondylolisthesis. Lateral canal 
stenosis is another cause of lumbar radicular 
symptoms, includes nerve root canal or lateral 
recess, and the intervertebral foramen.

The most accepted measurements are in the 
midsagittal lumbar canal for absolute stenosis, 
anteroposterior diameter on myelography or 
cross-sectional dimension at the level of the 
intervertebral disc less than 10 mm or 75–80 mm2 
and relative, anteroposterior diameter on myelog-
raphy between 10 and 12  mm. With dynamic 
myelographic studies, 10.5  mm anteroposterior 
diameter is accepted as the lower normal limit. A 
lateral recess height of 5 mm or more is normal 
and a height of 2 mm or less is absolutely abnor-
mal, whereas 3–4 mm is suggestive. Unrecognised 
foraminal stenosis may be the cause of unsuc-
cessful back surgery. Foraminal stenosis is related 
to the process of lumbar spondylosis and can 
have two components, transverse stenosis due to 
the combination of disc space narrowing and 
overgrowth of structures anterior to the facet joint 
capsule, and an additional aetiology is cranio- 
caudal or vertical compression from vertebral 
endplate osteophytes and herniated or bulging 
disc. MR imaging underestimates root compres-

sion in the lateral recess by up to 26%, so some 
authors recommend conventional myelography 
and CT myelography.

Lumbar spinal canal size changes with axial 
loading and movements. The anatomic relation-
ship of the ligamentum flavum and intervertebral 
disc to the spinal nerve roots changes too. Lumbar 
spinal canal size changes with axial loading, 
decreasing with extension and axial loading and 
increasing in forward flexion. Therefore if only a 
supine examination is used, dynamic stenosis 
might remain undetected. Careful dynamic stud-
ies may be required for better evaluation of the 
central canal and the foramen. Dynamic CT scan-
ning has shown that lumbar flexion increases the 
size of the central canal by 11% and decreases 
with extension by 11%. In the foraminal area, a 
12% increase occurs with flexion, whereas exten-
sion leads to a 15% decrease in the available area. 
In patients with suspected spinal stenosis, axial 
loading in extension has shown pathological fea-
tures not detected in the conventional psoas 
relaxed examination, and dynamic studies are 
recommended when the cross-sectional area of 
the dural sac is smaller than 130 mm2 or when 
there is a suspected narrow lateral recess. 
Dynamic MRI has also been used with axial 
loading techniques, and although enhancement 
of the stenosis has been confirmed, it is contro-
versial as to whether this affects clinical decision- 
making or outcomes.

Lumbar spinal stenosis prevalence increases 
with age, with an increase in low back pain asso-
ciated with spinal stenosis (Kalichman et  al. 
2009). Radiological spinal stenosis is not infre-
quent in asymptomatic people (Kuittinen et  al. 
2014), and the imaging appearances do not always 
correlate with the clinical symptoms. The lack of 
an accurate definition for lumbar spinal stenosis 
may explain some of these discrepancies, in par-
ticular with reference to inclusion criteria in 
research trials. A Delphi survey published in 2012 
showed that there are no consistent quantitative 
definitions of spinal stenosis and only partially 
accepted qualitative criteria (Mamisch et  al. 
2012). Given the lack of consistency in 
 radiological definition, the North American Spine 

Fig. 7.8 Transverse diameter of the canal: This measure-
ment is taken at the narrowest point of the canal, parallel 
to the posterior margin of the vertebral body at the mid-
point of the vertebral body
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Society base their recommendations on both clin-
ical and radiological terms.

 5. Epidural Fat

The capacity of the canal can be narrowed by 
excessive overgrowth of epidural fat, known as 
epidural lipomatosis. Most cases have been 
described in patients who have received long- 
term exogenous steroids for medical manage-
ment of a chronic disease; however, other cases 
have been associated with Cushing’s disease, 

hypothyroidism, prolactinoma and morbid obe-
sity (Quint et al. 1988; Lisai et al. 2001; Wakerley 
et al. 2011; Dumont-Fischer et al. 2002; Fassett 
and Schmidt 2004; Rajput et  al. 2010). 
Occasionally there is no known predisposing fac-
tor—idiopathic epidural lipomatosis. This entity 
is diagnosed on MRI or CT (on either an axial or 
sagittal image) when the maximum horizontal 
thickness of the posterior epidural fat at the site 
of compression exceeds 7 mm, commonest in the 
thoracic and lumbar regions (Robertson et  al. 
1997; Kumar et al. 1996).
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Table 7.1 Table of definitions in relation to scoliosis 
measurement

Nomenclature Definition
End vertebra 
(cranial and 
caudal)

Those which are most tilted

Apex The vertebra most deviated from 
the centre of the vertebral 
column, as defined by the central 
sacral vertical line

Neutral vertebra One which is not rotated
Stable vertebra One which is bisected by the 

central sacral vertical line
Central sacral 
vertical line

A line perpendicular to a tangent 
drawn across the iliac crests 
which bisects the sacrum

7.6  Cobb Angle in Scoliosis

 Definition

Cobb originally described measuring angles for 
the definition of scoliosis in 1948 (Cobb 1948). 
In order to make this measurement, a number of 
vertebrae must be defined on the radiograph, as 
described in Table 7.1.

 Indications

The Cobb angle is the accepted standard for diag-
nosing scoliosis (defined as an angle >10°), mon-
itoring progression of curvature and for 
therapeutic planning.

 Full Description of Technique

The initial evaluation of a patient with suspected 
spinal deformity is a standing posteroanterior 
(PA) and full lateral spine film (Fig. 7.9).

Full spine films are obtained using a long cas-
sette 30 × 90°cm or 30× 120°cm at a distance of 
180–200 cm. The top of the cassette is placed at 
the level of the EAC (external auditory canal) and 
the lower level at the anterior superior iliac crest. 
Good-quality spinal radiographs will show C7 to 
the femoral heads and the entire rib cage from 
right to left. The patient must stand erect barefoot 

and parallel to the cassette with no rotation, feet 
and knees together. In the lateral view, the shoul-
ders are flexed 60–80° asymmetrically to allow 
visualization of the upper thoracic spine. When leg 
discrepancy has already been diagnosed, the film 
needs specific blocks beneath the foot on the short 
side to raise it and make the pelvis level. In the 
case of impaired patients who cannot tolerate a 
standing position, the radiograph must be obtained 
seated. Supine films are limited to patients with 
congenital scoliosis with complex abnormalities 
or who cannot be seated.

It is well known that multiple diagnostic 
radiographic examinations during childhood and 
adolescence may increase the risk of breast can-
cer among women with scoliosis. Organ irradia-
tion has a cumulative effect, and the most 
sensitive organs are the breast, bone marrow and 
thyroid gland. The breast is especially vulnera-
ble in the formative years, during early breast 
budding, before the onset of the menarche. 

a

b

L1

T4

Fig. 7.9 Cobb angle in scoliosis: The Cobb angle is mea-
sured by the intersection of the lines parallel to the supe-
rior endplate of the superior end vertebra and the inferior 
endplate of the inferior end vertebra. In this example, T4 
is the superior end vertebra, and L1 is the inferior end ver-
tebra. The measurement may also be taken from the angle 
of intersection of the perpendicular lines, which equates 
to the same angle if correctly measured; a = b
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Postero- anterior position reduces the breast dose 
significantly, a twentieth of the dose of the 
anteroposterior view. Proper collimation, 
gonadal shielding and postero-anterior position, 
as well as minimizing repeat exposures, are 
essential to reduce radiation.

The Cobb method is the standard method for 
measuring scoliosis curve magnitude, and treat-
ment guidelines have been established on the basis 
of its value. Scoliosis is considered to be present 
when a structural vertebral curve of 10° or greater 
is measured in the coronal plane radiograph of the 
erect patient. The management of scoliosis is fre-
quently based on the magnitude of spinal curva-
ture and the extent of the curve progression. Many 
studies have assumed that the Cobb method pro-
vides a reliable measure that allows clinical deci-
sions to be based on differences of 3–5°. Generally, 
when the angle is mild (up to 20°), careful follow-
up is recommended, whereas patients with moder-
ate scoliosis (20–40°) are treated by bracing. 
Surgical fusion is reserved for severe scoliosis 
with curves greater than 50°.

The Cobb angle is the angle of intersection of 
the lines parallel to the superior endplate of the 
superior end vertebra and the inferior endplate of 
the inferior end vertebra (Cobb 1948). The mea-
surement may also be taken from the angle of 
intersection of the perpendicular lines, which 
equates to the same angle, if correctly measured. 
The angle may be measured using the tools on 
commercially available PACS software, using a 
protractor on printed films or with computer 
assistance (Greendale et  al. 2011; Gstoettner 
et al. 2007; Wills et al. 2007). Recently, articles 
have been published detailing how to measure the 
Cobb angle with a smartphone (Jacquot et  al. 
2012; Shaw et al. 2012).

 Reproducibility/Variation

Multiple factors can affect the measurement of the 
Cobb angle, ranging from patient-centred factors 
(biological variance) and equipment  (calibration) 
to the observers (training). The Cobb angle has 
been shown to vary throughout the day by as 
much as 5° (Beauchamp et al. 1993) and to differ 

by as much as 20° between supine and standing 
positions (Keenan et al. 2014). Patient position-
ing between radiographs also has the potential to 
alter the measured Cobb angle, given the diffi-
culty of obtaining comparable true frontal projec-
tions (Göçen and Havitçioglu 2001). Regarding 
the equipment, the magnification factor between 
different X-ray rooms may affect the Cobb angle. 
Variance between modality also has potential to 
influence the reliability of the measured Cobb 
angle, for example, between CT and radiography 
or between MRI and radiography (Malfair et al. 
2010). Possibly the factor introducing the great-
est measurement error in the Cobb angle is the 
observer. Multiple studies have shown a large 
interobserver and intra-observer reliability in 
measuring the Cobb angle (Gstoettner et al. 2007; 
Kuklo et al. 2005; Morrissy et al. 1990; Wu et al. 
2014). Selection of the end vertebra accounts for 
some of the poor observer reliability, and this 
has been shown to improve with pre-determined 
selection of the end vertebra (Gstoettner et  al. 
2007; Wills et al. 2007). Computer-assisted mea-
surement may help with reproducibility; how-
ever, this technology is not yet reliable enough to 
replace the input of a trained observer (Wu et al. 
2014). Given the difficulties with reproducibility, 
any measured Cobb angle progression and sub-
sequent surgical decision should be made by the 
responsible surgeon with the same method and 
equipment.

 Clinical Relevance/Implications

The commonest type of scoliosis is the adoles-
cent idiopathic scoliosis (AIS). A systematic 
assessment of the radiographs is needed for clini-
cal purposes with documentation of sequential 
steps which are used in decision-making in the 
management of scoliosis.

 1. Identification of the primary curve: The 
regional curves are identified by the level and 
location of the apex; the curve is called tho-
racic when the apex is found between T2 and 
T11/T12 intervertebral disc, thoracolumbar 
when it is located between T12 and L1 and 
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lumbar curve when the apex is between L1 
and L2 intervertebral disc to L4.

 2. Identification of the main or major curve 
(largest curve) and minor curves: The minor 
curves may be structural, i.e. fixed, if they are 
>25° on the standing PA radiograph and do 
not bend out to <25° on the side-bending 
radiographs or if the regional sagittal profile 
reveals a kyphosis >20° in the standing lateral 
radiograph (Fig. 7.10).

 3. The central sacral line is drawn from the mid-
point of S1 upwards measuring its distance to 
C7 vertebral body in millimetres; alterna-
tively, from C7 vertebral body down to the 
sacrum can also be measured.

 4. Identification of apical vertebra. The apical 
vertebra is the most deviated from the 
patient’s vertical axis, and one needs to mea-
sure the apical translation in proximal tho-
racic, main thoracic and thoracolumbar/
lumbar curves.

 5. Shoulder asymmetry, depending on the height 
of the shoulders, can offer some useful mea-
surements. Shoulder soft tissue shadow mea-
sured by the radiographic soft tissue difference 
can be divided into balanced, i.e. <1 cm, slight 
1–2  cm, moderate 2–3  cm or significant 
>3 cm. The classic radiographic measure has 
been the T1 tilt angle which is the angle 
formed between the cephalad endplate of T1 
to the horizontal in the coronal plane. 
However, the best preoperative radiographic 
prediction of postoperative shoulder balance 
is the clavicle angle, the angle formed by the 
tangential apical line connecting the two clav-
icles (Fig. 7.11).

 6. Identification of end, neutral and stable verte-
bra. End vertebrae are the most tilted vertebrae 
at the cephalad and caudal end of a curve. The 
Cobb angle is the angle formed between the 
superior endplate of the cephalad end vertebra 
and the inferior endplate of the caudal end 

a b

Fig. 7.10 Lateral-bending radiographs: Figure a shows a 
patient bending to the left. Figure b shows the same 
patient bending to the right. The thoracic curve does not 

straighten on bending to the right, making this a fixed or 
structural curve. The lumbar curve straightens on bending 
to the left, making this a non-fixed or nonstructural curve
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 vertebra. The neutral vertebra (NV) is the most 
cephalad vertebra below the apex of the major 
curve whose pedicles are symmetrically 
located within the radiographic silhouette of 
the vertebral body. The stable vertebra (SV) is 
the most cephalad vertebra immediately below 
the end vertebra of the major curve which is 
most closely bisected by the central sacral line. 
Curve flexibility views are essential for evalu-
ating the flexibility of a curve to measure the 
maximal preoperative correction.

Despite the multiple sources of measurement 
error, the Cobb angle is the accepted standard to 
define scoliosis, and an increase in the Cobb angle 
of 5° or more is the definition of curve progres-
sion (Cassar-Pullicino and Eisenstein 2002). The 
Cobb angle may be used to define scoliosis in 
many aetiologies, including adolescent idiopathic 
scoliosis and adult onset degenerative scoliosis 
(Korovessis et al. 1994; Everett and Patel 2007). 
The Cobb angle also defines structural and non-
structural curves or a curve which forms to com-
pensate for a fixed, structural curve. A structural 
curve is one which does not reduce to less than 
25° on bending views. A nonstructural curve will 
significantly reduce on bending or supine posi-
tioning and therefore has the potential for sponta-
neous correction following surgical correction of 
a structural curve (Korovessis et al. 1994).

Adult scoliosis is defined as a lumbar curva-
ture exceeding a Cobb angle of 10° after com-
plete skeletal maturity. Two different types have 
been described, adolescent scoliosis of the 
adult—scoliosis during childhood or adoles-
cence that progresses as patient ages—and de 
novo adult scoliosis, when the deformity devel-
ops after skeletal maturity. Studies have proved 
that adolescent scoliotic curves greater than 50° 
have a high propensity for progression into 
adulthood. De novo adult scoliosis is related to 
progressive disc and posterior osteo-articular- 
ligamentous degenerative changes. There are 
important differences from the adolescent defor-
mity, which include pattern of deformity, natu-
ral history of progression and development of 
degenerative changes. Adult scoliosis has some 
distinct radiographic characteristics. Traditional 
scoliosis parameters, such as Cobb angle, are 
less useful in the assessment of adult scoliosis. 
Adult scoliosis needs assessment over and 
above the Cobb angle in the coronal plane, with 
sagittal plane assessment crucial for a global 
assessment using LL, PT and SVA.  Loss of 
global alignment is important in adult defor-
mity. Sagittal imbalance is significant if the sag-
ittal balance lies anteriorly or posteriorly more 
than 5 cm from the sacral promontory and coro-
nal imbalance when the C7 plumb line is more 
than 3  cm either side of central sacral vertical 

Fig. 7.11 Clavicle angle: The clavicle angle is formed by 
the intersection of a horizontal line and a line connecting 
the highest two points of each clavicle. In a non-scoliotic 
spine, this should be zero
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line. Treatment of fixed sagittal malalignment in 
adult degenerative scoliosis may need an oste-
otomy designed to restore global balance such 
as the pedicle subtraction osteotomy (PSO). 
There is a relationship between LL and PI, and 
as the normal LL range is wide and its meaning 
in isolation of low value, two indices have 
emerged based on the LL and PI relationship: 
the PI-LL index and the LL/PI ratio. Blondel 
et al. (2012) updated adult scoliosis by adding 
PI-LL sagittal modification. Sagittal imbalance 
is immobile in adult scoliosis which leads to 
compensatory mechanisms to maintain sagittal 
alignment, which then leads to pelvic retrover-
sion and thoracic kyphosis  reduction promoting 
sagittal malalignment. The normal PI-LL 
numerical interval is −9 to 9°. A PI-LL mis-
match of 11° or more indicates imbalance. It is 
worth noting however that Schwab found that 
33% of patients with a PI-LL mismatch of >11° 
do not have global imbalance as defined by an 
SVA >5 cm. In the surgical treatment of scolio-

sis, both the coronal and sagittal deformities 
need attention. If there is postoperative sagittal 
imbalance, there is an increased risk of compli-
cations due to increased stress on the adjacent 
non-instrumented segments including flatback, 
implant failure and proximal junctional 
kyphosis.

In adults in whom lumbar scoliosis is the 
principal abnormality, there is rotatory sublux-
ation at L3–L4 and fixed tilt at L4–L5. Rotatory 
olisthesis is a triaxial deformity consisting of 
axial rotation on the vertical axis, lateral trans-
lation towards the convexity of the curve and 
anterior translation in the sagittal axis. The 
most significant radiographic parameters are 
upper endplate obliquities of L3 and L4, lateral 
spondylolisthesis between adjacent lumbar ver-
tebra on the frontal plane and vertebral rotation 
(Fig. 7.12). Ploumis et  al. (2006) developed a 
grading system for lateral rotatory listhesis, 
based on anteroposterior lumbar spine film and 
following the Nash and Moe method for verte-

Fig. 7.12 Endplate obliquity: In adult degenerative scoliosis, the measurement of the Cobb angle becomes less useful. 
Instead, the vertebral endplate obliquity in reference to the horizontal can be measured. A line is drawn across the supe-
rior vertebral endplates, and the angle formed with the horizontal can be used to determine the severity of scoliosis. This 
can be replicated on subsequent radiographs to assess for any disease progression
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bral rotation grading. Increased lateral transla-
tion judged by grading at 5 mm increments is 
associated with increased intervertebral 
rotation.

Degenerative lumbar changes are character-
istic of adult spinal deformity and are often the 
cause of presenting clinical symptoms, disc nar-
rowing, facet arthropathy with ligamentum fla-
vum hypertrophy and lateral spondylolisthesis. 
The radicular leg symptoms on the concavity of 
the curve could be caused by the traction of neu-
ral elements due to rotation and/or translation 
rather than reduced lateral canal dimensions.

 Analysis/Validation of Reference Data

The use of the Cobb angle has been extensively 
studied and validated, since it was first proposed 
by Cobb (1948).

 Conclusion

Cobb angle measurement is an internationally 
accepted standard for the assessment of scoliosis 
while acknowledging the potential for measurement 
error between different observers, measurement 
techniques and biological variance.
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7.7  Ferguson Angle in Scoliosis

 Definition

An alternative measurement of scoliosis, deter-
mined by the intersection of the mid-end verte-
brae and the apical vertebra.

 Full Description of Technique

The centres of the end vertebral bodies are deter-
mined using diagonals. The centre of the apical 
vertebra is best determined in view of morphologi-
cal deformity by drawing two intersecting lines 
that bisect the endplates and lateral outlines of the 
apical vertebral body. The intersection of the diag-
onals for the superior and inferior end vertebra is 
determined and also the centre for the apical verte-
bra (the most deviated from the central sacral line). 
The Ferguson angle is the angle of intersection of 
the mid-diagonal point of the two end vertebra and 
the apical vertebra’s centre (Fig. 7.13).

 Reproducibility/Variation

The Ferguson angle is not generally used as its 
reproducibility is limited (Gupta et al. 2007).

a

C7

Fig. 7.13 Ferguson angle: The Ferguson angle (a) is 
the angle of intersection of the mid-diagonal point of 
the two end vertebra and the apical vertebra’s centre, 
determined by the intersection of the perpendicular 
height and width
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7.8  Vertebral Rotation in Scoliosis

Spinal deformity is a 3-D morphological disorder, 
and its assessment especially before therapeutic 
decisions are made requires the evaluation of the 
rotation in the axial plane of the vertebral bodies.

 1. Nash and Moe Method

 Definition

As scoliosis is a tridimensional deformity, the 
degree of vertebral rotation needs to be mea-
sured. Vertebral rotation is a prognostic factor 
and is important for planning surgical correction. 
Several techniques have been described to esti-
mate rotation. The Nash and Moe method grades 
the rotation by measuring the distance between 
the pedicle and the lateral side of the vertebral 
body at the apex in the coronal plane and compar-
ing the convex with the concave side pedicle dis-
tance. The degree of rotation of the vertebra away 
from the neutral position, as viewed from a coro-
nal perspective, is the basis of this method.

 Full Description of Technique

The vertebral bodies are viewed on a standing 
frontal radiograph, and the convex side of the 
curve is identified. The apical vertebra undergoes 
the maximal rotational deformity. The half of the 
vertebra on the convex side is divided into three 
segments, and the extent of rotation is determined 
by the position of the convex side pedicle in rela-
tion to its position in the segments. In a non- 
rotated vertebra, the two pedicles are viewed 
symmetrically. In grade 1, the convex side pedi-
cle migrates within the first segment. In grade 2, 
the convex pedicle migrates to the second seg-
ment. In grade 3 the convex pedicle reaches the 
middle segment and grade 4 past the midline to 
the concave side of the vertebral body (Nash and 
Moe 1969) (Fig. 7.14).

 Clinical Relevance/Implications

Nash and Moe studied the radiographic effects of 
rotating cadaveric vertebra and the relative 

positions of the convex pedicles and equated this 
to degrees of rotation. Regarding the lower tho-
racic and lumbar vertebra, grade 1 radiographic 
rotation equates to between 5 and 15°, grade 2 
between 15 and 30°, grade 3 20–40° and grade 4 

Convex

Grade 0

Grade 1

Grade 2

Grade 3

Grade 4

Concave

Fig. 7.14 Nash and Moe method of assessing vertebral 
rotation: The position of the convex side pedicle is viewed 
in relation to its position against hypothetical segments of 
the vertebra, as viewed from a frontal radiograph. The 
half of the vertebra on the convex side is divided into three 
segments. Grade 0 is a non-rotated vertebra. In Grade 1, 
the convex side pedicle migrates within the first segment. 
In Grade 2, the convex pedicle migrates to the second seg-
ment. In Grade 3 the convex pedicle reaches the middle 
segment and in Grade 4, past the midline to the concave 
side of the vertebral body
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40–50° (Nash and Moe 1969). They found that 
quantifying rotation according to the convex side 
pedicle gave a more accurate assessment of rota-
tion compared with the method proposed by 
Cobb, namely, by comparing the rotation of the 
spinous process (Cobb 1948).

 2. Mehta Rib-Vertebra Angle Difference

 Definition

This is a marker of vertebral rotation in infantile 
scoliosis (children aged less than 3  years) and 
assesses the relationship of the ribs to the verte-
bral bodies as a marker of rotation viewed on a 
frontal radiograph.

 Full Description of Technique

In essence Mehta found that differences in the 
relationship between the rib and vertebral body 
correlate with infantile scoliosis prognosis. The 
rib-vertebra angle is calculated by intersecting a 
line perpendicular to the apical vertebra endplate 
and a line drawn from the mid head of the rib, and 
the difference between the concave and the con-
vex angle is the rib-vertebra angle difference 
(RVAD). It makes it possible to differentiate 
between progressive scoliosis (>20°) and resolv-
ing scoliosis (< 20°).The rib-vertebra angle is the 
angle formed between the apical thoracic vertebra 

and its corresponding ribs, with the difference 
(RVAD) being the subtraction of the smaller from 
the larger numerical value. A line is drawn along 
the superior vertebral endplate, the midpoint is 
determined and a perpendicular line is drawn. 
Another line is drawn from the midpoint of the 
head of the rib to the midpoint of the head of the 
rib neck and extended medially to intersect the 
line perpendicular to the mid-endplate perpen-
dicular line. This forms the rib-vertebra angle 
(Mehta 1968) (Fig. 7.15).

 Clinical Relevance/Implications

Mehta described a phase 1 and a phase 2  in 
infantile idiopathic scoliosis. In phase 1 the 
convex side rib does not overlap the vertebral 
body on a frontal radiograph, while with phase 
2, the convex side rib does overlap the vertebral 
body. Phase 2 is shown to be a marker of a pro-
gressive scoliosis. Within phase 1, the rib-verte-
bra angle difference values can be a marker for 
prediction of progressive scoliosis. Mehta 
showed that the initial rib-vertebra angle differ-
ence in resolving curves is smaller than in pro-
gressive curves, with a critical difference angle 
of 20°. An increasing rib-vertebra angle differ-
ence on subsequent frontal radiographs at 
3 months shows that the curve is progressive, in 
particular, in those children whose rib-vertebra 
angle difference at presentation is greater than 
20° (Mehta 1968).

Convex Concave

Fig. 7.15 Mehta rib-vertebra angle difference: This is a 
measure of vertebral rotation in infantile scoliosis. The 
rib-vertebra angle is calculated by intersecting a line per-
pendicular to the apical vertebra endplate and a line drawn 

from the mid head of the rib, and the difference between 
the concave and the convex angle is the rib-vertebra angle 
difference. Differences of greater than 20° indicating pro-
gressive scoliotic curvature
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7.9  Cobb Angle in Kyphosis 
and Lordosis

 Indications

The Cobb angle may also be used to assess 
kyphosis and lordosis.

 Full Description of Technique

The superior endplate of T1 and inferior endplate of 
T12 are identified and a line drawn along them. The 
Cobb angle is formed by the angle of intersection of 
the perpendicular lines (Cobb 1948). In assessing 
kyphosis, the endplates of T4 and T9 may be chosen 
to give a more localised assessment or the most 
tilted vertebra. For lordosis the corresponding end-
plates of L1 and L5 are used. In common clinical 
usage, the kyphosis is often measured between T5 
and T12 to improve reproducibility (Fig. 7.16).

 Reproducibility/Variation

Normal values are quoted between 20 and 40° 
with an increase with age and a greater kyphosis 
in females compared with males (Kalichman 
et al. 2009; Mehta 1968).

The thoracic kyphosis may change with age, 
spinal disorders and between different popula-
tions (Boseker et al. 2000). The angle may also 
change with positioning; hence it is influenced 
by radiographic technique. For example, the 
kyphosis may be different if the radiograph is 
taken with the patient’s arms by their side, hold-
ing a support, supine or erect (Boseker et  al. 
2000) (Fig. 7.17).

With lumbar lordosis, values of 30–80° may 
be regarded as normal, with the same caveats as 
for measuring kyphosis. In a normal person, 
lumbar lordosis is roughly the value for pelvic 
incidence +9° (North American Spine Society 
2011).

aa

b

L1

T4

Fig. 7.16 Cobb angle in 
kyphosis: Similar to 
assessing the Cobb angle 
in scoliosis, this angle is 
the intersection of the 
perpendicular lines 
drawn along the 
endplates of the most 
tilted vertebra. If 
measured correctly, 
a = b
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a b

Fig. 7.17 Postural kyphosis: Two radiographs of the 
same patient taken consecutively. In image a, the patient is 
standing, showing an exaggerated lumbar lordosis and 

thoracic kyphosis. In image b, the patient is lying supine 
on a pad with the thoracic and lumbar curves 
straightening
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 Clinical Relevance/Implications

Kyphosis is defined as a posterior convex angu-
lation of the spine, assessed by a lateral radio-
graph. Unlike scoliosis, where any significant 
lateral deviation in the coronal plane is abnormal, 
alignment of the lateral spine has a wide normal 
range, ranging from 20 to 40°.

Thoracic kyphosis as indicated above is mea-
sured using a modified Cobb angle from the 
upper thoracic spine, T1 through T12. Due to the 
difficulties in identifying T1 secondary to shoul-
der interposition, the inferior endplate of T4 is 
used as the upper limit for thoracic kyphosis. A 
kyphosis greater than 45–50° is considered to be 
abnormal.

The thoracolumbar transition angle is 
defined as the angle formed between the superior 
endplate of T10 and inferior plate of L2. Normal 
range is between 0 and 5°.

The vertebral wedging angle is formed by 
the intersection of superior endplate line and 
inferior endplate angle of a vertebra. This angle is 
useful in vertebral fracture sequelae.

A hyperextension lateral radiograph of the 
spine is taken using a polyurethane plastic wedge 
placed at the apex of the curvature to assess the 
flexibility of the kyphosis. In Scheuermann’s 
disease the kyphosis is rigid. It is associated with 
wedged vertebral bodies that occur during late 
childhood. The deformity might be progressive 
and is sometimes painful during its relatively 
acute phase, although the deformity itself is the 
most cause for complaint.

Sorensen described specific diagnostic crite-
ria: increased thoracic kyphosis to greater than 
45°, wedging of vertebral bodies, disc space nar-
rowing with irregular endplates and Schmorl’s 

nodes. These criteria can also be used in cross- 
sectional imaging. Scheuermann’s disease must 
be differentiated from postural round back defor-
mity. Round back deformity is referred to a mod-
erate thoracic kyphosis (40–60°), accentuated 
lumbar lordosis without classic radiographic 
Scheuermann’s changes, normal vertebral bodies 
contour, no wedging or endplate irregularities. 
Clinically and radiographically, the spine is flex-
ible and correctable.

Accurately determining the degree of lordosis 
and kyphosis is important for assessing disease 
states, progression of disease, and for evaluating 
surgical outcomes, in particular, with reference to 
the global sagittal balance.

 Analysis/Validation of Reference Data

Difficulties with measuring the Cobb angle in 
kyphosis and lordosis are similar to those for sco-
liosis. It may be difficult to determine the verte-
bral endplates, and hence the line drawn may not 
be consistent. Determining the upper and lower 
extent of the kyphosis may also affect the interob-
server and intra-observer reliability (Dang et al. 
2005). Other methods have been proposed, such 
as measuring the angle of intersection of the ver-
tebral centroids and radius of curvature to negate 
some of the difficulties with measuring the Cobb 
angle (Briggs et  al. 2007). However, the use of 
the Cobb angle to measure kyphosis has been 
validated with good inter- and intra-observer reli-
ability and remains the current standard (Hong 
et al. 2010).
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7.10  Coronal Balance

This can be determined by the C7 plumb line and 
the central sacral vertical line. The midpoint of 
C7 vertebral body on a frontal radiograph is 
determined by the intersection of the diagonals 
and a dropped vertical line. A vertical line is then 
drawn through the mid-sacral point; the horizon-
tal distance between these two points corresponds 
to the coronal balance. In a normal spine, this 
should be close to zero (Glassman et  al. 2005) 
(Fig. 7.18).

C7

x

Fig. 7.18 Coronal balance, plumb line: Coronal balance 
measures the offset of the centre of C7 vertebral body 
compared with the centre of the sacrum, distance x, with 
vertical plumb lines taken from both points. In a balanced 
spine, this should be close to zero
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Fig. 7.19 Spino-pelvic organisation: Pelvic incidence an 
important parameter in spino-pelvic organisation. It is deter-
mined from the intersection of a line drawn from the centre 

of the femoral heads to the middle of the sacral endplate and 
the line perpendicular to the middle of the sacral endplate. 
This value is constant following skeletal maturity

7.11  Spino-pelvic Organisation

There are three sacro-pelvic parameters that can 
be assessed.

 1. Pelvic Incidence

 Definition

Pelvic incidence was described by Duval- 
Beaupere as the angle formed by the intersection 
of the line drawn from the centre of the femoral 
heads to the middle of the sacral endplate and the 
line perpendicular to the middle of the sacral end-
plate (Legaye et al. 1998).

 Indications

The pelvic incidence is a morphological 
constant once skeletal maturity has been reached, 

determining the relative position of the sacral 
endplate in relation to the femoral heads. It pro-
vides information regarding pelvic compensa-
tion for perturbation in sagittal balance, for 
example, it dictates the ability of the pelvis to 
retrovert.

 Full Description of Technique

The midpoint of the femoral heads is determined 
by drawing a best fit circle and then bisecting the 
diameter. If the femoral heads are not overlapped 
on the radiograph owing to magnification, a line 
joining the centre of both femoral heads is taken as 
the midpoint. A line is then drawn along the best fit 
of the sacral endplate and the midpoint is marked. 
The pelvic incidence angle is the angle between a 
line from the midpoint of the femoral heads to the 
midpoint of the sacral endplate and a line perpen-
dicular to the mid-sacral plate (Fig. 7.19).
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 Reproducibility/Variation
The lowest normal values are 35° and the highest 
85°. The average quoted values are 51.9° and 53° 
(Roussouly et al. 2005; Boulay et al. 2006a). In 
the younger age group, 21–40, average pelvic 
incidence is 52° +/− 10°. For 41–60 yr., it is 53° 
+/− 8°, and age greater than 60, it is 51° +/− 9° 
(http://etext.srs.org).

 2. Sacral Slope

 Definition

Sacral slope (SS) is the orientation of the sacral 
plate in relation to the horizontal.

 Indications

Sacral slope is a positional parameter related to 
pelvic tilt, describing the position of the pelvis.

 Full Description of Technique

A line is drawn along the best fit of the sacral 
endplate. The horizontal is determined with the 
aid of PACS software. The sacral slope is the 
angle between the sacral plate and the  horizontal 
(Fig. 7.20).

 Reproducibility/Variation

This is a positional parameter, dependent on 
pelvic tilt and pelvic incidence. SS values in 
normal children are 38.2°, in adolescents 39.1° 
and in adults 41.2°. The SS value is reduced in 
Scheuermann’s disease <32°.

 3. Pelvic Tilt

 Definition

The pelvic tilt is a further positional parameter 
which influences positioning of the pelvis. It is 
the angle between a vertical line and a line from 
the mid-femoral heads to the centre of the sacral 
endplate. Negative values of PT are noted when 
the midpoint of S1 endplate is anterior to the cen-
tre of the femoral head axis.

 Full Description of Technique

The midpoint of the sacral endplate and femoral 
heads is determined, as described above. The ver-
tical is determined with the aid of PACS soft-
ware. The pelvic tilt is the angle between 
midpoint of the sacral endplate to the mid- 
femoral heads and the vertical (Fig. 7.20).

 Reproducibility/Variation

As with sacral slope, the pelvic tilt is a positional 
parameter. In an adult population, average pelvic 
tilt in ages 21–40  years is 13° +/− 7°, ages 
41–60  years, it is 14° +/− 6° and ages greater 
than 60, it is 16° +/−9° (http://etext.srs.org).

Fig. 7.20 Spino-pelvic organisation: This image shows 
further important parameters in spino-pelvic organisa-
tion—sacral slope and pelvic tilt. The sacral slope is mea-
sured as the angle between the horizontal and the sacral 
endplate. Pelvic tilt is the angle formed by a line joining 
the mid-femoral heads to the mid-sacral endplate and the 
vertical. Pelvic incidence (see Fig.  7.19)  =  pelvic 
tilt + sacral slope
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 Clinical Relevance/Implications

The numerical value of pelvic tilt and sacral slope 
can be summated to equal the value of the pelvic 
incidence, with the following equation:

Pelvic incidence  =  pelvic tilt + sacral slope 
(Roussouly and Pinheiro-Franco 2011) 
(Fig. 7.20).

PI is generally regarded as the fundamental 
pelvic parameter for 3-D regulation of sagittal 
spinal curves. It increases during childhood and 
adolescence and becomes fixed at skeletal matu-
rity remaining constant thereafter in adulthood. 
Normally in children the PI is 43.7°, in adoles-
cence 46.9° and in adults 54.7°. The relatively 
fixed pelvic incidence is a marker of the potential 
for pelvic compensation in disorders of align-
ment. Low values of pelvic incidence (<35°) can 
be seen in Scheuermann’s disease, and greater 
than 85° can be seen in degenerative spondylolis-
thesis (Labelle et al. 2011). The latter high PI is 
associated with a reduction of LL which in turn 
promotes sagittal malalignment which can be 
judged by the PI-LL modifier or the PT/PI ratio. 
As compensatory mechanisms are not sufficient, 
there is usually an anterior C7 tilt.

A lower PI value <44° as seen in Scheuermann’s 
disease (SD) generally equates to a more vertical 
pelvis and flattened lordosis and less ability to tilt 
to compensate for any pathology in alignment. 
An increased TK in SD patients is initially com-
pensated by an increase in LL to maintain neutral 
sagittal balance. A point is reached when it is no 
longer possible to increase the LL, and further 
increases in TK are compensated by a posterior 
tilt of the pelvis that decreases SS, and as PI is 
fixed it increases PT. Conversely, a higher pelvic 
incidence (>62°) equates to a more horizontal 
pelvis, more pronounced lordosis and generally 
means more possibility of pelvic  tilting/retrover-
sion and therefore compensation for any more 
proximal disorders in sagittal balance (Boulay 
et  al. 2006a). Pelvic incidence has also been 
shown by Roussouly et al. to be related to lumbar 
lordosis, with classification into four different 
types in healthy volunteers dependent on their 

pelvic incidence (Roussouly et  al. 2003, 2005). 
He concluded that different types of spino-pelvic 
complexes lead to different patterns of degenera-
tive disease in the spine. The four proposed types 
of lumbar alignment based on SS and PI values 
predict the natural history of lumbar morphology. 
Blondel et al. showed that patients with a PI-LL 
mismatch (defined as PI-LL  >  11°) are more 
prone to global malalignment, increased risk of 
pelvic retroversion and severe disability risk. In 
adult scoliosis LL and TK change significantly 
and are correlated with pain. High values of PI 
predispose to degenerative spondylolisthesis 
(DS), while reduced LL and TK are seen in lum-
bar spinal stenosis (LSS). DS shows significantly 
greater PI and SS than normal population and 
LSS.  DS also shows significantly LL than 
LSS. LSS shows significantly greater PT than DS 
and normal population. Pelvic retroversion 
assessed by the PT value is different in DS and 
LSS.  DS shows significantly smaller PT values 
and greater SS values than LSS. As PT and SS 
are inversely related (PI = PT + SS), a ratio can be 
created which denotes pelvis position, whereby 
the PT/SS ratio should ideally be <1 for ideal 
alignment without pelvic compensation. The PT/
SS ratio is greater in LSS than DS and the normal 
population suggesting that the pelvis is more ret-
roverted (PT/SS >1) in LSS than DS. Slight dif-
ferences in pelvic incidence have been shown 
across different age groups, indicating that this 
parameter is not entirely fixed. The values of the 
sagittal spino-pelvic parameters are also useful in 
postoperative assessment. Hyperkyphosis after a 
lumbar PSO can have a marked negative effect on 
SVA reversing the beneficial alignment effect of 
the surgery. Blondel et al. concluded that a larger 
PI requires a larger LL for spino-pelvic alignment 
which is also associated with a higher TK and CK 
(Blondel et al. 2013).

A paper assessing a cohort from the general 
population has shown the importance of all the 
pelvic parameters in association with back pain, 
with a higher pelvic incidence and sacral slope 
being associated with severe pain (Jackson et al. 
2000b).
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 Analysis/Validation of Reference Data

The spino-pelvic parameters have been validated 
in multiple studies (Roussouly et  al. 2005; 
Roussouly and Pinheiro-Franco 2011) (North 
American Spine Society 2011; http://etext.srs.
org; Mac-Thiong et al. 2010).

Accuracy of PI and PT measurements depends 
on the accurate identification of the coxofemoral 
joints on the lateral long-cassette standing radio-
graph and the S1 endplate. Precision and accuracy 

of PI measurements reported by Duval-Beaupere 
are 2 and 3°, respectively. Reproducibility for PI 
measurements on radiographs is 6°, while digital 
radiographs improve reproducibility and reliabil-
ity. It is essential that proper S1 endplate position-
ing takes place when measuring PI and PT. When 
the femoral heads are not quite superimposed, the 
centre of the bicoxofemoral axis joining the cen-
tre of the two femoral heads is taken as the origin 
of the measurement point.
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7.12  Sagittal Balance

Sagittal balance is the alignment of C7 to the poste-
rior superior aspect of the sacrum. The distance 
between the vertical line downwards from C7 to the 
sacrum should range from −2 cm to +2 cm. Positive 
balance is considered to exist when the line lies 
anterior to the sacrum and negative balance when 
the plumb line lies posterior to the sacrum. 
Adolescents usually have a negative balance.

Sagittal balance describes the alignment of the 
spine in the anteroposterior dimension and can be 
quantified by the measurements described below.

 1. C7 Plumb Line

 Definition

A vertical line dropped from the midpoint of C7 
vertebral body (Roussouly et al. 2006).

 Indications

This is a marker of global sagittal balance, deter-
mined by where the centre of C7 vertebral body 
lies in relation to the sacrum and hip axis. C7 is 
chosen as a reference point owing to its relative 
ease of identification on a lateral spine radiograph.

 Full Description of Technique

A vertical plumb line is dropped from the centre 
of C7 vertebral body. The plumb line position is 
assessed in relation to the posterior edge of the 
sacral endplate (Fig. 7.21).

 Reproducibility/Variation

In most asymptomatic adults, the C7 plumb line 
lies behind or at the posterior edge of the sacral 
endplate and less than 5  cm (North American 
Spine Society 2011; Roussouly et  al. 2006). A 
study by Roussouly showed that C7 does not 
directly correlate with the ground reactive forces/
centre of gravity for the patient; however, it 
serves as a surrogate radiographic marker for the 
centre of gravity and a measure of overall sagittal 
balance (Roussouly et al. 2006).

 2. Spinosacral Angle

 Definition

The angle between the centre of C7 vertebral 
body and the sacral endplate.

 Indications

This angle quantifies the global kyphosis of the 
whole spine and therefore is a marker of sagittal 
balance.

 Full Description of Technique

Commercially available software can be used to 
determine these points (Roussouly et  al. 2003, 
2005) (Fig. 7.22).

C7

x

Fig. 7.21 Sagittal balance C7 plumb line: The C7 plumb 
line is a marker of global sagittal balance, determined by 
where the centre of C7 vertebral body lies in relation to 
the posterior edge of the sacral endplate. A vertical plumb 
line is dropped from the mid C7 vertebral body, and the 
horizontal distance between this line and the posterior 
edge of the sacral endplate is measured (x). This is known 
as the sagittal vertical axis (SVA)
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 Reproducibility/Variation

The mean spinosacral angle is 130.4°, with a 
slight difference between males and females. 
(Females = 131.2°, males = 129.5 (Mac-Thiong 
et al. 2010)). In a balanced spine, the spinosacral 
angle is proportional to the sacral slope. In 
pathology with increased kyphosis or loss of lor-
dosis, the angle decreases.

 3. Sacral Inclination

 Definition

The angle between the line perpendicular to a line 
along the posterior border of S1 to a line  perpendicular 
to the vertical lateral edge of the radiograph.

 4. Spinal Tilt

 Definition

The angle between the centre of C7 vertebral 
body and the centre of the sacral endplate (Mac- 
Thiong et al. 2010).

 Indications

A marker of sagittal balance.

 Full Description of Technique

The centre of C7 vertebral body is determined, 
as described above, and a line is drawn to the 
centre of the sacral endplate. The spinal tilt is 
the angle formed between this line and the hori-
zontal, determined as described above. An angle 
greater than 90° indicates the centre of C7 verte-
bral body is posterior to the centre of the upper 
sacral endplate, with the converse being true for 
values less than 90° (Fig. 7.23).

C7

Fig. 7.22 Spinosacral angle: This global measurement of 
sagittal balance is the angle formed between the sacral 
endplate and the centre of C7 vertebral body. The centre 
of C7 vertebra is determined by a line intersecting the 
midpoint of the diagonals drawn across the vertebral 
body. A line is then drawn to the mid-sacral endplate and 
the angle is measured between the C7-sacral endplate 
intersection and the line across the sacral endplate

C7

Fig. 7.23 Spinal tilt: This is a further measure of global 
sagittal balance, formed by a line joining the mid C7 verte-
bral body to the mid-sacral endplate and the horizontal. The 
horizontal is identified as perpendicular to the C7 plumb line
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222

 Reproducibility/Variation

A prospective study of 709 asymptomatic people 
showed the mean spinal tilt to be 90.8°, with two 
standard deviations on either side being 84.1° 
and 97.5°. The mean value for females is 91.4° 
and males 90.2° (Mac-Thiong et al. 2010).

 5. C7 Translation Ratio

 Definition

This ratio determines the relative position of the 
centre of C7 compared with the hip axis.

 Indications

A marker of sagittal balance.

 Full Description of Technique

A plumb line is dropped from the centre of C7 ver-
tebral body, and the horizontal distance between 
this line and the mid-sacral endplate is measured. A 
vertical line is drawn from the mid- sacral endplate, 
and the horizontal distance between this line and 
the mid-femoral point (hip axis) as described previ-
ously is determined. The C7 translation ratio is the 
horizontal distance from C7-mid-sacral endplate 
divided by the mid- femoral point—mid-sacral 
endplate (Boulay et al. 2006b) (Fig. 7.24).

 Reproducibility/Variation

The mean C7 translation ratio is −1.1 with no dif-
ference between males and females. This means 
that most adults stand with the C7 plumb line in 
front of the sacral endplate but behind the hip 
axis. This ratio is perceived to be harder to visu-
alise compared with the global position of C7—
sacral endplate, limiting its clinical utility.

C7

b

a

Fig. 7.24 C7 translation ratio: This ratio is defined as 
a/b. In adults, this generally has a negative value, 
meaning that most adults stand with the C7 plumb line 
in front of the sacral endplate. The centre of C7 verte-
bra is determined by a line intersecting the midpoint of 
the diagonals drawn across the vertebral body, and a 
plumb line is drawn. A vertical plumb line is also 
drawn from the mid-sacral endplate. The horizontal 
distance between the two plumb lines is then measured 
(a) and divided by the distance between the vertical 
sacral endplate plumb line and the femoral heads (b) to 
obtain the ratio
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 6. T9 Sagittal Offset

 Definition

This parameter has been used to define global 
sagittal balance.

 Full Description of Technique

The midpoint of T9 vertebral body is determined, 
as above, and a line is drawn connecting the mid- 
femoral axis. The angle between this line and the 
vertical represents the T9 sagittal offset.

 Reproducibility/Variation

The mean for females is −10.5° and for males 
−10.2° with no significant difference between 
the genders (Vialle et al. 2005).

 Analysis/Validation of Reference Data

The values for sagittal balance have been deter-
mined in asymptomatic volunteers (Mac-Thiong 
et al. 2010; Vialle et al. 2005), with alteration in 
pathologies (Legaye 2011).

 Clinical Relevance/Implications

Sagittal balance is important in the global 
assessment of patients with spinal disorders, in 

particular for surgical planning to allow return 
to normal function and to minimise the risk of 
adjacent segment disease. Abnormal sagittal 
balance is associated with a worse perception 
of quality of life (Harroud et  al. 2013). 
Incomplete restoration of sagittal balance is 
thought to be responsible for the failure to 
relieve symptoms in spinal surgery, the so-
called “flat-back” deformity. Disturbances in 
sagittal balance are shown to be related to back 
pain, in particular in females (Jackson et  al. 
2000b). In adult patients with scoliosis, restor-
ing sagittal balance is more important for func-
tion and reduction in pain compared with 
coronal balance (Glassman et al. 2005).

In the advanced stages of ankylosing spondy-
litis with a rigid thoracolumbar kyphosis, there 
are accompanying severe abnormalities of sagit-
tal balance resulting in a fixed downward gaze. In 
an attempt to compensate for this, the patient 
changes their posture, with flexion at the ankles 
and knees, extension of the hips and retroversion 
of the pelvis. This tilts the fixed section of the 
spine backwards, to realign the gaze; however, 
this position is uncomfortable and inefficient in 
terms of energy usage. One of the aims of surgi-
cal intervention in ankylosing spondylitis is to 
correct the sagittal imbalance (Debarge et  al. 
2011; Tokala et al. 2005).
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7.13  Spondylolisthesis: Anterior 
Displacement

 Definition

The pathological displacement of one vertebra 
over another, most commonly at L5–S1.

 Indications

An accurate measurement of the displacement of 
one vertebra over another, either as a numerical 
value (3 mm or greater) or percentage, is useful 
to classify the extent of the pathology, to plan 
surgery and for follow-up.

 Full Description of Technique

Deformity results from a translational displace-
ment and from an angular displacement. The per-
centage of slippage is measured with the classic 
Meyerding method where grade 1 is slippage of 0 
to 25%, grade 2 from 25 to 50%, grade 3 from 50 
to 75% and grade 4 greater than 75%. Other 
angles can be subtended relating the deformity to 
its severity (Fig. 7.25).

Slip angle is defined as the angle subtended by 
the inferior endplate of L5 and the line drawn 

perpendicular to the posterior aspect of S1 verte-
bral body.

Lumbosacral angle of Dubousset is defined as 
the angle subtended by the superior endplate of 
L5 and the line drawn along the posterior aspect 
of the S1 vertebral body.

Lumbosacral angle is described as the angle 
subtended by the S1 endplate and the superior 
endplate of L5.

Progression risk increases in women during 
the pre-puberty growth spurt. Radiological fac-
tors related with slippage progression are type I, 
dysplastic spondylolisthesis, trapezoidal shape of 
L5 or round sacrum. Children and adolescents 
with a slip percentage greater than 30–50% have 
high rates of progression and need surgical 
fusion. Slip angle greater than 55° is also associ-
ated with progressive deformity.

 Meyerding Method

Meyerding’s original classification in 1931 does 
not require absolute measurements. The supe-
rior sacral endplate is divided equally into quar-
ters, and the position of L5 in relation to this is 
noted. In this classification, the precise location 
of L5 intersecting S1 (e.g. the posterior or ante-
rior corner) is not described (Meyerding 1931) 
(Figs. 7.25 and 7.26).

ba

Fig. 7.25 Spondylolisthesis: The degree of olisthesis of 
L5 on S1 can be measured either in relation to the inter-
section of a line perpendicular to the sacral endplate and 
the posterior inferior corner of L5 (a) or the intersection of 

a line drawn along the posterior border of L5 vertebral 
body and the intersection of the sacral endplate (b). The 
latter (b) is the more commonly used method
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Many different methods using a slip percent-
age value for measuring the anterior displace-
ment of one vertebra over another (Capasso et al. 
1992) have been subsequently described follow-
ing Meyerding’s proposal. One method involves 
drawing a line across the superior endplate of S1 
and then taking a line perpendicular to this, inter-
secting the posterior inferior corner of L5. The 
displacement of L5 on S1 is then measured along 
the sacral endplate. Another method (Taillard) 
also involves drawing a line along the superior 

endplate of S1 and then intersecting this with a 
line drawn along the posterior border of L5. The 
displacement is then measured in relation to the 
superior sacral endplate (Fig. 7.25).

 Taillard Method

In the method proposed by Taillard, the anterior 
displacement of the vertebra above is measured 
as a percentage to the width of the endplate of the 

a b

c d

X

Y

X

Y

X

Y

Fig. 7.26 Spondylolisthesis: Multiple different methods 
can be used for determining the olisthesis of one vertebra 
over another. (a) shows the Meyerding method, whereby 
the percentage slippage is gauged in reference to quarters 
of the sacral endplate. For (b) the Taillard method, (c) the 
Boxall method and (d) the Wright and Bell method, the 
slip percentage is calculated as X/Y × 100. In the Taillard 
method, a line is drawn along the sacral endplate (Y), and 
a further line is drawn along the posterior border of the 

sacrum. The distance (X) is then measured between the 
continuation of a line along the posterior border of the 
sacrum and the inferior corner of L5 vertebra. In the 
Boxall method, the measurement of (X) is the same as the 
Taillard method; however, (Y) is taken as the length of the 
inferior L5 endplate. In the Wright and Bell method, (X) is 
measured also as above, but (Y) is the distance of the supe-
rior endplate of L5
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vertebra below (Taillard 1954). This is more 
accurate and is especially useful in monitoring 
progression on follow-up (Fig. 7.26).

Other methods take the displacement percent-
age in relation to L5 vertebral body (both the 
inferior and superior endplates) rather than S1.

 Boxall Method

In this method the distance from the posterior out-
line of the inferior endplate of L5 to the posterior 
tip of S1 endplate is divided by the distance of the 
inferior L5 endplate  ×  100 (Boxall et  al. 1979) 
(Fig. 7.26).

 Wright and Bell Method

In this method the distance between the posterior 
outline of the inferior endplate of L5 to the poste-
rior tip of S1 endplate is divided by the distance 
of the superior L5 endplate x 100 (Wright and 
Bell 1991) (Fig. 7.26).

Neutral radiographs provide some indirect 
signs indicative of spinal instability, such as trac-
tion spur, horizontally-oriented osteophyte or 
intervertebral vacuum phenomena.

Although dynamic radiographic techniques 
are the only techniques that can demonstrate 
abnormal movements, they are debatable and 
have poor clinical correlation. The reliability of 
assessing intervertebral displacement with plain 
radiographs is questionable because of the lack of 
standardised techniques, measurements and dif-
ferent postures of the patients. Measurements can 
be made directly from resting or flexion- extension 
radiographs. Sagittal plane displacement greater 

than 4.5 mm or 15% of the anteroposterior diam-
eter of the vertebral body on a static lateral radio-
graph should be considered potentially unstable.

 Reproducibility/Variation

As for all other measurements, the values are 
affected by inter- and intra-observer variation and 
are not necessarily equivalent between the differ-
ent modalities. For example, on radiographs the 
anatomy may be hard to define, while on MRI, 
the image resolution and slice thickness may 
adversely affect accurate measurement.

 Clinical Relevance/Implications

The treatment of spondylolisthesis requires 
knowledge of the aetiology (e.g. spondylotic or 
degenerative) and also the extent of displace-
ment, either through an absolute measurement or 
percentage.

 Analysis/Validation of Reference Data

The two most commonly used measurements 
are influenced by the lumbosacral angle, with 
significant differences in the percentage dis-
placement using the two first described meth-
ods, reported in the paper by Bourassa-Moreau. 
The authors conclude that neither method is 
superior to the other; however, the measuring 
technique must be accurately described in stud-
ies requiring spondylolisthesis measurement 
(Bourassa-Moreau et al. 2010).
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7.14  Spondylolisthesis: Altered 
Spinal Geometry

Alterations due to progressive mechanical forces 
on a growing spine take place in spondylolisthe-
sis. This affects the displaced vertebral body’s 
 morphology and its angular relationships with the 
vertebrae above and below. In addition there is an 
anterior shift of the spine’s centre of gravity which 
increases with the degree of anterior displace-
ment. This is counterbalanced by an increased 
lordosis and a straightened pelvic orientation. In 
combination there is a summation of these effects 
producing a global impact on the spino-pelvic 
sagittal balance which can be of several types. 
Evaluation of these changes using angular mea-
surements forms the basis of identifying surgical 
candidates.

 1. Lumbar Index

In the presence of a spondylolisthesis in a grow-
ing spine, morphological changes to the vertebral 
bodies involved in the olisthesis are commonly 
present. For example, in spondylolisthesis at the 
L5/S1 level, it is common to have the postero- 
inferior corner of the L5 vertebral body displaced 
posteriorly, which introduces errors in measure-
ments if one uses a measurement that relies on 
the inferior endplate of L5 as a reference point. 
For these reasons, in the calculation of displace-
ment percentage, McCarty et al. described taking 
the superior border of L5 to be more accurate 
compared with the inferior border (McCarty 
et al. 2009). To mitigate for this, Wiltse proposed 
a way of defining the location of the postero- 
inferior corner of L5. A first perpendicular line 
defines the AP width of the superior endplate 
with the anterior vertebral body line, and this 
measurement is then drawn as a second perpen-
dicular line along the inferior endplate of L5 
(Fig. 7.27). The measurements are also affected 
by hypoplasia of L5 (Niggemann et al. 2012) and 
doming of the sacrum (Mac-Thiong et al. 2007). 
The whole of the posterior portion of the L5 ver-
tebral body may be hypoplastic and wedged pos-
teriorly. This is likely if the anterior slip is >30%. 

The anterior vertebral body height is significantly 
greater than the posterior height (Fig. 7.28).

The lumbar index is calculated by dividing 
the posterior height by the anterior height and 
multiplied by 100. A lumbar index of 90% is nor-
mal, while in spondylolisthesis it averages around 
70% (Fig. 7.28).

Fig. 7.27 Defining the posterior border of L5  in L5/S1 
spondylolisthesis: Altered morphology of the vertebral 
body in spondylolisthesis can adversely affect measure-
ments. Wiltse proposed this method for assessing the 
potential inferior border of L5, prior to any morphological 
changes secondary to the olisthesis. The length of the 
superior endplate is measured, and then the same distance 
is measured along the inferior endplate. This is then taken 
to represent the inferior corner of the vertebra, negating 
the effects of any alteration in shape owing to altered 
morphology

x

y

Fig. 7.28 Lumbar index: This is measured as Y/X × 100, 
with X being the anterior height of the vertebral body and 
Y being the posterior height. The lumbar index is decreased 
in long-standing spondylolisthesis owing to hypoplasia of 
the posterior aspect of L5 vertebral body
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 2. Lumbar Lordosis

The centre of gravity shifts anteriorly directly 
proportional to the degree of anterior vertebral 
displacement in spondylolisthesis. The spine 
above the olisthesis responds by increasing the 
lumbar lordosis in accordance with the degree of 
slip in an attempt to restore the centre of gravity. 
The normal lumbar lordosis is 35° (range 
25–45°). Using the method employed by Wiltse 
(1983), this is measured by drawing perpendicu-
lars to lines passing through the upper endplate 
of L1 and superior endplate of L5  in an L5/S1 
spondylolisthesis and the superior endplate of 
L4 in an L4/L5 spondylolisthesis (Fig. 7.29).

3.  Sacral Inclination

Due to the anterior shift of the centre of gravity, 
the sacral inclination decreases with increasing 
anterior displacement, in an attempt to compen-
sate for this by straightening the pelvis. Sacral 
inclination (sacral tilt) is determined on the lateral 
coned radiograph of L5/S1 by drawing a tangent 
to the posterior outline of S1 and measuring the 

angle it subtends with a vertical plumb line. 
Normally the angle is 52° (range 44–60°). Surgical 
intervention is offered when the angle is <35° 
(Fig. 7.30).

a

Fig. 7.31 Sagittal rotation in L5–S1 spondylolisthesis: In 
spondylolisthesis this angle of sagittal rotation (a) shows 
the relationship of L5 and S1. It is measured by calculat-
ing the angle between the posterior S1 tangent to the ante-
rior L5 tangent. Normally this is 30°

a

Fig. 7.29 Measuring lordosis in L5–S1 spondylolisthe-
sis: This angle is measured from the intersection of per-
pendiculars passing through the superior endplate of L1 
and the superior endplate of L5  in an L5–S1 
spondylolisthesis

a

Fig. 7.30 Sacral inclination in spondylolisthesis: Spinal 
geometry is perturbed in spondylolisthesis, with altera-
tions in sacral inclination to rectify sagittal balance. The 
angle of sacral inclination (a) is measured between the 
vertical perpendicular and the posterior border of the 
sacrum. Normally this is 50°
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C7

Fig. 7.32 L5–S1 spondylolisthesis and a balanced spine: 
High-grade spondylolisthesis with compensatory bal-
anced spine and the C7 plumb line falling just anterior to 
the femoral heads. The midpoint of C7 vertebral body is 
determined, and a vertical line dropped. The position of 
this plumb line is then assessed in relation to the centre of 
the femoral heads

C7

Fig. 7.33 L5–S1 spondylolisthesis and an unbalanced 
spine: High-grade spondylolisthesis with unbalanced 
spine and the C7 plumb line falling markedly anterior to 
the femoral heads, measured as described previously

4.  Sagittal Rotation

Sagittal rotation or slip angle increases with 
increasing rotational displacement of the dis-
placed vertebra. It is measured by calculating the 
angle between the posterior S1 tangent and the 
anterior L5 tangent. Normally it is 32 ° in adoles-
cents (range 23–41°) (Fig. 7.31).

5.  Ferguson Angle 
in Spondylolisthesis

This angle is calculated by measuring the angle 
between the tangential line passing through the 
superior endplate of S1 and the horizontal line 
and normally should be 35°.

6.  Sagittal Balance (Fig. 7.32)

Besides the abnormal sacro-pelvic morphology 
and orientation described above, spondylolis-
thesis also disturbs the global sagittal balance 
of the spine. Patients with spondylolisthesis can 
have different variations of how they adapt their 
posture. This is important as in spondylolisthe-
sis sagittal balance has been shown to have an 
important influence on surgical outcomes. The 
Spinal Disorders Study Group has proposed a 
classification of spino-pelvic organisation and 
sagittal spino-pelvic balance in spondylolisthe-
sis, to try and bring order to a heterogeneous 
group of pathologies (Labelle et al. 2011). The 
degree of slip is determined from a lateral 
radiograph and classified into low grade (<50%) 
or high grade (>50%). The global sagittal 
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 balance is then determined by assessing the pel-
vic incidence, sacral slope, pelvic tilt and the 
C7 plumb line. In low-grade spondylolisthesis, 
three types of sacro-pelvic balance have been 
identified.

Type 1—“nutcracker” type, low pelvic inci-
dence (<45°)

Type 2—normal pelvic incidence (45°–60°)
Type 3—“shear” type, high pelvic incidence 

(>60°)
In high-grade spondylolisthesis, there are also 

three different subtypes, determined by whether the 
patient has a balanced or unbalanced sacro- pelvic 
organisation and the position of the C7 plumb line. 
This gives rise to:

Type 4—balanced pelvis

Type 5—retroverted pelvis with balanced 
spine (Fig. 7.32)

Type 6—retroverted pelvis with unbalanced 
spine (Fig. 7.33)

The presence of multiple patterns of sacro- 
pelvic morphology and balance suggests that the 
underlying biomechanical aetiology of the spon-
dylolisthesis may be different between patients, 
and this should be taken into consideration with 
any proposed surgical management. Surgical 
decision-making ideally should account for the 
different spino-pelvic organisations, with the 
optimal surgical procedure for each of the 6 
types still to be fully validated in the surgical 
literature.
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1

2
3

4 5

Fig. 7.34 Risser index: This illustration shows the origi-
nal method described by Risser for determining skeletal 
maturity. Stage 0, no ossification. Stage 1, ossification 
within first quarter. Stage 2, ossification extending into 

second quarter. Stage 3, ossification into the third quarter. 
Stage 4, ossification into the fourth quarter to completion 
of the apophyseal line excursion. Stage 5, fusion of the 
apophysis

7.15  Skeletal Maturity

Skeletal maturity assessment for the purposes of 
assessing the residual growth potential of the ver-
tebral bodies is an important parameter in deciding 
therapeutic options for spinal deformity, especially 
in adolescent idiopathic scoliosis. Radiographic 
assessment of the vertebral bodies directly is use-
ful, whereby incorporation of the endplate apoph-
ysis with the vertebral body indicates maturity. 
Bone age assessment using hand radiographs is 
also a useful additional tool, but it is the assess-
ment of the degree of ossification and state of 
fusion of the iliac apophysis that is favoured as a 
parameter of growth potential by spinal surgeons.

 Risser Index

 Definition

The Risser index is a measure of the extent of 
ossification of the iliac apophysis (Risser 1958).

 Indications

Knowledge of the degree of skeletal maturity is 
useful in the management of adolescent idiopathic 
scoliosis.

 Full Description of Technique

The assessment is taken from an anteroposterior 
image of the pelvis, with visualisation of the 
entire pelvis (Bitan et al. 2005) (Fig. 7.34).

The original method is more widely used in 
North America compared with the French varia-
tion, which is mainly used in France and Europe. 
See Table 7.2 for a comparison between the two 
methods.

Table 7.2 Table showing the differences between the 
two Risser methods of grading skeletal maturity as 
assessed by the iliac apophysis

Risser 
stage Original method French method
0 No ossification No ossification
1 Ossification within first 

quarter
Ossification within 
the first third

2 Ossification extending 
into second quarter

Ossification 
extending into the 
second third

3 Ossification into the 
third quarter

Ossification of the 
entire apophysis

4 Ossification into the 
fourth quarter to the 
completion of the 
apophyseal line excursion

Start of fusion 
of the apophysis 
to the ilium 
posterior-medially

5 Fusion of the apophysis Complete fusion 
of the apophysis to 
the ilium

7 Thoracolumbar Spine



232

 Reproducibility/Variation

Assessment of the Risser stage has been shown to 
have good interobserver and intra-observer reli-
ability (Yang et  al. 2014). The accuracy is 
improved by a review of the whole pelvic image, 
rather than the ilium alone, likely owing to the 
combined assessment of other ossification cen-
tres, such as the greater trochanter (Reem et al. 
2009). Other authors have shown improved accu-
racy with the inclusion of yet more ossification 
centre, such as the ribs (Hoppenfeld et al. 2004).

 Clinical Relevance/Implications

The Risser assessment is an indicative measure 
of the residual growth potential of the vertebral 
bodies. Curves tend to progress during the 
growth spurt and cease at skeletal maturity, so 
during the growth spurt period progress must be 
closely followed up. Treatment decisions are 
taken depending on the curve, rate of progres-
sion and skeletal age. Large curves tend to prog-
ress after skeletal maturity has ended. There are 
several methods for evaluating skeletal matu-
rity; some are used together in order to provide 
a more accurate evaluation of skeletal age. 
Skeletal age is determined by comparing a 

patient’s left-hand radiograph with the popula-
tional standard, most frequently using the 
Greulich and Pyle method.

Risser was the first to document the coinci-
dental development and ossification of verte-
bral apophyseal endplate growth and the 
excursion of ossification of the iliac apophysis. 
Ossification starts at the anterior superior iliac 
spine and progresses to the posterior superior 
iliac spine and ends with the complete fusion 
of the iliac crest. Stages are divided into quar-
ters and are correlated with the curve magni-
tude progression.

The ossification of the iliac apophysis corre-
lates with skeletal maturity (Biondi et al. 1985). 
The Cobb angle in adolescent idiopathic scolio-
sis has been shown to progress in line with 
growth and to cease progression once skeletal 
maturity is reached. Therefore, accurately deter-
mining the state of skeletal maturity is a useful 
parameter in the management of adolescent idio-
pathic scoliosis.

  Conclusion

Knowledge of spinal measurements is a valuable 
tool for determining normality and therefore any 
disturbances in pathology.
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8.1  Introduction

Over the last 20 years the “forgotten” shoulder 
joint has attracted a lot of orthopaedic attention 
primarily focused on rotator cuff disease, 
instability and arthroplasty. New orthopaedic 
concepts and a better understanding of the rela-
tionship between shoulder structure and func-
tion have increased the role of, and demand for 
imaging of the shoulder. With this increased 
interest, an increased application of imaging 
methods has evolved to support diagnosis, 
therapeutic decision making and outcome 
assessment. Revisiting the conventional radio-
graph has led to the creation and harnessing of 
a number of measurements, whose values 
relate not only to structural relationships but 

more importantly to shoulder function. 
Increasingly these values are sought for before 
arthroscopic procedures but also prior to carry-
ing out a shoulder replacement, to optimise the 
choice and ensure accurate placement of the 
implanted prosthesis. Cross-sectional imaging 
(CT and MRI) has also been used to provide 
accurate measurement of important structures 
such as the glenoid and acromion whose mor-
phology is difficult to ascertain with conven-
tional radiography. As noted by Natsis et al. 
(2007), these techniques along with ultrasound 
also provide visualization of the soft tissues of 
the shoulder, which are increasingly being 
employed in providing qualitative and quanti-
tative values to aid clinical diagnosis and 
management.
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8.2  Lines and Landmarks

It is essential that there is a clear understanding 
and agreement concerning the appropriate ana-
tomical landmarks that need to be optimally visu-
alised as a prerequisite to accurate measurement. 
This is particularly important in a complex ana-
tomical structure like the shoulder girdle. As in 
the pelvic girdle, it requires a sound anatomical 
knowledge which needs to be translated into the 
plan of carrying out the measurement. This is 
reflected by the high degree of attention to detail 
that is required in image procurement and opti-
mal use of modalities to minimise the error rate.

 Glenohumeral Parameters

The conventional true AP radiograph plays an 
essential preliminary role in diagnosis and is the 
mainstay for a number of measurements. Good 
quality radiographs should allow clear depiction 
of bony anatomy with specific reference to the 
acromion, glenoid, coracoid process and humeral 
head to include the proximal humerus. A true AP 
view of the glenohumeral joint is essential for 
measurement purposes. This needs to be acquired 
using a standard technique to ensure accuracy and 
reproducibility. The patient’s arm is positioned by 
the side in 0° of abduction, extension and external 
rotation. The cassette is placed posterior to the 
symptomatic shoulder and the patient is rotated 
towards this shoulder by 35° so that the cassette 
lies parallel to the scapula. The beam is centred 
perpendicular to the cassette with an FFD of 
105 cm which provides a magnification of 110%. 
This view can be obtained with the patient supine 
but ideally upright with the arm at rest by the side 
of the body (Fig. 8.1). A dynamic element can be 
introduced by employing the Leclercq’s manoeu-
vre to the weight bearing arm which is placed in 
abduction for optimal assessment of the subacro-
mial space. In addition a caudal 20° tilt can also 
be added to assess the acromial anatomy and rela-
tionship to the humerus.

The anatomical interplay of the various 
humeral and glenoid dimensions dictate the 
functional performance of the articulation. This 

is particularly relevant in post-traumatic recon-
struction and shoulder replacement as 
 emphasised by Ianotti et al. (1992) The articular 
surface of the humeral head is defined by its size 
and shape. In turn the size of the articular sur-
face is defined as its radius of curvature and its 
thickness. The articular surface of the humeral 
head has a normal posterior and medial offset 
with respect to the central axis of the humeral 
shaft. The posterior humeral offset is defined as 
the distance between the axis of the medullary 
canal and the centre of humeral head in the 
anteroposterior direction. Normally the humeral 
head lies 0-4  mm posterior to the axis of the 
humeral shaft. The humeral head is normally ret-
roverted approximately by 30°. The medial 
humeral offset is the distance between the 
humeral shaft intramedullary axis, and the cen-
tre of rotation of the humeral articular surface in 
the mediolateral direction. Its range is from 7 to 
14 mm, with the humeral head lying an average 
of 11  mm medial to the humeral shaft axis 
(Fig. 8.2). The neck shaft angle is related to the 

Fig. 8.1 A true AP view of the glenohumeral joint is 
essential for measurement purposes, done with a 20° cau-
dal tube tilt to assess the acromiohumeral relationship 
optimally
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size of the humeral head, with a range between 
30 and 50°. The larger the head size, the greater 
is the neck shaft angle. Although it is not easy to 
define a normal size to the greater tuberosity it is 
important to establish if it is more prominent 

than normal as it could make contact with the 
coracoacromial arch. This can happen after 
trauma or arthroplasty giving rise to cuff 
impingement. Its location is defined in relation 
to the superior outline of the humeral head.

The size and shape of the glenoid articular 
surface is defined by its radius of curvature, lin-
ear length and width dimensions. Its length 
ranges from 30 to 48 mm. The pear-shaped mor-
phology of the glenoid results from its superior 
AP width being smaller than its inferior AP width 
(Fig. 8.3). The range of the superior AP width is 
18–30 mm, compared with the wider inferior AP 
width of 25–35 mm. The ratio of these glenoid 
AP dimensions is 0.80–1.00. In addition the ratio 
of the superoinferior length to the lower AP width 
is 1:0.7.

The lateral glenoid offset is the location of the 
joint line, which is defined as the distance 
between the base of the coracoid process and the 
surface of the glenoid fossa. This is independent 
of the size of the individual and is 0–5 mm. The 
term internal glenoid impingement refers to 
 contact between the nonarticular portions of the 

C

A

A

P

M L

Fig. 8.2 The articular surface of the normal humeral head 
(c) has a variable posterior and medial offset with respect 
to the central axis of the humeral shaft (A). The posterior 
humeral offset is between 0 and 4  mm and the medial 
humeral offset is between 7 and 14 mm

S

I

a

A

p
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Fig. 8.3 Parasagittal MR arthrogram view through the 
glenoid showing the characteristic pear shape configura-
tion (a). The superior AP width is smaller than the inferior 

AP width of the glenoid (b), but both are shorter than the 
glenoid length (SI)
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proximal humerus and rotator cuff with the gle-
noid rim at the extremes of arm motion. This is 
reflected by the correlation of the relative sizes 
of the head and glenoid. The pear-shaped gle-
noid and its narrower AP superior width, is pro-
tective as it increases the arc of motion required 
before abnormal humeral or cuff contact occurs.

The lateral glenohumeral offset is defined by 
the size of the humeral head and the location of 
the joint line with relation to the base of the cora-
coid (Fig. 8.4). It plays a critical role in shoulder 
function as it dictates the soft tissue tension of 
the capsule and the moment arm of the deltoid 
and rotator cuff muscles. It exhibits a wide range 
of 43–68  mm. The radius of curvature of the 
humeral head also has a wide range of 19–
28 mm. It is dependent on the size of the humeral 
head which in turn varies with the size of the 
individual. This means that a wide range of pros-
thetic humeral sizes are required. In contrast as 
the  lateral glenoid offset is independent of size, 
the anatomic data requires a thin glenoid 
component.

The radius of curvature of the glenoid is much 
greater than that of the humeral head. The gle-
noid subchondral bone is virtually flat, but it is 
supplemented at the periphery by the thicker 
articular cartilage and the labrum. The labrum 
deepens the glenoid by 50%, and the socket by 
5 mm in the AP plane and 9 mm in the superoin-
ferior plane. As a result of the adjacent soft tissue 
anatomy, the radius of curvature of the glenoid 
equals that of the humeral head. Normally there 
is good congruency of these glenohumeral 
arrangements which allow only a small amount 
of translations of 0–2 mm. Excessive translation 
in a superior direction occurs as a result of rotator 
cuff deficiency and when there is a mismatch in 
the humeroglenoid articular surfaces. All of these 
measurements in combination provide most of 
the structure–function information which needs 
to be included in shoulder reconstruction and in 
the design and choice of shoulder prosthesis.

The previously described parameters identi-
fied by Ianotti et  al. (1992) above on cadaveric 
studies have been applied to the true AP radio-
graphic view by Takase et al. (2004) (Figs. 8.4, 
8.5 and 8.6):

 1. I–II: Distance between joint line and the base 
of coracoid process (Lateral Glenoid offset)

 2. I–III: Lateral Glenohumeral offset
 3. II–III: Lateral Humeral offset
 4. III–IV: Distance between the acromion and 

the greater tuberosity
 5. V line: Humeral head diameter
 6. α angle: Neck shaft angle
 7. VII–VIII: Distance between the greater tuber-

osity and humeral head
 8. Distance between IX and humeral surface: 

Radius of curvature of the humeral head

In the determination of these parameters the 
following lines and landmarks are identified and 
drawn as follows. Firstly a vertical tangential line 
through the most medial arc of the glenoid cavity 
is drawn—joint line I. The anatomical landmark 
points are then identified: the lateral side of the 
base of the coracoid process; the most lateral 
point of the greater tuberosity; the most lateral 
point of the acromion. Vertical lines II, III, IV 

III IV

III

Fig. 8.4 Vertical lines I–IV through the anatomical land-
marks which are respectively the floor of the glenoid cav-
ity, lateral side of the base of the coracoid process, lateral 
point of the greater tuberosity and lateral point of 
acromion
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parallel to line I passing through these points are 
then drawn. From these lines, three distances can 
be measured as described above (Fig. 8.4). The 
maximum transverse axis of the humeral head 
(anatomical neck plane) in the coronal plane 
(head diameter—V line), is the distance travers-
ing obliquely between the junctional point of the 
head with the greater tuberosity superiorly and 
the medial limit of the anatomical neck of the 
humerus inferiorly. The angle between a line per-
pendicular to the V line and the humeral shaft 
axis is the neck shaft angle (α angle). The radius 
of the curvature of the humeral head is measured 
by determining the rotational centre (IX) of the 
humeral head from the point of intersection of 
perpendicular lines of multiple arcs. The anatom-
ical relationship between the humeral head and 
greater tuberosity can also be measured, by draw-
ing horizontal two parallel lines (VII, VIII lines) 
perpendicular to the humeral shaft axis, passing 
through the greater tuberosity–head junction and 
the superior part of the humeral head, and then 
measuring the vertical intervening distance 
between them (Fig.  8.5). This distance varies 
with a mean of 6.7 +/−2.0 mm. It is worth noting 
at this stage that the humeral head although 
spherical centrally is elliptical rather than spheri-
cal in shape peripherally with a radius which is 
2 mm less in the axial plane than in the coronal 
plane. The radius of curvature of the glenoid 

measured in the coronal plane is an average 
2.3+/−0.2 mm greater than that of the humeral 
head (Fig.  8.6). The average dimensions of the 
glenoid are 39+/−3.5 mm superoinferiorly, while 
anterosuperiorly due to the pear-shaped configu-
ration the lower diameter is larger measuring 
29+/−3.2 mm, with a ratio with the upper diam-
eter of 1:0.80.

Based on these parameters, Takase et al. (2004) 
provided average normal radiographic values and 
standard deviations in men and women.

Average Men Women
1. I–II (mm) 6.4 

+/−1.9
6.5+/−2.0 6.3+/−1.8

2. I–III (mm) 55.7 
+/−5.7

59.9+/−3.6 50.7+/−3.1

3. II–III (mm) 62.3 
+/−6.2

66.5+/−4.1 57.0+/−4.0

4. III–IV 
(mm)

16.8 
+/−5.9

18.9+/−5.6 14.2+/−5.2

5. Head 
diameter 
(mm)

54.3 
+/−5.4

58.2+/−3.1 49.4+/−3.1

6. α angle (°) 140.4 
+/−4.1

141.2+/−3.7 139.5+/−4.4

7. VII–VIII 
(mm)

6.7 
+/−2.0

7.4+/−1.9 5.7+/−1.7

8. IX radius of 
curvature

28.0 
+/−3.0

30.1+/−1.9 25.4+/−1.9

of humeral 
head (mm)

V

VII

a

VIII

Fig. 8.5 The maximum axis of the humeral head (V line), 
the neck shaft angle (α) and the intervening distance 
between lines VII and VIII can be measured

IX

Fig. 8.6 Axial diagram showing the lateral glenoid offset 
as the distance from the glenoid joint line to the base of 
the coracoid laterally. The centre of the humeral head (IX) 
depicts the radius of curvature of the humeral head, while 
the articular rim is seen to lie off centre

F. Martino et al.
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The glenoid orientation is important for proper 
biomechanical function of the glenohumeral joint. 
Glenoid inclination abnormalities may be related 
to rotator cuff tears and superior humeral head 
migration. A valid and reproducible radiographic 
technique for measuring glenoid inclination has 
only recently been described. Maurer et al. (2011) 
demonstrated one of three measurements (angle 
beta) to be the most reproducible with inherent 
resistance to positional variation of the scapula 
and a good interrater reliability. Beta angle is 
formed by the intersection of the glenoid fossa 
line which joins the superior and inferior points of 
the glenoid, with the supraspinatus fossa line 
which passes through the sclerotic outline of the 
floor of the supraspinatus fossa (Fig.  8.7). This 
assessment is also important before total shoulder 
arthroplasty. A downward facing of the glenoid 
component seems to improve the stability of the 
glenohumeral joint. In these studies a mean value 
for the beta angle of 75° with 2 SD was found. 
The other two angles (alpha and gamma) were 
unreliable probably due to variation and normal 
inconsistency in anatomical landmarks location.

In glenoid version determination, radiography 
is not reliable due to technical difficulties in 
obtaining optimal images. When CT or MRI is 
used, the slices have to be perpendicular to the 
glenoid cavity and the midpoint image is chosen 
for determination rather than one from the supe-
rior or inferior levels (Fig. 8.7). This introduces a 
standardised way of obtaining the optimal method 
of glenoid imaging. If this is not adhered to, as 

Bokor et al. (1999) showed, the measured glenoid 
version value varies by as much as 10° with minor 
rotation of the scapula in the coronal plane. This 
is primarily due to differences in the curvature of 
the vertebral border of the scapula. Altering the 
vertebral reference point changes the angle mea-
sured against the plane of the glenoid. Using 
these cross-sectional images, the necessary land-
marks are easily identified for the appropriate lin-
ear and angular measurements to be determined. 
More recently sphere fitting software has been 
reported to provide an optimal assessment of gle-
noid face 3D orientation from which the required 
version measurements can be determined.

These measurements play an increasingly 
important role in the accurate reproduction of 
anatomic relationships at prosthetic arthroplasty 
and proximal humerus reconstruction, which are 
essential in ensuring retention of the soft tissue 
lever arms and joint stability. The latter dictate 
the postoperative outcome in terms of efficient 
shoulder function and long term endurance of the 
replacement. The variations between the param-
eters are not random but related, and this relation-
ship is useful in a predictive sense. There is 
interdependence between these measures, with a 
relationship between the neck shaft angle and 
humeral head size; neck shaft angle and lateral 
glenohumeral offset etc., which need to be taken 
into consideration in preoperative planning to 
ensure restoration of the muscle power balance, 
resultant force direction and accurate tension of 
the soft tissues.

a b c

β

Fig. 8.7 Glenoid inclination reflected by the β angle (a). A true axial of the glenoid requires accurate choice of the axial 
cut at 90° to the glenoid face (b) to produce an optimum slice for measuring the glenoid version angle (c)
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 Supraspinatus Outlet Parameters

The interdependence of osseous structures like 
the acromion, bony glenoid and coracoid process 
to shoulder function is manifested by the effects 
structural abnormality has on function of the soft 
tissues (Natsis et al. 2007) that provide the range 
of glenohumeral mobility while maintaining sta-
bility. With this in mind, it is not surprising that 
the evolution of measurements of the shoulder 
have focused on both the identification of 
osteoarticular structural causes underlying the 
abnormal anatomical values (e.g. reduced acro-
miohumeral distance), as well as their effects on 
soft tissue structures (e.g. rotator cuff—tangent 
sign, fatty muscle index) which effect their func-
tion. Similarly glenoid version has an effect on 
shoulder mechanics, and abnormalities are asso-
ciated with glenohumeral instability, rotator cuff 
tears and adverse outcome of total joint arthro-
plasty. All the imaging modalities have been 
employed (US, CT and MRI) for this purpose 
besides conventional radiography.

The detailed anatomic studies by Neer in the 
70s showed that only the anterior portion of the 
acromion contributes to the supraspinatus outlet. 
It is important also to understand that the outlet 
opening is not lateral but orientated anterolater-
ally perpendicular to the direction of the supraspi-
natus tendon. It is for these reasons that the outlet 
view is the best radiographic method to assess the 
role of the anterior acromion on the supraspinatus 
outlet (Fig. 8.8). Once again it needs to be empha-
sised that the correct standard of acquiring the 
image on which the measurement will be based is 
crucial. The effects of suboptimal radiographs on 
the six measurements of the acromion shown by 
Stehle et al. (2007) are profound. Furthermore in 
comparing the accuracy of measurements of the 
size of subacromial spurs obtained from four 
radiographic views with surgical findings as the 
gold standard, Kitay et  al. (1995) showed that 
only the supraspinatus outlet view and the AP 20° 
caudal tilt view correlated accurately with the 
intraoperative measurements. Similarly in the 
assessment of acromial shape related to rotator 
cuff disease, the MR plane also needs to be per-
pendicular to the supraspinatus tendon (Fig. 8.18).

The measurements of the acromion dimen-
sions and morphology are best assessed on the 
supraspinatus outlet view (Fig.  8.8). This pro-
vides clear depiction of the anterior and poste-
rior outlines of the acromion to allow length 
assessment as well as measurement of the verti-
cal thickness. Wuh and Snyder (1992) stressed 
the importance of knowing the thickness of the 
acromion besides its morphological configura-
tion prior to surgical decompression. They pro-
vided these thickness values based on three 
types of acromion:

Type A <8 mm
Type B 8–12 mm
Type C >12 mm

The inferior surface of the acromion is easily 
assessed on a good quality outlet radiograph 
which allows depiction of the apex and other 
important landmarks including the anteroinferior 
and posteroinferior acromial limits as well as 
revealing the acromial shape (Fig. 8.9). This view 

Fig. 8.8 Supraspinatus outlet view with acromial and 
coracoid process landmarks used for measurements

F. Martino et al.
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also reveals the coracoid landmarks used in mea-
surements, namely the inferior limit of the tip of 
the coracoid and inferior curved outline of the 
coracoid process (Fig. 8.10). There is a direct rela-
tionship between an inferiorly located coracoid 
tip relative to the glenoid and rotator cuff disease 
as shown by MR arthrography (Porter et al. 2015).

One should resist the temptation of measure-
ment extrapolation, by taking reference values of 
one modality, and applying them in the assess-
ment of values of the same measurement deter-

mined by another modality. This is an important 
principle that applies to any musculoskeletal 
measurement and includes the magnification 
effect of conventional radiography. It is particu-
larly important in shoulder measurements, e.g. 
acromiohumeral distance (AHD), as the soft tis-
sue alterations with positional and dynamic mus-
cle engagement, have a significant effect on the 
osteoarticular relationships used for making the 
measurements. The AHD measurements in the 
same patient are always smaller in value when 
determined by MRI compared with the radio-
graphically determined value. The dynamic 
engagement of the muscles can also reveal mea-
surement differences which reflect altered osteo-
articular relationships secondary to underlying 
rotator cuff pathology. Using conventional 
 radiography, Deutsch et  al. (1996) showed that 
patients with subacromial impingement demon-
strated a greater superior migration of the humeral 
head during elevation. In this study the authors 
studied three groups of patients: normal, impinge-
ment and rotator cuff tear groups, using sequen-
tial AP shoulder radiographs done in increments 
of 20° abduction from 0 to 120°. They measured 
the excursion of the humeral head on the glenoid 
face expressed as the distance that the centre of 
the head lies below or above the centre of the gle-
noid (Fig.  8.11). At rest the humeral head nor-
mally lies −0.4  mm below the glenoid centre. 

a b c

Fig. 8.9 Bigliani Type I—flat (a) based on anterior acromial morphology as seen on outlet view, Bigliani Type II—
curved (b), and Bigliani Type III—hooked (c)

Fig. 8.10 Subcoracoid impingement. The morphology 
and size of the tip of the coracoid process, its location and 
craniocaudal relationship to the glenoid are important 
determinants of subcoracoid impingement. The more infe-
riorly located, the increased likelihood of impingement
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They found an average humeral head displace-
ment of 1–2 mm superiorly in the impingement 
group compared with 0.7  mm in the normal 
shoulders. In the rotator cuff tear patients, the 
humeral head exhibited a sharp rise of 1.0 mm 
at the first 20–40 ° of abduction, and then fell 
sequentially in the next 100°. This is thought to 
be due to a muscle imbalance in the impingement 
and rotator cuff tear groups due to a weakened 
rotator cuff, promoting superior migration of the 
humerus. This feature is seen on both the AP and 
outlet views, which have been shown to show no 
significant difference in the measurement of 
acromiohumeral distances. This study stresses 
the importance of the role that the rotator cuff 
plays in maintaining the humeral head position in 
the glenoid.

H G

Fig. 8.11 Relationship of the centre of the humeral head 
(H) to the centre of the glenoid. Normally the head is 
−0.4 mm inferior to the glenoid centre (G)

F. Martino et al.
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8.3  Subacromial Space: 
Radiography

 Definition

The width of the space between the inferior sur-
face of the acromion and the head of the humerus 
is called the subacromial space or acromiohum-
eral distance. It has been measured on radio-
graphs by several authors, notably Golding 
(1962), Cotton and Rideout (1964), and Weiner 
and Macnab (1970). However, all these authors 
pooled their estimates from normal shoulders 
without regard to age and gender.

 Indications

The acromiohumeral interspace is examined to 
rule out the suspicion of a rotator cuff tear in 
patients with clinical symptoms of shoulder 
impingement syndrome.

Subacromial space width is determined by cal-
culating the shortest distance between the humerus 
and acromion, which reflects superior migration of 
the humeral head (Fig.  8.12), as shown by 
Petersson and Redlund-Johnell (1983, 1984).

The subacromial space is measured on radio-
graphs taken with the arm in zero abduction and 
slight outward rotation.

 Technique:

Radiography: standard shoulder AP view.

 Full Description of Technique

The subacromial space is measured on AP radio-
graphic projection of the shoulder. The radio-
graph is obtained in the upright position, with the 
patient positioned obliquely by approximately 
35–45° so that the plane of the scapula parallels 
the cassette, providing a tangential view of the 
glenohumeral joint. The arm of the involved side 
is held in a neutral position. The beam is centred 
to the glenohumeral joint and angled 10–15° cra-
niocaudally. To obtain a better tangential view of 
the subacromial surface it is preferable to have 
fluoroscopic guidance for optimal radiographic 
projection execution. The tube-screen distance is 
around 100  cm, and the kilovoltage is usually 
60–65 kV.

A

HH 

a b

Fig. 8.12 Acromiohumeral distance between (A) the inferior outline of the acromion and (HH) the superior outline of 
the humeral head
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Due to the angulation of the X-ray beam the 
superimposed anterior and posterior portions of 
the acromial undersurface appear as a regular 
cortical profile.

The subacromial space corresponds to the short-
est distance between the most cranial point of the 
subchondral outline of the humeral head (HH) and 
the inferior dense cortex of the acromion (Fig. 8.12).

As proposed by Leclercq (1950) and remarked 
by Totty (1988), an additional manouvre, 
“Leclercq’s Manouvre”, can be employed when 
obtaining the AP radiograph by asking the patient to 
abduct the arm by 20° while holding a weight. This 
enhances the superior migration of the humeral 
head, i.e. reducing the subacromial distance further, 
in the presence of rotator cuff disease. This provides 
an easy way of assessment by comparison with the 
previous measurement from the conventional ipsi-
lateral AP radiograph and the contralateral shoulder. 
When positive there is always a rotator cuff tear.

Normal Acromiohumeral Distance 10.5 mm
Abnormal Acromiohumeral distance <7 mm

A measurement of <7  mm is indicative of a 
large rotator cuff tear.

 Reproducibility/Variation

Interrater reliability of the subacromial space 
measurement is consistently high with no signifi-
cant interrater differences.

The measurement technique reported here has 
proved to be accurate to within 0.4  mm and 
0.5 mm in a rigorous validation study that accu-
rately simulated in vivo testing conditions.

 Clinical Relevance/Implications

The subacromial space plays an important part in 
the pathogenesis of the impingement syndrome. 
It is not known if specific tendon involvement 

(supraspinatus or infraspinatus), tear size or mus-
cle degeneration are the most important struc-
tural determinants of a reduced acromiohumeral 
distance.

Saupe et al. (2006) noted that when the acro-
miohumeral distance is <7  mm, full thickness 
supraspinatus tears are present in 90% of patients, 
infraspinatus tendon tears in 67% of patients and 
subscapularis tendon tears in 43% of the patients. 
Bey et al. (2007) argued that the size of rotator 
cuff tendon tears and the degree of fatty infiltra-
tion in all rotator muscles show a significant neg-
ative correlation with acromiohumeral distance.

Furthermore when the subacromial distance is 
<7 mm, the chances of a favourable outcome fol-
lowing surgical repair of the tear is poor. The 
short distance is usually associated with a large 
tear and profound fatty degeneration of both the 
supraspinatus and infraspinatus muscles. The 
number of full thickness tears of the supraspina-
tus and infraspinatus decrease considerably with 
a distance of 8–14 mm. There are however some 
exceptions where despite a measurement of 
<7 mm the rotator cuff is occasionally found to 
be intact.

 Analysis/Validation of Reference Data

The implications of a reduced subacromial 
space and its association with rotator cuff dis-
ease, tears and fatty infiltration have been 
validated.

 Conclusion

The finding of a narrowed subacromial space is 
useful in identifying, with high degree of speci-
ficity, patients with a rotator cuff tear and/or with 
rotator cuff muscle degeneration.

F. Martino et al.
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8.4  Subacromial Space: 
Ultrasound

 Definition

Sonography of the shoulder is useful in detecting 
tears of the rotator cuff. In the evaluation of the sub-
acromial space (average 5–10 mm), a 20% reduc-
tion compared to the contralateral normal shoulder 
is considered an US sign of rotator cuff disease.

 Indications

Azzoni et al. (2004) noted that in the evaluation of 
the subacromial space, ultrasound has been proven 
to be accurate, specific and sensitive in diagnosing 
rotator cuff lesions.

 Technique

Ultrasound-Shoulder along supraspinatus long 
axis scan (superior coronal section plane).

 Full Description of Technique

The examination technique for the rotator cuff 
always includes static and dynamic components. 
The shoulder is examined anteriorly and laterally 
on both axial and sagittal planes with the patient’s 

arm in neutral and then in internally rotated posi-
tions; the latter is achieved by placing the patient’s 
wrist against the wall of the patient’s back.

In the section in which it is possible to study 
the supraspinatus tendon in longitudinal axis 
(superior coronal plane), one can measure the 
subacromial space placing one point on the infer-
olateral point of the acromion (A) and another 
point on the surface of the humeral head (HH) 
where the measurement is the lowest achievable 
(Fig. 8.13).

 Reproducibility/Variation

The accuracy, specificity and sensitivity of the 
method have reached levels of 90–95%.

Sonography is certainly useful due to its sim-
plicity of execution and rapidity of use. 
Measurement of the subacromial space can easily 
be carried out during routine sonographic evalua-
tion of the shoulder.

 Clinical Relevance/Implications

The ultrasound diagnosis provides important 
information about tendon components, some-
times better than MRI.

Sonography is extremely sensitive in the eval-
uation of the thickening of the tendon and the 
presence of fibrosis or micro-calcifications.

A

HH

SB

a b

Fig. 8.13 Sonographic measurements of the acromiohumeral distance
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 Analysis/Validation  
of Reference Data

The sonographic method for subacromial space 
measurement has been validated with excellent 
comparative results with other imaging methods 
and in cadaveric studies.

 Conclusion

Sonography of the rotator cuff is a substantially 
accurate examination, specific and sensitive in 
the measurement of subacromial space, but also 
in the diagnosis of the disease of the rotator cuff 
of the shoulder.

F. Martino et al.
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8.5  Subacromial Space: MRI

 Definition

The subacromial space is the width of the ana-
tomic interval between the humeral head and the 
undersurface of the acromion.

 Indications

The subacromial space plays an important role in 
the pathogenesis of the impingement syndrome. 
The pain is typically brought about by actions 
that carry the arm above the head, and therefore 
the patient is usually examined clinically during 
active elevation of the shoulder. As indicated by 
Graichen et al. (1999), on static MRI units the 
distance is measured only at rest, while Open MR 
scanners allow the measurements to be made at 
the points of clinical impingement positions.

 Technique

Shoulder MRI: sagittal oblique section plane and 
coronal if required.

 Full Description of Technique

The subacromial space is measured on T1 
sequences in the coronal and sagittal oblique 
planes, in millimetres, between the most caudal 
point of the acromial undersurface and the most 
cranial point of the humeral head directly in line 
with the centre of the humeral head (Fig.  8.14). 
There is a variation (invariably lower) in the normal 
range for the subacromial space measured by MRI 
compared with radiographic measurement in nor-
mal individuals. This in part is due to the geometric 
magnifying effect of radiography. However, as 
noted by Roberts et al. (2002), there is also a differ-
ence in the MR measured acromiohumeral distance 

a b

Fig. 8.14 Parasagittal assessment used in determining the acromiohumeral distance on MR imaging (a) and in 
 diagrammatic depiction (b)
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in normal individuals, between the resting state 
with the arm by the side and on abduction as shown 
by Open MRI studies with the patient seated.

Normal acromiohumeral distance on 
MRI at rest

Mean 6.4 mm

Progressive AHD increase as the 
arm is elevated 90–160°

Mean 
7.7–14.2 mm

This variation in normal individuals is also 
mirrored by the measurement of the thickness of 
the rotator cuff, which also exhibits its lowest 
value at rest with the arm by the side.

In a comparative study measuring the mean 
acromiohumeral distance between AP radiogra-
phy and the coronal and parasagittal MR obliques, 
the MR measurement was found to be consis-
tently lower by an average of 2.8  mm. This 
could be positional or related to different muscle 
groups acting in the upright as opposed to the 
supine position. The comparative mean AHD val-
ues in one study between conventional AP radi-
ography and sagittal MRI in a clinically 
heterogeneous group were:

Radiograph MRI
8.7 mm (1.0–13.7) 5.9 mm (range 1.2–9.8)

 Reproducibility/Variation

The limitation of MRI lies in the difficulty to 
exactly reproduce the same plane and orientation 
of a specific required section.

 Clinical Relevance/Implications

MR imaging studies have focused on describ-
ing qualitative morphologic alterations of the 
rotator cuff (e.g. changes of signal intensity or 
continuity, intrasubstance fraying of rotator cuff 
tendons), the soft tissue (e.g. fluid in the subacro-

mial–subdeltoid bursa), and the adjacent bones 
but the technique has so far not been applied in 
examining functional deficits of the supraspinatus 
muscle in patients with impingement syndrome. 
In normal individuals, interestingly the measure-
ments obtained during dynamic studies of the 
subacromial space in an Open MR scanner have 
shown the converse of expected, with an increase 
of subacromial space dimensions with abduction 
in the so called “impingement sign positions”. 
However in patients with unilateral impingement, 
Hebert et  al. (2003) demonstrated on MRI, that 
the acromiohumeral distance decreases as the arm 
is elevated, and at 80° of arm elevation the dis-
tance is significantly smaller in the symptomatic 
shoulders than in the contralateral side.

 Analysis/Validation of Reference Data

Although a number of studies have repeatedly 
shown that superior migration of the humeral 
head is associated with late-stage rotator cuff dis-
ease, the exact mechanism for its production is 
still unclear. Dynamic MRI studies have also 
confirmed a lower limit of MR measurements 
compared with radiographic measurements of the 
subacromial space. This is probably related to the 
kinetic effect of muscle contraction and tension 
involved in motion.

 Conclusion

MRI is the best modality of assessing the pres-
ence, role and effect of a reduced acromiohum-
eral distance on the rotator cuff. Tendon tears 
and fatty muscle infiltration correlate with a 
reduced subacromial space. The size of the tear 
and the degree of fatty infiltration of the infra-
spinatus muscle have the most pronounced 
influence on the measured distance Saupe et al. 
(2006).

F. Martino et al.
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8.6  Acromial Angle

 Definition

The acromial angle is the angle at the junction of 
two lines drawn along the inferior surface of the 
anterior and posterior portions of the acromion. It 
provides an objective measure of acromial mor-
phology. The average acromial angles are 20° for 
patients with an intact rotator cuff and no 
impingement.

 Indications

The angle is useful in identifying patients with a 
greater likelihood of having a rotator cuff tear 
and in distinguishing patients with primary 
impingement from those with instability.

It is useful to orthopaedic surgeons during 
presurgical planning for an arthroscopic acromio-
plasty. It provides an indication of how much 
bone needs to be removed prior to surgery and 
acts as a measure of success following its removal 
after surgery.

 Technique

Radiography: outlet (arch) radiographs.

 Full Description of Technique

Neer’s supraspinatus outlet or arch radiograph of 
the shoulder is obtained in the lateral projection 
with the standing patient positioned 40° anterior 
oblique facing the cassette and the central beam 
coned to the superior half of the scapula. The 
tube-screen distance is about 183 cm, with a 10 ° 
caudal tilt of the tube. The acromial angle is 
determined by drawing a line along the inferior 
acromial cortex on either side of the apex, result-
ing in anterior and posterior lines that meet to 
form an angle.

From the resultant arch radiograph the apex 
along the undersurface of the acromion is first 
identified, and from it two lines are drawn along 
the inferior cortex of the anterior and posterior 
acromial portions respectively. The apex is usu-
ally at the junction of the anterior third with the 
posterior two thirds of the acromion. The angle 
formed at the apex by the intersection of these 
lines is the acromial angle (Fig. 8.15). The fol-
lowing are the average acromial angle values in 
asymptomatic states and in different clinical 
shoulder scenarios.

Impingement
Normal 20° Full thickness tear 30°
Instability 20° Partial tear 25°

Intact cuff 26°

α
α

a b

Fig. 8.15 Acromial angle
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Note that the acromial angle is greater in 
patients with impingement and an intact rotator 
cuff compared with normal individuals and 
patients with glenohumeral instability.

 Reproducibility/Variation

Obtaining a satisfactory arch view for determin-
ing the acromial angle is not always easy, as dem-
onstrated by Tuite et  al. (1995) who required 
repeat views with different caudal tube tilt 
(5–15°) for some patients. There was a good 
inter-observer variability in Tuite et al.’s study as 
determined by the intercorrelation coefficient (a 
test of reproducibility of quantitative measure-
ments). However despite meticulous attention to 
the measuring technique, the heterogeneity of 
acromial shapes posed difficulties in drawing the 
acromial lines resulting in inevitably both intra- 
observer and inter-observer variations.

 Clinical Relevance/Implications

Using the arch radiograph, Bigliani et al. (1986) 
highlighted the importance of the anterior acro-
mion morphology (Fig.  8.9), classifying the 
shape into Type 1 (flat), Type 2 (curved) and Type 
3 (hooked). However following this concept’s 
introduction, a number of authors reported a wide 
unacceptable inter-observer variation using both 
radiographic and MRI means of assessment for a 
variety of reasons. An objective method was 
required and the acromial angle was promoted by 
Toivonen et al. (1995) as the means of determin-
ing anterior acromial shape. Using the acromial 
angle, Tuite et al. (1995) found a statistically sig-
nificant correlation between the average acromial 
angle and preoperative diagnosis. A correlation 
was found between the increasing severity of cuff 
disease as determined by arthroscopy and the 
increasing acromial angle (p < 0.01).

Arthroscopic acromioplasty decompresses 
impingement by removing about 4–6 mm of the 

anterior portion of the acromion. In their study 
Green et al. (2004) have shown that the risk of 
detaching the attached anterior deltoid origin is 
related to the acromial angle. The extent of deltoid 
detachment is inversely related to the acromial 
angle, so that when the acromial angle is large 
(e.g. Type 3 acromion) a smaller % of deltoid ori-
gin is detached and vice versa. This risk is espe-
cially important in patients treated by acromioplasty 
with massive rotator cuff tears who functionally 
are more dependent on the deltoid muscle.

 Analysis/Validation of Reference Data

Mallon et  al. (1992) were the first to identify 
anterior and posterior axes of the acromion in 
their study on cadaveric shoulders. They mea-
sured the acromial angle across the centres of the 
acromion portions and not by drawing lines along 
the inferior cortical outlines as Tuite et al. (1995) 
did. In their study Mallon et al. (1992) reported 
an average acromial angle of 37 ° which is higher 
than the normal values reported by Tuite et  al. 
(1995). What is interesting however is that both 
studies failed to identify a single case of the 
Bigliani Type 1 (0°- flat) acromion!

It is important to note that the acromial angle 
should not be measured on the scapular Y-view. 
Haygood et al. (1994) showed that 41% of scapu-
lar views were not diagnostic for evaluating acro-
mial shape. The scapular view does not have the 
caudal tilt to optimally reveal the inferior profile 
of the acromion.

 Conclusion

The acromial angle is an objective and fairly 
reproducible measurement of the anterior acro-
mial shape. The angle is useful in identifying 
patients with a greater likelihood of having a 
rotator cuff tear and in distinguishing patients 
with primary impingement from those with 
instability.

F. Martino et al.
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8.7  Acromial Tilt Angle

 Definition

The acromial tilt angle is a measure of the ante-
rior slope of the acromion. The angle values var-
ied from 31.7 to 33.5°.

 Indications

The acromial tilt angle expresses the reduction in 
the acromiohumeral distance anteriorly, in the 
“critical area” crossed by the supraspinatus ten-
don, due to abnormal anterior slope of the 
acromion.

Normal 31.7–33.5°

 Technique

Radiography: outlet view.

 Full Description of Technique

As noted by Prato et al. (1998), the acromial 
tilt angle can be radiologically evaluated on the 
outlet view of the shoulder. The measurement 

of the angle in relation to the scapula is based 
on the method described by Aoki et al. (1986) 
and Kitay et al. (1995) This angle (α) is calcu-
lated through the intersection of a line drawn 
between the anteroinferior point and the pos-
teroinferior point of the acromion and another 
line drawn between the posteroinferior point of 
the acromion and the inferior tip of the cora-
coid process curve (Fig. 8.16).

 Reproducibility/Variation

This measurement is an easy, valid and objec-
tive tool for diagnosing impingement and 
makes it possible to express a quantitative 
judgement on the acromial shape. It enjoys 
excellent intra- observer and inter-observer lev-
els of agreement.

The measured acromial slope in the method 
proposed by Aoki et al. (1986) on 130 cadaveric 
shoulders was done by calculating the alpha 
angle. They concluded that acromions with a 
decreased alpha angle (flatter slope) were associ-
ated with impingement, degenerative changes, 
spur formation and pitting on the surface of the 
greater tuberosity. They also showed that the 
prevalence of subacromial spurs increased with 
advancing age and with it an alteration in the 
alpha angle value.

a b

α
α

Fig. 8.16 Acromial tilt angle
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 Clinical Relevance/Implications

There is a statistically significant correlation 
between the average acromial tilt angle and the 
preoperative diagnosis.

The acromial tilt angle in patients with 
impingement is smaller than the angles in patients 
with instability and patients with trauma.

 Analysis/Validation of Reference Data

In a large cadaveric study Zuckerman et al. 
(1992) found a significantly greater anterior acro-
mial projection and a lower acromial tilt in the 
presence of a rotator cuff tear than in those speci-
ments with an intact rotator cuff (p < 0.0001).

Edelson and Taitz (1992) defined the acromial 
slope in a similar method, except that they used a 
horizontal line instead of a line connecting the 
posteroinferior aspect of the acromion and the 
inferior aspect of the tip of the coracoid process. 
They too concluded like Aoki et al. (1986) that 

the more horizontal the acromial slope is, the big-
ger the magnitude of the observed degenerative 
changes. However in in-depth 3D studies with 
computer spatial graphics, Moses et  al. (2006) 
showed that there was no support that a flatter 
acromial slope causes impingement and rotator 
cuff tears, concluding that acromial slope should 
not be considered as a source of pathological 
changes. The method employed by them however 
was not the same, as they relied on an average of 
multiple points along the undersurface of the 
acromion, which would not have included a focus 
of impingement at the anteroinferior tip of the 
acromion unlike the methods used by Aoki et al. 
(1986) and Edelson and Taitz (1992).

 Conclusion

The angle is useful in identifying patients with a 
greater likelihood of having a rotator cuff tear 
and in distinguishing patients with primary 
impingement from those with instability.

F. Martino et al.
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8.8  Intrinsic Acromial Angle

 Definition

The intrinsic acromial angle indicates the degree 
of curvature of the anterior acromion.

Its value ranges from 0 to 17°.

 Indications

The intrinsic acromial angle indicates the degree 
of mechanical compression on the subacromial 
space due to abnormal bone shape and causing 
impingement on rotator cuff.

Normal 0–17°

 Techniques

MRI Shoulder: parasagittal oblique plane.

 Full Description of Technique

Sagittal oblique MR of the shoulder, with SE 
T1-weighted sequences, is currently the best 
technique for identifying and assessing acromial 
angle, one of the fundamental factors in deter-
mining impingement. The acromial slope angle is 
formed by the intersection of a line joining the 
anterior and posterior undersurface of the acro-
mion and a line running parallel to the main acro-
mial axis (Fig. 8.17).

 Reproducibility/Variation

Fairly reproducible.

 Clinical Relevance/Implications

The intrinsic acromial angle, proposed by Di 
Mario and Fraracci (2005), may be useful to 
orthopaedic surgeons during presurgical plan-
ning for an arthroscopic acromioplasty.

HH

α

a
< 5-12 >
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Fig. 8.17 Intrinsic acromial angle (α)
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 Analysis/Validation of Reference Data

Limited number of references to provide 
validation.

 Conclusion

The acromial angle is an objective and fairly 
reproducible measure of anterior acromial shape. 
The angle is useful in identifying patients with a 
greater likelihood of having a rotator cuff tear 
and in distinguishing patients with primary 
impingement from those with instability.

F. Martino et al.
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8.9  Acromial Shape: MRI

 Definition

Mathematical determination of acromial mor-
phology based on MR image assessment. 
Acromial shape is classified on the appearance of 
its undersurface. On the basis of dried cadaver 
scapulae and conventional outlet views Bigliani 
originally described three morphological types 
(Fig.  8.9)—Type 1 flat (12%), Type 2 curved 
(56%), Type 3 hooked (29%)—which was fol-
lowed by the later addition of Type 4 inferiorly 
convex (3%). The acromial undersurface is 
assessed by angular measurements based on 
mathematically dividing it into three equal 
segments.

 Indications

Subacromial outlet impingement can be due to 
abnormal shape of the anterior acromial under-
surface. Type 1 is normal and physiologic. The 
others are abnormal with Type 3 and to a lesser 
extent Type 2 acromions being associated with an 
increased incidence and severity of rotator cuff 
tears.

 Technique

MRI—Parasagittal T2 Oblique views.

 Full Description of Technique

The method described here only refers to estima-
tion on MRI.  The standard technique of deter-
mining the value can also be applied to the 
radiographic outlet or arch view. This has been 
covered previously using Toivonen et al.’s method 
of assessment.

The agreed standard MR sequence chosen is T2 
weighted, in the parasagittal plane, perpendicular 
to the supraspinatus tendon (Fig. 8.18) with a slice 
thickness of 4 mm. Two slices are used as stan-
dard: the first slice (A) 4 mm from the lateral edge 
of the acromion and the second slice (B), medial to 
A just lateral to the acromioclavicular joint.

Mathematical assessment of acromial shape 
based on the MR image through slice B is then done 
in two steps. Firstly a line is drawn connecting the 
inferior most points of the acromion’s undersur-
face; its distance is measured and then divided 
into three equal portions. Using two orthogonal 
lines to the dividing marks on the line, the inferior 
acromial surface is then divided into three 

A
B

C

a b

Fig. 8.18 Parasagittal MR slices are taken 4 mm medial 
to the edge of the acromion (A) and medial to (A) lateral 
to the acromioclavicular joint (B) perpendicular to the 

supraspinatus axis (C) to assess acromial morphology (a). 
Parasagittal MR image (b) corresponding to the slice at 
point A
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 segments of equal length. The angle formed 
between the anterior third and the posterior two 
thirds of the acromion is then measured 
(Fig.  8.19a) and designated as the acromial a1 
angle.

a1 angle Type 1 <10°
Type 2 11–20° a2 angle >10°
Type 3 >20° <10°

If the angle a1 measures more than 20°, the 
second step is taken which measures the sec-
ond acromial angle (a2) between the anterior 
two thirds and the posterior one third of the 
acromion (Fig. 8.19b). If this angle (a2) is 10° 
or less, the acromion is classified as type 3, if it 
is larger than 10° it is labelled as extreme type 
2. Measurements based on the B position are 
more sensitive to the type 3 acromion, but the 
arithmetic mean of the angles measured from 

both A and B positions increases the sensitivity 
and specificity compared with the outlet 
radiograph.

 Reproducibility/Variation

Outlet or arch radiographs have been shown to 
show a variable correlation with rotator cuff tears 
primarily for technical reasons, because minor 
changes of the angle of the central beam cause dif-
ferent radiographic depiction of acromial shape.

MRI based determination of acromial shape has 
also been shown to be variable as it is highly depen-
dent on the MR plane and the chosen slice, giving 
rise to a high inter-observer variability. It is for this 
reason that this mathematical MR based method is 
recommended Mayerhoefer et al. (2005), as it uses 
standardised and reproducible sequences in the 
choice of image procurement and in calculation.

a1 a2a b

Fig. 8.19 Mathematical estimation of acromial shape based on parasagittal slices taken at position A. The 2 angles are 
measured a1 (a) and a2 (b) and respective values indicate and determine the acromial shape

F. Martino et al.
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 Clinical Relevance/Implications

The B position just lateral to the acromioclavicular 
joint is a reliable site to obtain the appropriate MRI 
slice for the mathematical assessment of acromial 
shape. If this slice depicts a type 3 acromion, the 
slice located 4 mm from the lateral edge (A) is rec-
ommended as this slice has a very high specificity 
for this type of acromion. This acromial shape has 
a high correlation with rotator cuff tears.

 Analysis/Validation of Reference Data

Since Bigliani’s first description of the role of the 
shape of the acromial undersurface as seen in the 
sagittal radiographic plane in rotator cuff disease, 
many authors have confirmed a close correlation 
of the hooked Type III acromion with rotator cuff 
disease. There is however poor interobserver reli-

ability and considerable difficulty in standardis-
ing the outlet radiograph which in combination 
create a significant deficiency of its clinical util-
ity. A mathematical based measurement should 
enhance its role in clinical practice especially in 
acromioplasty consideration as a form of treat-
ment. The best results from the MRI angular 
assessments are achieved by the arithmetic calcu-
lation of the mean angle by combining the mea-
surement of both the A and B positions. This is 
superior to the radiographic outlet view assess-
ment. There are no agreed mathematical values 
for the type 4 acromion.

 Conclusion

A simple and reliable method which if done 
appropriately is accurate in identifying the acro-
mial morphological type.
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8.10  Tangent Sign

 Definition

The tangent sign provides a quick semi- quantitative 
evaluation of the effect of a rotator cuff tear on the 
supraspinatus muscle. A line is drawn through the 
superior borders of the scapular spine and the 
superior margin of the coracoid (the tangent). The 
tangent sign is considered present when the supra-
spinatus muscle does not cross the tangent and is 
indicative of atrophy of the supraspinatus muscle.

Tendinous rotator cuff tears induce muscle 
atrophy and fatty infiltration, which are regarded 
as important factors in influencing the postopera-
tive outcome of rotator cuff repair.

 Technique

MRI—Parasagittal T1 oblique.

 Full Details of Technique

The patient lies supine in the scanner with the arm 
placed by the side of the body in a neutral position 

with the thumb pointing forward. The shoulder is 
placed in a dedicated receive-only shoulder coil. A 
single sequence of parasagittal T1 weighted Turbo 
spin echo MR images parallel to the glenohumeral 
joint space is obtained. Slice thickness of 5 mm 
with an interslice gap of 1.5 mm is sufficient. The 
rotator cuff is examined from the humeral tuber-
osities to the middle third of the scapula.

The most lateral image which shows the spine 
of the scapula in contact with the rest of the scap-
ula is the optimal image to choose to make these 
soft tissue assessments. This position is repro-
ducible and shows the muscle rather than the ten-
dinous components of the rotator cuff. The 
tangent line is drawn from the superior border of 
the scapular spine to the superior margin of the 
coracoid. The tangent sign is deemed positive 
(abnormal) when the tangent does not cross the 
supraspinatus muscle. Normally it is negative in 
the asymptomatic individuals (Fig. 8.20).

 Clinical Relevance/Implications

The tangent sign is a sign of muscle atrophy with 
a high positive predictive value. The main limita-
tion is that it is only applicable to the assessment 

a b

Fig. 8.20 The tangent sign is negative as shown by the line intersecting the supraspinatus muscle on the parasagittal 
MR view (a) and positive in (b)
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of the supraspinatus muscle. The mean radio-
graphic acromiohumeral distance (AHD) in 
patients with a positive tangent sign is 6.7  mm 
compared with 9.7 mm in shoulders exhibiting a 
negative tangent sign.

Positive tangent sign AHD mean 6.7 mm
Negative tangent sign AHD mean 9.7 mm

 Reproducibility/Variation

The measurement is easily reproduced with 
high inter-observer and intra-observer 
correlation.

 Analysis/Validation of Reference Data

True validation studies are difficult to conduct 
and therefore there is currently limited reference 
for this. Quantitative values of the individual 
rotator cuff muscles in asymptomatic and rotator 
cuff tear patients have however been worked out. 
The assessment of the supraspinatus muscle is 
achievable by this method reliably.

 Conclusion

A most helpful indicator of muscle atrophy with 
prognostic value towards a good/bad outcome 
prediction for surgical repair.
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8.11  Fatty Muscle Index

 Definition

Rotator cuff tears induce muscular changes 
which are highlighted by fat deposition. Fatty 
infiltration can be extensive and is correlated 
with severe functional impairment. Muscular 
fatty infiltration is graded in five prognostic 
stages which are linked with favourable or poor 
therapeutic outcomes.

 Indications

As part of the assessment of rotator cuff tears. 
This can be done preoperatively but also postop-
eratively as a method of assessing reversible 
muscle changes following cuff repair. The more 
severe the fatty infiltration, the poorer the func-
tional and anatomical outcome.

 Technique

CT or MRI. MRI is more accurate.

 Full Description of Technique

Axial assessment was first utilised using CT. The 
imaging planes are through the supraspinatus 
fossa for the supraspinatus muscle, and the tip of 
the coracoid process and inferior glenoid margin 
for the infraspinatus and subscapularis muscles. 
As remarked by Kasra (2010), the five grades are 
based on a quantitative assessment:

Grade 0 Normal muscle, no fatty streaks
Grade 1 Muscle contains some fatty streaks
Grade 2 Increased fat deposition but less in volume 

compared to muscle
Grade 3 Equal quantities of fat and muscle
Grade 4 More fat deposition than muscle

The above Goutallier et al. (1994) grading was 
then validated for MRI by Fuchs et  al. (1999), 
and employed in comparative studies of the role 

of fatty infiltration in reducing the acromiohum-
eral distance (Fig. 8.21).

 Clinical Relevance/Implications

It is very important to include the muscle status as 
a factor in decision making concerning treatment 
options, prognosis and postoperative expectations 
concerning functional restoration. Although 
wrongly referred to as fatty degeneration it is 
important to note that the amount of fat accumula-
tion in muscle is proportional to the extent of rota-
tor cuff disease. There is an extramuscular and 

Fig. 8.21 Fatty muscle index involving the three main 
muscles of the rotator cuff—Grade 4 as seen on parasagit-
tal T1 MR image
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intramuscular accumulation of fat which is not 
degenerative in nature as the muscles are atrophic 
but retain the property of recovery. There is how-
ever a spatial pattern of fatty accumulation in the 
affected muscle with a higher % fat accumulation 
in the distal aspects and a milder accumulation 
proximally. This means that MR assessment on the 
single parasagittal oblique may underestimate the 
grade of fatty muscle index. The fatty infiltration 
of the supraspinatus is global but usually light. 
Infraspinatus fatty infiltration is usually global if 
more than 50% of its tendon is torn. It can however 
also undergo severe fatty infiltration even if the 
rotator cuff tear does not involve its tendon (supra-
spinatus and subscapularis tear) which could be 
due to denervation (see below). Degeneration of 
the subscapularis can be severe but is always lim-
ited to the part of the muscle pertaining to the torn 
portion of the tendon.

What is not known is whether some or all of 
these muscle changes are due to denervation sec-
ondary to neuronal damage to the suprascapular 
nerve (e.g. in infraspinatus). A rotator cuff tear 
may lead to retraction of the myotendinous junc-
tion medially, and as the suprascapular nerve is 
relatively tethered in the notch, give rise to nerve 
injury. It is then the nerve injury that causes dener-
vation and fatty muscle infiltration. In a recent 
study comparing the muscle changes following 
rotator cuff tear and denervation, the net effect of 

fatty infiltration in rotator cuff musculature was 
seen to be identical in its spatial distribution, and 
also found to be histologically identical. If the 
amount of fat deposition leads to a 2 or more grad-
ing, the changes are deemed irreversible and surgi-
cal repair of the cuff tear is not carried out.

 Reproducibility/Variation

There is limited data but it is fairly good and sup-
portive as a reliable and reproducible assessment 
tool. It can also be used postoperatively to moni-
tor regeneration. The infraspinatus rarely regen-
erates which could be due to denervation.

 Analysis/Validation of Reference Data

Limited validation related to functional loss and 
postoperative improvement based on clinical 
examination with respect to external rotation.

 Conclusion

Useful and reliable imaging factor.
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8.12  Acromion–Glenoid Angle 
and Supraspinatus–Glenoid 
Angle: MRI

 Definition

The acromion–glenoid angle (AGA) is the angle 
between the inferior outline of the acromion and 
the line tangent to the superior and inferior mar-
gins of the glenoid labrum. The mean value is 
78.9° +/− 8°.

The supraspinatus–glenoid angle (SGA) is the 
angle between a line tangent to the superior and 
inferior margins of the glenoid labrum and the 
axis of supraspinatus fossa. The mean value is 
88.0° +/− 6.5°.

 Indications

The acromion–glenoid angle (AGA) and the 
supraspinatus–glenoid angle (SGA) are impor-
tant in evaluating the relationship between 
rotator cuff tears and glenoid orientation. A 
reduced AGA and an increased SGA will 
result in reduced outlet dimensions for the 
rotator cuff.

 Techniques

MRI Shoulder: oblique coronal section.

 Full Description of Technique

The coronal oblique MRI plane is equivalent to 
the true AP radiographic plane of the shoulder. 
The measurement of the acromion–glenoid angle 
and the supraspinatus–glenoid angle are per-
formed on an MR coronal oblique image just 
posterior to the acromioclavicular joint.

The acromion–glenoid angle (AGA) is deter-
mined through the intersection of a line drawn 
along the inferior acromial cortex (A line) and 
another line that connects the superior and infe-
rior margins of the glenoid labrum (G line). The 
supraspinatus–glenoid angle (SGA) is the angle 
formed by the G line and the axis of supraspina-
tus fossa (S line) which represents the bed of 
supraspinatus muscle (Fig. 8.22).

 Reproducibility/Variation

MRI is the best technique for identifying acromion–
glenoid angle and supraspinatus–glenoid angle, two 
factors that play a role in rotator cuff disease.

 Clinical Relevance/Implications

It is important to realise that there is a predictive 
association between rotator cuff tears and the ori-
entation of the glenoid relative to the axis of the 
supraspinatus fossa. An increased SGA promotes 

G line

S line

A line

SGAAGA

a b c

Fig. 8.22 The AGA and SGA estimation seen in dia-
grammatic format (a) on a coronal MR image in a normal 
patient (b) and on a coronal MR image in a patient with a 

large complete rotator cuff tear of the supraspinatus and 
abnormal angles (c)
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upward gliding of the humeral head causing com-
pression of the rotator cuff beneath the coracoac-
romial arch.

 Analysis/Validation of Reference Data

Banas et al. (1995) were the first to report the rela-
tionship between rotator cuff tears and the AGA 
angle which they termed the lateral acromial 
angle (LAA). They defined the LAA as the slope 
of the acromion relative to the face of the glenoid 
fossa measured on the coronal MR oblique. As 
the LAA decreased, rotator cuff disease increased. 
The LAA was significantly lower in rotator cuff 
disease patients compared with patients who had 
an intact rotator cuff (p < 0.0001). LAA or AGA 
values are:

Normal Mean 78° (70–86°)
Full thickness tear < 70°

The LAA was found to be an independent sig-
nificant predictor of cuff disease. All patients 
with a LAA of 70° or less had a full thickness 
rotator cuff tear.

Tétrault et al. (2004) confirmed that rotator cuff 
patients had a lower AGA (76 +/−7°) compared 
with normal (86 +/−10°). They also showed that the 

rotator cuff tears were associated with larger SGA 
(112 +/−6°) compared with normal (102 +/−7 °).

Normal AGA 86 +/−10° RC Tear 76 +/−7°
Normal SGA 102 +/−7° RC tear 112 +/−6°

In their glenoid version measurement assess-
ment they also discovered that anterior cuff tears 
occurred in increased glenoid retroversion (−5 
+/−4°), while increased anteversion (3 +/−3°) 
was predictive of posterior cuff tears.

Glenoid version −5 +/−4° Anterior cuff tears

Glenoid version 3 +/−3° Posterior cuff tears

Significant differences were found between 
patients and controls by Tokgoz et al. (2007) for 
axial glenoid version and bicipital–humeral dis-
tance MRI measurements regarding supraspina-
tus tears. In their study a relationship was 
demonstrated between reduced measurements 
and supraspinatus tears:

 – glenoid version (Fig.  8.23a)—average 
decrease of 2.3° (−7.1 +/− 7.8° patients, −4.8 
+/−5.6° normal),

 – bicipital-humerus distance (Fig.  8.23b)—an 
average decrease of 2.7 mm (12.1 +/− 3.7 mm 
in patients, 14.8 +/−4.1 mm normal).

a b

Fig. 8.23 Estimating the SGAX angle (a) and the BHD (b)
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 Conclusion

The AGA and SGA represent the space for the 
supraspinatus tendon outlet. There is a strong 
association between patients with rotator cuff 
pathology and predisposing abnormal bone struc-
ture evidenced by alterations in AGA and SGA 
angle measurements. The AGA or LAA is a mea-

surement of the lateral extension of the acromion 
in the coronal plane. It should be used in associa-
tion with the other two parameters (described 
later) which also assess lateral acromial exten-
sion, the critical shoulder angle (CSA) and acro-
mial index (AI) to increase the specificity and 
value of the measurement.
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8.13 Critical Shoulder Angle

Definition

The critical shoulder angle (CSA) combines the 
measurement of inclination of the glenoid and 
the lateral extension of the acromion and was first 
introduced by Moor et  al. in 2013. The mean 
CSA is 33.1° (26.8–38.6°) in normal individuals, 
with only a 1.2° difference between bilateral 
healthy shoulders. In rotator cuff tears it is 
increased measuring 38° (29.5–43.5°) and 
decreased in OA measuring 28.1° (18.6–35.8°).

Indications

Degenerative shoulder pathology ranging from 
rotator cuff impingement, rotator cuff tears and 
osteoarthritis. Postoperative assessment follow-
ing surgery in patients with recurrent rotator cuff 
symptoms.

Techniques

True AP shoulder radiographs with visible joint 
space and minimal overlap between posterior and 
anterior bony rims of the glenoid.

Full Description of Technique

The CSA distance is measured on a true AP 
radiographic projection of the shoulder. The 
radiograph is obtained in the upright or supine 
position with the patient turned outwards approx-
imately 35–45° so that the plane of the scapula 
parallels the cassette, providing a tangential view 
of the glenohumeral joint with superimposed 
anterior and posterior glenoid margins. The arm 
is placed in a neutral position. The central beam 
is pointed to glenohumeral joint and angled 
10–15° caudally. A tangential view of the sub-
acromial surface can be obtained by fluoroscopic 
projection. The tube-screen distance is 100  cm 
and the tube voltage is usually 60–65 kV. Due to 
the angulation of the central beam, the anterior 

and posterior rims of the acromion are superim-
posed and appear as a regular cortical outline.

The first line connecting the superior and infe-
rior osseous margins of the glenoid cavity is first 
drawn. A second line is then drawn from the 
inferolateral acromial border to intersect the first 
line at the inferior glenoid rim (Fig. 8.24) and the 
subtended angle is the CSA.

Reproducibility/Variation

Quantitative individual scapular anatomical fac-
tors play a role in rotator cuff tears. Glenoid incli-
nation is associated with full thickness tears 
(Hughes et al. 2003) while a large acromial index 
(high AI) is also found to be associated with rota-
tor cuff tears (Nyffeler et al. 2006). The CSA is a 
radiological parameter that takes into account 
both the glenoid inclination and the AI.

There is good interobserver reliability on both 
CSA estimation done on AP radiographs and 
MDCT reconstructions. Furthermore there is a 
very strong inter-method correlation of the CSA 
measured on radiographs and CT scans (Bouaicha 
et al. 2014).

Fig. 8.24 Critical Shoulder Angle
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Clinical Relevance/Implications

In Moor et al.’s study (2013) of patients with a 
CSA >35°, 89% had a rotator cuff tear, while in 
those with a CSA <30°, 93% were in the OA 
group.

These findings suggest that individual quanti-
tative anatomical variation is associated with 
altered shoulder biomechanics with the induction 
of specific systematic degenerative disorders 
(Moor et al. 2014a). Viehofer et al. (2016a) have 
shown that a high CSA destabilises the shoulder 
joint requiring higher than normal supraspinatus 
forces to maintain glenohumeral stability during 
active abduction. Conversely a lower CSA pre-
disposes the glenohumeral joint to high joint 
reaction forces, overloading and development of 
OA (Viehofer et al. 2016b).

The high CSA predisposes not only to rotator 
cuff tears but also to a worse postoperative score 
after rotator cuff repair. Furthermore as shown by 
Garcia et  al. 2017, a high CSA significantly 
increased the risk of full thickness rotator cuff re-
tear after rotator cuff repair.

In a more recent article, Heuberer et al. (2017) 
concluded that the combination of CSA and age 

could predict different shoulder pathologies in 
symptomatic patients.

Analysis/Validation of Reference Data

Some authors believe that acromial changes are 
the consequence and not the cause of rotator cuff 
tears. This means that the measurements related to 
changes in the acromion are relevant to rotator cuff 
tears but not necessarily the primary biomechani-
cal factor predisposing to rotator cuff pathology.

Age is a very important parameter however. 
The data suggests that in a 65 year old with no 
OA or rotator cuff tears the CSA is 30–35°. A 
CSA >35° usually is associated with a rotator 
cuff tear and an angle <30° with OA (Moor et al. 
2014b).

Conclusion

The CSA is a simple highly reproducible mea-
surement which is increasingly used in the 
assessment of a number of shoulder degenerative 
pathologies.
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8.14  Humeral Neck Shaft Angle

 Definition

The humeral neck shaft angle (NSA) is created at 
the intersection of the line perpendicular to the 
humeral anatomic neck with the humeral shaft 
axis. The average angle is 140° (136–144) for 
normal subjects.

 Indications

The angle is useful in the preoperative assessment 
of the glenohumeral relationships in proximal 
humeral fractures and prosthetic shoulder arthro-
plasty as explicity proven by Lehtinen et al. (2000).

Normal 140° (range 136–144)

 Techniques:

Radiography: true AP view of the glenohumeral 
joint.

 Full Description of Technique

The humeral neck shaft angle is measured on a 
true AP radiographic projection of the shoulder. 

The radiograph is obtained in the upright or 
supine position with the patient turned outwards 
approximately 35–45° so that the plane of the 
scapula parallels the cassette, providing a tangen-
tial view of the glenohumeral joint with superim-
posed anterior and posterior glenoid margins. 
The arm of the side under evaluation is in a neu-
tral position. The central beam is pointed to the 
glenohumeral joint and angled 10–15° caudally. 
For a better tangential view of the subacromial 
surface, it is preferable to have fluoroscopic guid-
ance to execute radiographic projection. The 
tube-screen distance is 100  cm, and the X-ray 
voltage is usually 60–65 kV.

Due to the angulation of the X-ray beam, the 
superimposed anterior and posterior portions of 
the acromial undersurface appear as a regular 
cortical profile.

The measurement technique consists of draw-
ing a line (L. neck) perpendicular to the plane (P. 
neck) passing through the anatomic neck of the 
humerus. A second line (L. shaft) corresponding 
to the longitudinal axis of the humeral diaphysis 
is drawn. This is constructed by drawing a line 
through two points along the proximal humeral 
medulla which correspond to the midpoints of 
perpendiculars to the humeral diaphyseal cortex. 
Humeral neck shaft angle (α) is defined as the 
obtuse angle between line L Neck and line L 
Shaft (Fig. 8.25).

a

L Shaft

P Neck

L Neck

a

a b

Fig. 8.25 The humeral neck shaft angle (α)
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 Reproducibility/Variation

Very easy to evaluate the angle on the AP shoul-
der radiographs with a high reproducibility.

 Clinical Relevance/Implications

The humeral neck shaft angle can help surgeons 
to better adapt a prosthesis to a patient’s bony 
anatomy. It is one of a number of interdependent 
measurements which are considered in choosing 
the appropriate prosthesis.

The humeral neck shaft angle as defined by 
Ianotti et al. (1992) is of a lower value with a 
mean of 45.0° +/− 5° (range 30–55°). This is 
because the angle measurement lines employed 
are different. In Ianotti et al.’s method the angle 
is measured between the humeral shaft axis 

and the anatomical neck plane (V line or P 
neck line), while in the described method the 
perpendicular to the V line is used. There is 
therefore a difference of 90° in the values 
obtained between the two methods of measur-
ing the humeral NSA.

 Analysis/Validation of Reference Data

Validated using experimental and clinical means.

 Conclusion

The angle is useful in the preoperative assess-
ment of the glenohumeral relationships and helps 
orthopaedic surgeons in planning reconstructive 
and prosthetic shoulder arthroplasty.
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8.15  Glenohumeral Joint Space

 Definition

The glenohumeral joint space corresponds to the 
distance between the articular profile of the 
humeral head and the glenoid fossa. The average 
width of the glenohumeral space (integral space) 
in normal subjects is 4.7 mm.

 Indications

The assessment of the glenohumeral joint space, 
as proposed by Lehtinen et al. in their study 
(2000), is useful as a quantitative definition of the 
articular cartilage loss in shoulder involvement 
by degenerative and inflammatory arthropathies.

Normal 4.7 mm

 Technique

Radiography: true AP view glenohumeral joint.

 Full Description of Technique

The glenohumeral joint space is measured on a 
true AP radiographic projection of the shoulder. It 
is obtained in the upright or supine position, with 
the patient slightly turned outwards by approxi-
mately 20°, providing a tangential view of the 
glenohumeral joint. The arm is placed in external 
rotation, palm facing upwards. The central beam 
is pointed perpendicularly to the glenohumeral 
joint. To obtain an optimal tangential view of the 
glenohumeral joint, fluoroscopic guidance may 
be used. The tube-screen distance is 90–100 cm, 
and the tube voltage is usually 50–60 kV.

The diameter of the humeral head (line D) is 
traced joining the two terminal articular carti-

lage points of the joint surface projection. The 
mid- point (point O) of the line D is determined 
with a ruler. Points a and c being the superior 
and inferior limits of the glenoid surface, and 
point b the mid-point. Three lines are traced 
joining point O with points a, b, c and intersect-
ing the humeral joint surface, respectively, in 
points A, B, C. The joint width is evaluated from 
three measurement sites at the glenoid cavity, 
a-A, b-B and c-C. The joint space at the three 
sites and the average value, the integral space, is 
determined (Fig. 8.26).

 Reproducibility/Variation

A true AP view is necessary to gauge the degree 
of joint space narrowing. In the lower extremity, 
weight bearing radiographs are used to delineate 
loss of joint space. Although attempts have been 
made to obtain stress glenohumeral radiographs, 
these studies have not successfully demonstrated 
joint space collapse in the absence of other radio-
graphic signs of arthritis.

An axillary radiograph is required to assess 
the presence of glenoid wear. If glenoid wear is 
seen, a CT scan is the best study to evaluate the 
degree of osseous loss. Routine use of MRI scan-
ning is not necessary.

 Clinical Relevance/Implications

Diagnosis of osteoarthritis (OA) is made based on 
history, physical examination, and standard radio-
graphs. A true anteroposterior (AP) view is neces-
sary to gauge the degree of joint space narrowing.

 Analysis/Validation of Reference Data

Limited correlative studies available.
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 Conclusion

The joint space narrowing in the rheumatoid GH 
joint is a late phenomenon and the existence of 

rheumatoid involvement in the GH joint should 
be based on erosions, not on joint space narrow-
ing on the radiograph.

a

A

B0

Line D

b

C c

a b

Fig. 8.26 From the centre of the diagonal line, joint space width estimation is done at 3 points: superior, middle, and 
inferior joint space
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8.16  Lateral Glenohumeral Offset 
Distance

 Definition

The lateral glenohumeral offset distance corre-
sponds to the interval measured between the gle-
noid cavity and lateral margin of the humeral 
greater tuberosity. The mean value is of 55.7 
+/− 5.7 mm.

 Indications

This parameter is useful for the preoperative 
assessment of the glenohumeral relationships in 
planning post-traumatic humeral reconstruction 
or a prosthesis for shoulder arthroplasty.

Normal 55.7 +/−5.7 mm

 Technique

Radiography: true AP view of the glenohumeral 
joint.

 Full Description of Technique

The lateral glenohumeral offset distance is mea-
sured on a true AP radiographic projection of the 
shoulder. The X-ray is obtained in the upright or 
supine position with the patient turned outwards 
approximately 35–45° so that the plane of the 
scapula parallels the cassette, providing a tangen-
tial view of the glenohumeral joint with superim-
posed anterior and posterior glenoid margins. The 
arm is placed in a neutral position. The central 
beam is pointed to glenohumeral joint and angled 
10–15° caudally. A tangential view of the subacro-
mial surface can be obtained by fluoroscopic guid-
ance prior to executing the radiographic projection. 
The tube-screen distance is 100 cm, and the tube 
voltage is usually 60–65 kV. Due to the angulation 
of the central beam, the anterior and posterior rims 
of the acromion are superimposed and appear as a 
regular cortical outline.

The lateral glenohumeral offset distance 
(Fig.  8.27) is assessed by the interval distance 
between two vertical lines; the line tangent to the 
glenoid cavity (line G), (or joint line), and the 
line parallel to the joint line and tangent to the 
lateral greater tuberosity border (line GT).

GGT

GGT

a b

Fig. 8.27 Lateral Glenohumeral Offset
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 Reproducibility/Variation

Very easy and highly reproducible by evaluation 
on AP shoulder radiograph.

 Clinical Relevance/Implications

The lateral glenohumeral offset distance helps 
surgeons to optimally choose and place the pros-
thesis in the patient’s bone anatomy.

 Analysis/Validation of Reference Data

There are a number of other important measure-
ments which are taken in consideration along 

with the lateral glenohumeral offset in the plan-
ning of total shoulder arthroplasty. There are eth-
nic variations which account for differences in 
their reference values from different articles. It is 
important to remember that the measurements 
need to be seen as an interrelated group which in 
combination determine the structural–functional 
relationships.

 Conclusion

This measurement is useful in the preoperative 
assessment of the glenohumeral relationships 
aiding the orthopaedic surgeon in planning a 
prosthetic shoulder arthroplasty.
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8.17 Acromial Index

Definition

The acromial index (AI) quantifies the amount of 
lateral acromial extension relative to the humeral 
head as described by Nyffeler et  al. in 2006. A 
high acromial index reflects a large lateral exten-
sion of the acromion.

Normal value: 0.64 +/− 0.06.
Full thickness cuff tear: 0.73 +/− 0.06.
O.A: 0.60 +/− 0.08.

Indications

The pathogenesis of degenerative shoulder disor-
ders ranging from rotator cuff disease (tears and 
impingement) and primary osteoarthritis of the 
glenohumeral joint.

Technique

A true AP radiograph of the shoulder with the 
glenoid surface perpendicular to the cassette and 
the humerus held in neutral or internal rotation is 
essential.

Full Description of Technique

The AI is measured on a true AP radiographic 
projection of the shoulder. The X-ray is obtained 
in the upright or supine position with the patient 
turned outwards approximately 35–45° so that 
the plane of the scapula parallels the cassette, 
providing a tangential view of the glenohumeral 
joint with superimposed anterior and posterior 
glenoid margins. The arm is placed in a neutral 
position. The central beam is pointed to glenohu-
meral joint and angled 10–15° caudally. A tan-
gential view of the subacromial surface can be 
obtained by fluoroscopic projection. The tube-
screen distance is 100 cm and the tube voltage is 
usually 60–65 kV. Due to the angulation of the 
central beam, the anterior and posterior rims of 
the acromion are superimposed and appear as a 
regular cortical outline.

Three parallel vertical lines are drawn for this 
measurement and the distances between them are 
then measured.

The first line passing through the superior and 
inferior glenoid margins represents the glenoid 
cavity.

The second line is drawn tangential to the lat-
eral tip of the acromion and the third line at a tan-
gent to the lateral part of the proximal humerus.

The glenoid-acromion distance (GA) is 
divided by the glenoid-humeral distance (GH) to 
produce the acromial index (Fig. 8.28).

Reproducibility/Variation

Rotation of the humerus or scapula introduces 
significant errors in this measurement, and a 
scrupulous radiographic technique is crucial 
when obtaining the radiograph to avoid them as 
shown by Nyffeler.

The interobserver correlation is excellent 
(coefficient of correlation 0.87).

It is worth noting that as OA is often associ-
ated with a flattened humeral head and wear of 
the bony glenoid, there is a misleading increase 
in the AI.

GH

GA

Fig. 8.28 Acromial Index
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 Clinical Relevance/Implications

Nyffeler et al. found average AI of 0.73 +/− 0.06 in 
full thickness rotator cuff tears compared with 
0.60 +/− 0.08 in patients with OA (p < 0.0001) 
and the control group 0.64 +/− 0.06.

They postulated that a large AI results in a 
more vertical force vector orientation of the del-
toid which will pull the humeral head superiorly, 
which then requires the supraspinatus tendon to 
increase its horizontal force required to stabilise 
the centre of rotation during active abduction.

 Analysis/Validation of Reference Data

Nyffeler et  al.’s findings were corroborated by 
Torrens et al. in 2007.

However other studies did not reproduce this 
difference. Hamid et al. in 2012 found identical 

values for AI in all pathological and control 
groups of 0.690 and no association with rotator 
cuff disease. This may be due to differences in 
the radiographic technique of obtaining the true 
AP of the shoulder.

Conclusion

The acromial index is one of three parameters 
that assess the degree of acromial lateralisation 
(LAA and CSA). A high index is associated with 
rotator cuff tears. It is still not clear if the abnor-
mal acromial morphology is the cause or effect of 
disease (Wang and Shapiro 1997).

F. Martino et al.
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8.18  Joint Line: Coracoid Process 
Distance

 Definition

The joint line–coracoid process distance corre-
sponds to the interval measured between the gle-
noid cavity and the base of the coracoid process. 
The mean value is of 6.4 +/− 1.9 mm.

 Indications

This lateral glenoid offset parameter is useful for 
the preoperative assessment of the glenohumeral 
relationships in planning for a prosthetic shoul-
der arthroplasty.

Normal 6.4 +/− 1.9 mm

 Technique

Radiography: true AP view of the glenohumeral 
joint.

 Full Description of Technique

The joint line–coracoid process distance is mea-
sured on true AP radiographic projection of the 
shoulder. The radiograph is obtained in the 
upright or supine position with the patient turned 
outwards approximately 35–45° so that the plane 
of the scapula parallels the cassette, providing a 
tangential view of the glenohumeral joint with 
superimposed anterior and posterior glenoid mar-
gins. The arm of the side under evaluation is in a 
neutral position. The central beam is pointed to 
the glenohumeral joint and angled 10–15 °cau-
dally. For a better tangential view of the subacro-
mial surface it is preferable to employ fluoroscopic 
guidance in the execution of the radiographic 
projection. The tube-screen distance is about 
110 cm, and the tube voltage is usually 60–65 kV.

Due to the angulation of the central beam the 
superimposed anterior and posterior portions of 
the acromial undersurface appear as a regular 
cortical profile.

The joint line–coracoid process distance 
(Fig. 8.29) is assessed by the interval between the 
vertical line tangent to glenoid cavity (G line), (or 

G            C

CG

a b

Fig. 8.29 The lateral glenoid offset
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joint line), and the line parallel to the joint line and 
tangent to the lateral coracoid border (C line).

 Reproducibility/Variation

Very easy and reproducible by evaluation on the 
AP radiograph.

 Clinical Relevance/Implications

The joint line–coracoid process distance can help 
surgeons to better adapt prosthesis to a patient’s 
bone anatomy.

 Analysis/Validation of Reference Data

A number of studies have shown that this dis-
tance is independent of other measurable param-
eters in the individual.

 Conclusion

This measurement is useful in the preoperative 
assessment of glenohumeral relationships and 
help orthopaedic surgeons in the optimal plan-
ning of a prosthetic shoulder arthroplasty.
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8.19  Bicipital Groove Width

 Definition

The bicipital groove width of the humerus is the 
distance between the medial and the lateral lips 
of the intertubercular sulcus. The mean distance 
of the top width is of 4.6 mm.

 Indications

It is useful to determine the normal configuration 
and common anatomic abnormalities of bicipital 
tendon sulcus.

Normal 4.6 mm

 Technique

Radiography: bicipital groove view.

 Full Description of Technique

The bicipital groove width of the humerus is 
measured on a bicipital groove radiographic 
view of the shoulder as proposed by Cone et al. 

(1983). The radiograph is obtained with the 
patient in the supine position with the arm in 
external rotation. The central beam is directed 
parallel to the coronal axis of the humerus and 
angled 15–25° medially. The cassette is held per-
pendicular to the superior aspect of the shoulder. 
The width of the bicipital groove is measured in 
two locations on the bicipital groove view. The 
top width is determined as the distance between 
the medial and lateral lips of the intertubercular 
sulcus along the plane of the intertubercular line 
(Fig.  8.30). The middle width is measured 
between the walls of the intertubercular sulcus at 
a point equating to one-half of the depth of the 
sulcus.

 Reproducibility/Variation

This radiographic view is not easy to perform and 
the reproducibility is related to the technician 
experience.

 Clinical Relevance/Implications

Radiographic factors useful in the evaluation of 
the bicipital groove of the proximal humerus are 
not widely known. This is unfortunate, as abnor-

a b

Fig. 8.30 Bicipital groove width
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malities of the bicipital tendon and its synovial 
sheath have been implicated in a variety of causes 
of shoulder pain and disability.

 Analysis/Validation of Reference Data

Insufficient number of references available for 
validation.

 Conclusion

Due to the technical difficulty of execution of this 
projection, today this measurement is generally 
performed on images obtained from US, CT or 
MRI.

F. Martino et al.
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8.20  Bicipital Groove Medial 
Wall Angle

 Definition

The bicipital groove medial wall angle of the 
humerus is the angle of intersection between the 
tangent to the superior margins of the greater and 
lesser tuberosities and the tangent to the medial 
wall of the intertubercular sulcus. The normal 
angle ranges from about 40 to 70° (average angle 
of 48°).

 Indications

As remarked by Hitchcock and Bechtol (1948), 
the bicipital groove medial wall angle is useful in 
the evaluation of the relationship between this 
angle and the incidence of subluxation or dislo-
cation of the bicipital tendon.

Normal 48° (40–70)

 Technique

Radiography: bicipital groove view.

 Full Description of Technique

The bicipital groove width of the humerus is mea-
sured on bicipital groove radiographic view of the 
shoulder as proposed by Cone et al. (1983). The 
radiograph is obtained with the patient in the supine 
position, and with the arm in external rotation. The 
central beam is directed parallel to the coronal axis 
of the humerus and angled 15–25° medially. The 
cassette is held perpendicular to the superior aspect 
of the shoulder. A line is drawn tangent to the supe-
rior margins of the greater and lesser tuberosities of 
the humerus. A second line is drawn tangent to the 
medial wall of the intertubercular sulcus of the bicip-
ital groove. The angle of intersection of these lines is 
the medial wall angle (Fig. 8.31).

 Reproducibility/Variation

This radiographic view is not easy to perform and 
the reproducibility is related to the technician 
experience.

 Clinical Relevance/Implications

The medial wall angle, presence or absence of 
bicipital groove spurs, coexisting degenerative 

α
α
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Fig. 8.31 Bicipital groove—medial wall angle
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changes in the greater or lesser tuberosity, and the 
presence or absence of a supratubercular ridge 
can be determined.

 Analysis/Validation of Reference Data

Not possible to validate due to lack of reference 
evidence.

 Conclusion

Due to the technical difficulty of execution of this 
projection, today this measurement is generally 
performed with CT or MRI images.
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8.21  Coracoclavicular Distance: US

 Definition

The coracoclavicular distance is the width 
between the clavicle and the coracoid process of 
the scapula assessed during the sonographic 
investigation of the acromioclavicular joint.

 Indications

Ultrasound is useful in detecting coracoclavicu-
lar pathologies in cases of trauma, inflammatory 
and degenerative changes.

 Technique

Ultrasound shoulder: anterior sagittal section 
plane.

 Full Description of Technique

The patient is seated in front of the examiner as 
proposed by Sluming (1995), with the arm in 
neutral position. The ultrasound evaluation is 
performed with the US transducer placed on the 
anterior sagittal plane passing through the cora-
coid process. The coracoclavicular distance is 
assessed measuring the shortest distance between 
the inferior border of the clavicle and the superior 
border of the coracoid process (Fig. 8.32).

 Reproducibility/Variation

Very easy to reproduce having as references the 
clavicle and the coracoid process.

 Clinical Relevance/Implications

This distance is assessed routinely on radiographs 
of the shoulder as part of the assessment of the acro-
mioclavicular joint. The pathologic findings consist 
of bone irregularities, soft tissue cyst formation, 
excessive fluid collection and calcification.

 Analysis/Validation of Reference Data

Limited by lack of studies, but there is evidence 
that the US technique for this measurement is reli-
able, reproducible and validated. When compared 
with radiographic assessment of the measurement 
there was a mean difference of 0.38 mm.

 Conclusion

The ultrasound technique described is a reliable, 
accurate and valid technique for evaluating the 
coracoclavicular distance and may usefully sup-
plement the routine radiographic examination of 
the shoulder in patients presenting for radiographic 
examination of the acromioclavicular joint.

CO

CL

a b

Fig. 8.32 Coracoclavicular distance—US
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8.22  Subcoracoid Space: Six 
Anatomic Measurements

 Definition

The subcoracoid space is the distance between 
the coracoid process and the anterior portion of 
the humeral head. The articular cartilage of the 
humeral head, the capsule, the tendinous rotator 
cuff, the subcoracoid bursa, and the soft tissues 
over the coracoid tip are the contents of the space.

 Indications

It is thought to predispose to rotator cuff tear 
(subscapularis and long head of biceps) and cor-
acoid impingement syndrome. Impingement 
producing anterior clinical signs and symptoms 
occurs predominantly in forward flexion, adduc-
tion, and internal rotation (U.S. military parade 
rest position). Symptoms are presumed to occur 
when the superficial surface of the upper sub-
scapularis tendon impinges between the cora-
coid and lesser tuberosity causing stretching of 
the deep surface of the tendon producing the 
“Roller- Wringer effect” proposed by Lo and 
Burkhart (2003). This leads to a TUFF (tensile 
undersurface fibre failure) lesion. Importantly 
subcoracoid impingement is a well-known 
cause of persistent postoperative pain after rota-
tor cuff repair.

 Technique

Using CT or MRI axial images six different ana-
tomic measurements allow assessment of the 
subcoracoid space.

 Full Description of Technique

MRI is preferred to CT as it has no ionising radia-
tion burden, is superior in defining the soft tissue 
contents of the space and the soft tissue contribu-
tion to impingement. Dumontier et  al. (1999) 
showed that the thickened fibrous falx near the 

confluence of the coracoacromial ligament and 
coracobrachialis contributes to the soft tissue 
impingement. This is seen as soft tissue thicken-
ing on the lateral coracoid tip. Different points of 
the axial images are best suited for optimal 
assessment of these measurements. CD, CA and 
CI are best measured from the image that best 
shows the tip of the coracoid process (Fig. 8.33).
Coracohumeral Distance (CD): is the shortest 
distance between the tip of the coracoid process 
and the humeral head. The shortest distance 
between the articular surface of the humeral head 
and the posterior surface of the coracoid is 
measured.
Coracoglenoid Angle (CA): is the angle between 
the coracoid body and the plane of the glenoid 
articular surface. Two reference lines are drawn 
and the angle is formed at their point of intersec-
tion; line A from the anterior lip of the glenoid 
and the most prominent portion of the coracoid 
tip, and line B running through to the glenoid 
articular surface.
Coracoid Index (CI): is the perpendicular dis-
tance by which the base of the coracoid extends 
anteriorly past the reference line drawn through 
to the glenoid articular surface.
Coracoid Overlap (CO): is the perpendicular 
distance from the maximal anterior projection of 

Line B 
Line A

CA

CD CI

Fig. 8.33 Subcoracoid impingement parameters in the 
axial plane: CD, CA, CI
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the tip of the coracoid process to the reference 
plane running tangential through the glenoid 
articular surface (Fig. 8.34).
Centre of Humeral Head to Coracoid Tip 
Distance (CHCT): is the distance from the cen-
tre of the humeral head to the tip of the coracoid. 
The centre of the head is determined by choosing 
the best- fit plastic circle method.
Centre of Humeral Head to Bicipital Groove 
Distance (CHBG): is the distance from the centre 
of the humeral head to the bicipital groove.

Normal 
values Men Women
CD 9.3 mm (SD, 

3.3 mm)
7.9 mm (SD 
2.5 mm)

CA 146.9° (SD, 9.0) 147.8° (SD, 9.2)
CI 8.7 mm (SD, 

5.4 mm)
6.5 mm (SD, 
4.2 mm)

CO 12.7 mm (SD, 
5.0 mm)

10.3 mm (SD, 
4.3 mm)

CHCT 36.4 mm (SD, 
10.8 mm)

29.9 mm (SD, 
2.7 mm)

CHBG 24.9 mm (SD, 
2.3 mm)

21.1 mm (SD, 
1.5 mm)

The CD measurement is the commonly used sub-
coracoid parameter in a clinical context.

Subcoracoid stenosis CD <5.5 mm (MR in max 
internal rotation)

Subscapularis tears CD <5 mm+/− 1.7 mm

 Reproducibility/Variation

Interestingly the values of most of the anatomical 
measures (CD, CA, CI, CO) have been studied by 
static CT and MRI and the results are remarkably 
similar.

The position of the arm does have the poten-
tial of affecting measurements. CD for example 
is reduced with the arm in flexion, adducted and 
internally rotated. Gerber et  al. (1987) reported 
that the average CD resting value of 8.7  mm 
decreased to 6.8 mm in healthy individuals with 
forward flexion and maximal internal rotation. 
Using dynamic MR Friedman et al. (1992, 1998) 
reported an average CD interval of 11  mm in 
asymptomatic individuals compared with 
<5.5  mm in symptomatic patients. In a more 
recent review of static MR, studies by Giaroli 
et al. showed that when the threshold of 5.5 mm 
CD distance was applied to their study groups, 
this value achieved a sensitivity value of only 
5.3% but with a specificity of 97.6%. This differ-
ence may be due to the different shoulder 
 positions employed in doing the MR examina-
tions which could have affected these measure-
ments. Using static MR of the shoulder obtained 
routinely in which the humerus is in neutral or 
external rotation position, Giaroli et al. reported a 
79% sensitivity and 59% specificity for coracoid 
impingement when the CD measured <10.5 mm 
on axial MR images. In addition the authors iden-
tified that CD measurements in females yielded 
an average of 3 mm less than in males. Lastly in 
a study by Richards et al. (2005) looking at the 
CD distance and subscapularis tears, the mean 
CD was 5+/−1.7 mm in the tear group compared 
with 10+/− 1.3 mm in the control group.

CO

Fig. 8.34 Subcoracoid impingement parameter: CO
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 Clinical Implications/Relevance

Subcoracoid impingement appears to be a pre-
dominantly clinical diagnosis that may be 
supported but not established by routine MR 
examination. There does not appear to be any 
association between pathology in the superior 
and posterior components of the rotator cuff and 
the subcoracoid anatomy. There is a possible 
relationship however with pathology seen in the 
anterior supraspinatus tendon, subscapularis ten-
don, pulley lesions and long head of the biceps 
tendon. The diagnosis of coracoid impingement 
is controversial. Coracoid impingement often 
occurs with other joint pathology and is a cause 
of persistent symptoms after satisfactory sub-
acromial decompression and rotator cuff repair. 
The possibility of coexistent subacromial and 
subcoracoid sites of primary external impinge-
ment must be considered before treating either as 
an isolated condition.

 Analysis/Validation of Reference Data

The CD, CA, CI and CO have had a number of 
studies that have validated the normal ranges of 
the six anatomical measurements. There is still 
only limited validation concerning the lower 
ranges and their clinical significance.

 Conclusion

Isolated subcoracoid impingement is rare and is 
usually associated with other conditions such as 
acromioclavicular arthritis, rotator cuff pathol-
ogy, and glenohumeral instability. Promising but 
not fully established role of subcoracoid impinge-
ment and the abnormal values pertaining to the 
diagnosis.
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8.23  Glenoid Version Angle: 
Radiography

 Definition

Glenoid version defines the glenoid orientation 
relative to a perpendicular to the plane of the 
scapula.

 Indications

Glenoid version plays an important role in the 
stability and loading of the glenohumeral joint. 
Changes in glenoid version (scapuloglenoid 
angle) are a predictive parameter in atraumatic 
shoulder laxity or instability. It is important in 
shoulder replacement surgery whereby exces-
sive glenoid component version is related to 
poor outcomes. It is also related to rotator cuff 
disease (see previous section AGA/SGA 
angles).

 Techniques

Radiography of the shoulder: axillary view.

 Full Description of Technique

The glenoid version (scapuloglenoid) angle can be 
radiologically evaluated on the axillary view of the 
shoulder. This projection can be obtained with the 
patient in the horizontal position on the table, with 
the arm in neutral rotation and in 60° of abduction. 
The beam is directed to the upper surface of the 
axilla and meticulous attention to the standard 
technique is necessary as measurement can be ren-
dered difficult on axillary radiographs even with 
optimal radiographic technique.

A tangential line is drawn connecting the most 
lateral aspect of the posterior glenoid to the most 
medial aspect of the anterior glenoid. An intersect-
ing line is constructed connecting the centre point of 
the first line at its midpoint and the medial aspect of 
the scapula. The angle in the posterior medial quad-
rant is measured and its value is subtracted from 90° 
to yield the glenoid version angle (Fig. 8.35). A ret-
roverted glenoid has a negative value, while a posi-
tive value indicates anteversion.

Normal 
radiographic 
value

−9° retroversion +2° anteversion

(beware as this method is associated with an 
overestimation mean of 6.4°)

a b

Fig. 8.35 Glenoid version estimation: Radiographic
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 Reproducibility/Variation

This radiographic view is not easy to obtain in a 
true lateral plane for measurement purposes and 
the reproducibility is related to the technician’s 
experience.

 Clinical Relevance/Implications

Apparent changes in glenoid version can arise 
from loss of part of the glenoid rim. Dias et al. 
(1993) found no difference in apparent glenoid 
version between normal subjects and recurrent 
anterior dislocators. Dowdy and O’Driscoll 
(1994) found only minor variances of radio-
graphic glenoid version among patients with and 
without recurrence following stabilisation sur-
gery. However, Hirschfelder and Kirsten (1991) 
found increased glenoid retroversion in both the 
symptomatic and asymptomatic shoulders of 
individuals with posterior instability. Grasshoff 
et  al. (1991) found increased anteversion in 
shoulders with recurrent anterior instability.

 Analysis/Validation of Reference Data

The mean glenoid version angle determined on 
macerated scapular specimens was found to be 
−1.1° with a range of −12° to +11°. In the litera-
ture, radiographically determined mean glenoid 
version values on normal shoulders yielded retro-
version values of around −7.5° consistently, 

compared with the mean value on specimens. 
Conventional radiography also appears to overes-
timate retroversion compared with CT and MRI 
values. Nyffeler et al. (2003) in their study noted 
that the overestimation is seen in about 86% of 
cases with a mean difference of 6.5° but a maxi-
mum of up to 21°. Not uncommonly the inferior 
and superior glenoid rims on the axillary view are 
not perfectly superimposed making measurement 
difficult. This may also be because conventional 
axial radiographs superimpose levels of the gle-
noid that have a different version angle. Randelli 
and Gambrioli’s CT work has shown that the 
upper portion of the glenoid has a mean value of 
−5° (range of −2 to −15°), the middle portion a 
mean value of −2 ° (range −  8 to 0°), and the 
lower portion a mean value −7 ° (range −2 to 
−15°). Furthermore, the radiographic measure-
ments are associated with unsatisfactory inter-
observer reproducibility.

 Conclusion

The standard axillary radiographic method of 
determining glenoid version is inaccurate and not 
reproducible. It overestimates retroversion when 
compared with CT and MRI values.

This measurement may be useful in the preop-
erative assessment of the glenohumeral relation-
ships, may help orthopaedic surgeon in planning 
surgery in case of shoulder instability and can 
also assess postoperative status. A more reliable 
method using CT or MRI is required.

F. Martino et al.
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8.24  Glenoid Version Angle: CT

 Definition

The glenoid version defines the orientation of the 
glenoid cavity in relation to a plane perpendicular 
to the scapular body. In normal shoulders, using 
CT, the glenoid version angle ranges between 0 
and 8° of retroversion.

 Indications

The glenoid version angle assessment can be use-
ful in the definition of glenohumeral instability 
and also in improving implant alignment in 
shoulder arthroplasty.

 Techniques

C.T.  Shoulder: axial scan of the glenohumeral 
joint.

 Full Description of Technique

The CT glenoid version angle assessment is 
obtained with the patient in the supine position 
with the shoulder flat in contact with the table 
and the humerus at rest laterally. It is vitally 

important that the scapular plane is perpendicular 
to the scan plane so that in the scout view the 
glenoid profile appears perpendicular to the 
planes of the CT slices. To achieve this, the gan-
try may need to be tilted and the patient propped 
up by cushions. The shoulder is examined with 
contiguous 2.5  mm thick scans from the acro-
mion to the glenoid inferior border. For the deter-
mination of the glenoid version, the next four 
slices inferior to the coracoid process are identi-
fied, corresponding approximately to the mid- 
glenoid level, and the scapular axis is drawn 
connecting the scapular medial margin to the 
midpoint of the glenoid (Fig. 8.36).

The glenoscapular angle (θ) is measured at the 
intersection between the line perpendicular to the 
scapular axis and the line tangent to the anterior 
and posterior borders of the glenoid. The perpen-
dicular line drawn to the scapular axis line is des-
ignated as the neutral version line. If the posterior 
glenoid margin is seen to incline posterior and 
medial to this line, the glenoid is deemed retro-
verted and the measured alpha angle between the 
line of neutral version and the tangent line pass-
ing through the anterior and posterior tips of the 
glenoid is negative. Vice versa if the anterior mar-
gin is medial to the line of neutral version, the 
glenoid is anteverted and the measured alpha 
angle is positive.

At mid-glenoid level the following are CT 
based mean values:

a b

Fig. 8.36 Glenoid version estimation: CT
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Normal 0 to −8° retoversion
Posterior instability > −15° (retroverted)
Anterior instability > +5° (anteverted)

 Reproducibility/Variation

The technique of glenoid version angle CT mea-
surement is both valid and reproducible with 
regard to the inter-observer and intra-observer 
variability, thus establishing its accuracy. However 
it is important to realise that this depends on using 
the standard mid-glenoid slice for measurement 
purposes as described by Friedman et  al. (1992, 
1998).This is because as Randelli and Gambrioli 
(1986) have shown, the glenoid cavity does not 
have the same AP orientation varying in version 
values from superior to inferior.

Normal values
Superior glenoid version 
mean

−5° (range −2° to 
−15°)

Middle glenoid version mean −2° (range −8° to 0°)
Inferior glenoid version 
mean

−7° (range −2° to 
−15°)

Glenoid version measurement is affected by the 
rotation of the scapula in the coronal plane. Using 
CT, Bokor et  al. (1999) evaluated the effect of 
scapular rotation in the coronal plane on glenoid 
version, and found that glenoid version could vary 
by as much as 10.5° with scapular rotation of just 
20°. For this reason the CT scans need to be 
obtained with the glenoid surface perpendicular to 
the plane of the CT slices in the scout view. All CT 
images need to include the vertebral border of the 
scapula as the axis of the body of the scapula 
extends posteriorly medial to it. The range of nor-
mal values reported in Friedman’s CT based study 
was −12° retroversion to 14° of anteversion. This 
gives a mean value of 2° of anteversion which has 
not been reproduced in subsequent studies and 
probably reflects the fact that the measurements 
for normal value determination were done retro-
spectively on CT chest examinations. In all prob-
ability the measurements had an error factor due to 

the scan slices not being perpendicular to the gle-
noid as required. In a more recent study Hoenecke 
et al. (2010) confirmed that in the supine position 
the direction for the 2D axial CT slice was almost 
never perpendicular to the scapular body but was 
angled 35° (+/−19) from the transverse plane rela-
tive to the scapular body, supporting Bokor et al. 
(1999) findings.

Racial differences of statistical significance have 
been reported with the average glenoid version for 
black and white patients measured at 0.20 and 2.65° 
of retroversion, i.e. a difference of about 3°. There 
have not been any statistical studies to suggest a 
gender difference between men and women.

 Clinical Relevance/Implications

It is important to evaluate glenoid anteversion 
and retroversion in cases of shoulder instability.

 Analysis/Validation of Reference Data

The reproducibility section above covers the 
subject explaining and analysing the possible 
reasons for seemingly a lack of accuracy. More 
recent studies using 2D CT and MRI have shown 
a good reproducibility using a single CT slice at 
midglenoid level for the measurement. However 
the high level of accuracy required for assessing 
the “true “glenoid version for the purposes of 
preoperative planning for total shoulder arthro-
plasty may not be achieved by the 2D CT tech-
nique. Mullaji et al. (1994) showed that the 
single axial CT slice technique does not neces-
sarily coincide with the site of maximal posterior 
wear (and increased retroversion) in cases of 
arthritis. In Hoenecke’s study comparing glenoid 
version measurements using 2D and 3D CT in 
patients scheduled for total arthroplasty, an aver-
age absolute error of 5.1° (range 0–16°) was 
reported by the 2D CT valuation. On high- 
resolution 3D CT reconstructions, the location 
of maximum wear was most commonly postero-
inferiorly and was missed on the 2D slices in 
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52% of cases. This error rate can substantially 
affect the determination of the degree of correc-
tion necessary in arthritic glenoids, promoting 
postoperative failure risk from joint instability 
and implant loosening. In Hoenecke’ study how-
ever, the 2D CT slices were NOT perpendicular 
to the glenoid and therefore the error is not unex-
pected for the reasons previously addressed by 
Bokor et al. (1999). The 3D CT reconstructions 
are recommended for full preoperative planning 
for another reason. Correction of severe retro-
version in arthritis is usually associated with a 
reduced volume of glenoid vault bone stock, 
which increases the risk of peg perforation due 

to excessive medialisation at the time of placing 
the glenoid implant to correct the excessive 
retroversion.

 Conclusion

The glenoid version angle is an objective and 
fairly reproducible measurement of glenoid ori-
entation and shape. The angle is useful in iden-
tifying patients with a greater likelihood of 
having shoulder instability and in the preopera-
tive planning of glenohumeral joint prosthetic 
replacement.
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8.25  Glenoid Version Angle (MRI)

 Definition

Glenoid version is the angle that the glenoid centre 
line makes with the plane of the scapula. The gle-
noid centre line usually points a few degrees poste-
rior (retroverted to the plane of the scapula. Changing 
the version of the glenoid articular surface imposes 
a corresponding change in the humeroscapular posi-
tions in which the net humeral joint reaction force 
will be contained by the effective glenoid arc.

 Indications

Glenoid version may be altered by glenoid dys-
plasia, fractures, arthritis, glenoid osteotomy, and 
glenoid arthroplasty. Abnormal glenoid version 
positions the glenoid fossa in an abnormal rela-
tionship to the forces generated by the scapulo-
humeral muscles. Normalising abnormal glenoid 
version is often a critical step in glenohumeral 
reconstruction.

 Techniques:

MRI.

Shoulder MRI: axial scan of the glenohumeral 
joint.

 Full Description of Technique

The pear-shaped parasagittal MRI oblique view 
of the glenoid cavity en face is the starting image 
on which the glenoid inclination is first deter-
mined along its superoinferior axis. A perpen-
dicular line is then drawn to this line at its 
midpoint which refers to the axis required for the 
glenoid version measurement (Fig.  8.37). The 
MRI glenoid version angle is then measured on 
this axial scan of the glenohumeral joint. A line is 
drawn connecting through the tip of the anterior 
and posterior labrum. At the same level a second 
line passing through the medial border of the 
scapular body is drawn. Alpha (α) is the angle 
between these two lines.

90° is subtracted from the angle (α) to deter-
mine glenoid version of the shoulder 
(GV = α−90°).

 Reproducibility/Variation

It is very easy on MRI and reproducible but must 
be mindful of the position arm.

α

a b

Fig. 8.37 Glenoid version estimation: MRI
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 Clinical Relevance/Implications

It is important in the evaluation of glenoid ante-
version and retroversion in shoulder instability.

 Analysis/Validation of Reference Data

Most of the data is available for the measurement 
using the axial CT method.

 Conclusion

This measurement may be useful in the preopera-
tive assessment of the glenohumeral relation-
ships to help in planning surgery in cases of 
shoulder instability.
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8.26  Glenoid Version in Children

In the anatomic work of Gardner and Grey (1953) 
an axial histological glenohumeral section of a 
foetus demonstrated a glenoid version of −20°. 
As argued by Mintzer et al. (1996), after birth the 
glenoid is maximally retroverted before 2 years of 
age and becomes less retroverted with growth, 
indicating a dynamic element similar to that seen 
in the acetabulum. The appearance of the ossifica-
tion centres for the upper glenoid and base of the 
coracoid occurs at the end of the first decade of 
life when adult glenoid version is reached. Insults 
to this normal glenoid sequence of progression 
will result in the persistence of excessive retrover-
sion and potential posterior instability. Brewer 

et al. (1986) showed posterior instability in ado-
lescents with a mean glenoid version of −16.9°.

The same CT and MRI based techniques 
described above are employed in acquiring the 
optimal images and carrying out the measure-
ment. The angle in the posterior medial quadrant 
is measured. 90° is then subtracted from this 
reading to give the value of glenoid retroversion. 
A negative value indicates retroversion, while a 
positive value indicates anteversion.

Normal values with 
age Mean glenoid version
Birth–2 years −6.3°+/− 6.5° (range −23 to 8°)
2–8 years −4.2°+/− 6.2° (range −23 to 8°)
8–16 years −1.7°+/− 6.4° (range −16 to 12°)
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8.27  Glenoid Defect: Critical Size 
Measurement

 Definition

The critical size of a post-traumatic osseous 
defect of the glenoid is a reliable prognosticator 
for ongoing instability, risk of recurrent anterior 
shoulder dislocation and failure of Bankart 
repair. Yamamoto et al. (2009) argued that this 
critical measurement is 20% of the glenoid 
length.

 Indications

The incidence of post-dislocation glenoid defect 
varies from 8 to 90%. The defect may be predom-
inantly identified as an osseous fragment in 50%, 
or predominant erosion in 40%. Residual 
 instability following treatment of anterior dislo-
cation is the main indication. The measurement 
of the glenoid defect is essential for making the 
appropriate therapeutic decisions and a preopera-
tive requirement.

Repeat studies have shown that the critical 
size of the glenoid defect is 6  mm. This is 
equated to the glenoid dimensions. When the 
mean glenoid length is 31.9 +/−2.6 mm and its 
width is 24.0 +/−2.7  mm, a 6  mm defect 
equates to a 19% +/−1% reduction of glenoid 
length, and a 25% +/−2% reduction of its 
width.

If the size of the defect is calculated as a % of 
the area of the entire glenoid surface, a 6 mm defect 
involves about 26% of the glenoid surface.

 Technique

CT—MDCT with both oblique coronal and sag-
ittal reconstructions. The oblique sagittals pro-
duce an en face profile which is very informative 
and is the basis for obtaining the glenoid length 
and width dimensions. As noted by Griffith 
(2007), MRI can be used but CT is thougth to be 
more reliable. 3D CT is also increasingly being 
used and is proving to be the optimum modality 
of choice among the surgeons.

 Full Details of Technique

The whole of the glenoid is imaged and recon-
structions carried out. Using bone window settings 
of the en face oblique sagittal image, based on 
Griffith’s et al. study (2003), the length of the gle-
noid is measured from the supraglenoid tubercle 
superiorly to the most inferior point of the glenoid 
fossa. At its midpoint the maximum width dimen-
sions are calculated. Cross referencing is needed 
with the axial images to ensure that the most supe-
rior point is located for measurement purposes. 
The width: length ratio is also calculated. The 
length and width of the defect is then measured as 
well and expressed as a % of the glenoid dimen-
sions (Fig.  8.38). As noted by Yamamoto et al. 
(2009, 2010), the critical size is 20% of glenoid 
length, which equates to 25% of glenoid width.

Simultaneous assessment of the uninjured con-
tralateral glenoid increases the accuracy of the 
measurement and significance even though there 
are some inherent small individual measurement 
variations between both sides in the uninjured state.

 Reproduction/Variability

The technique and employed method is robust 
and reproducible. This has been shown in both 
experimental and clinical studies.

 Clinical Relevance/Implications

The effect of losing the osseous critical size from 
the glenoid is a main predictor of recurrent dislo-
cation and determinant for surgery with bone graft 
augmentation. The post traumatic glenoid defect 
lies anterior rather than anteroinferior in location. 
This means that it is more meaningful to measure 
the glenoid length of both the native glenoid and 
the defect as this is likely to provide a more accu-
rate measurement ratio compared with the width 
which is affected by the trauma. Comparative 
assessment can also be done with the contralateral 
side to obtain an insight of the likely preinjury 
glenoid dimensions as there is usually only a 
minor degree of variation. The lateral humeral 
displacement represents the total depth of the gle-
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noid socket. This displacement is reduced to 15% 
(an 85% reduction) as a result of a 6 mm defect.

 Analysis/Validation of Reference Data

A small but respectable number of experimental, 
cadaveric and biomechanical studies support the 
conclusion that a 20% reduction of glenoid length 
usually requires open surgical stabilisation with 
bone grafting. The post procedure CT assessment 
shows altered measurements which correlate 
with clinical improvement.

The stability ratio without an osseous 
defect is

32% 
+/−6%

The stability ratio with a 6 mm defect 
equates to

17% 
+/−5%

From loss of 20% glenoid length.

 Conclusion

A reliable measurement which is important in the 
management of patients with anterior dislocation.
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9.1  Introduction

The elbow consists of three highly congruent 
articulations—the radiocapitellar, ulnohumeral 
and proximal radioulnar joints—and its normal 
capacity at arthrography is 10–12 mL. The radio-
capitellar and proximal radioulnar joints account 
for the pivot joint (trochoid) components allow-
ing axial forearm rotation, while the ulnohumeral 
joint provides a hinge joint (ginglymus) compo-
nent allowing flexion/extension. The articular 
geometry is an important determinant of joint 
stability, but the soft tissues play a paramount 
role (Jean et al. 2012). The joint capsule which is 
thick anteriorly and the collateral ligaments aid in 
providing significant (50%) static joint stability. 
These ligaments can be assessed and measured 
by both sonography and MRI.  Measurements 
based on radiographic standard projections are 
predominantly employed in assessing the trau-
matised paediatric elbow, although there is a 
steady increasing interest in adult elbow mea-
surements for the purposes of post-traumatic 
reconstruction and arthroplasty. Comparison 
with the contralateral elbow to establish true 
measurement prior to injury is recommended 
before surgical planning. Nerve entrapment at 
various sites at the elbow is well recognised, and 
the clinical diagnosis can be challenging without 
the benefit of qualitative and quantitative imag-
ing analysis.
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9.2  Anatomical Landmarks

The capitellum and trochlea form the articular 
surfaces of the distal humerus. The capitellum 
almost forms a hemispherical surface and exhib-
its a maximal cartilage thickness anteriorly of 
2  mm. The capitellum is posteriorly devoid of 
articular cartilage which appears as a pseudode-
fect in MR images measuring 3.3 mm (sagittal) × 
5.6 mm (mediolateral). In the sagittal projection, 
the capitellum is normally rotated by 30°–40° 
anteriorly with respect to the long humeral axis 
(Fig.  9.1). Transversely the articular surface is 
rotated inwards by 5–7° (usually increased in 
supracondylar fractures), while in the frontal 
plane it lies in 6–8° of valgus tilt (Fig. 9.2). The 
distal humeral diametaphysis shows a difference 
in size between the prominent lateral and the 
smaller medial supracondylar columns. Although 
both columns are strong, they are connected by a 
wafer-thin area of bone which centrally is only 
1 mm thick visible as a component of the tear-
drop on the lateral view. The medial column devi-
ates from the central long axis of the humerus at 
approximately twice the angle (45°) of the lateral 
column (20°). The trochlea is not a symmetrical 

pulley as its medial edge is about 6 mm longer 
than its lateral counterpart (Fig. 9.2).

The proximal ulna articulates through its 
trochlear notch with the trochlea of the humerus. 
The articular portion of the ulna extends from the 
coronoid process to the olecranon process. The 
orientation of the trochlear notch is 30°–40° pos-
terior to the long axis of the ulna, which corre-
sponds to the 30°–40° of anterior angulation of 
the distal humerus. On the AP view, the trochlear 
notch of the proximal ulna is angulated in varus 
(2°–6°) with respect to the ulnar shaft which con-
tributes to the carrying angle (Fig.  9.3). Apart 
from the normal varus angulation, further impor-
tant morphological features of the proximal ulna 
include the “hook angle” and the anterior devia-
tion. The “hook angle” is the angle between the 
proximal plane of the ulna from the tip of the tri-
ceps insertion area and the dorsal plane distal 
from the triceps insertion area (95.3° +/− 9.0). 
Anterior angulation is also referred to as the 
dorsal apex of the proximal ulna or proximal ulna 
dorsal angulation (PUDA) which usually mea-
sures 6.2° +/− 2.7 (Fig. 9.4). Furthermore, it is 
important to note that there are distinct gender 
differences in ulna morphology with a lesser 
angular measurement range in men. Anatomically 

a b

Fig. 9.1 (a, b) The humero-condylar angle. The capitellum is normally rotated 30–40° anteriorly with respect to the 
long humeral axis
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6°

5°

a b

Fig. 9.2 The articular surface is transversely rotated inwards by 5–7° (a), with a 6–8° valgus tilt in the frontal plane (b)

4°

30°

a b

Fig. 9.3 The trochlear notch of the ulna is 30–40° posteriorly orientated to the long axis of the ulna (a), with a varus 
angulation of 4° to the shaft in the frontal plane (b)
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PUDA

15°

a

a

b

Fig. 9.4 The head and 
neck axis of the 
proximal radius lie 15° 
laterally angulated with 
respect to the radial 
shaft (a). Morphological 
features of the proximal 
ulna are further depicted 
by the ‘hook angle’ (α) 
and anterior angulation 
(PUDA) in (b)

preshaped internal fixation plates have become 
increasingly available for ulnar fracture recon-
struction based on these morphological features. 
In complex fractures of the ulna especially in 
cases of Monteggia fracture with radiocapitellar 
joint instability, measurement of the hook angle 
and anterior angulation on a radiograph of the 
contralateral elbow is recommended to choose 
the appropriate preshaped plate for reconstruc-
tion (Puchwein et al. 2012).

In childhood, fractures of the upper extremity 
account for about 70% of all fractures and of 
these about 10% involve the elbow. The distal 
humerus is the most commonly injured site 
accounting for 86% of fractures around the 
elbow, and the peak age range is 5–10  years. 
Physeal injury of the distal humerus however has 
a peak age of 4–5 in girls and 5–8 in boys, which 
is much earlier compared with the peak age range 
of 10–13 for physeal injuries elsewhere in the 
skeleton. A number of radiographic lines and 

angle measurements are employed in the routine 
evaluation and management of paediatric elbow 
trauma (Webb and Sherman 1989).

In the paediatric age group, there are six ossi-
fication centres around the elbow joint which 
appear and fuse at different ages (Beaty and 
Kasser 2009). They appear in a predictable order 
(CRITOE) starting with the capitellum 
(1–3 years) followed by the radius, internal epi-
condyle (3–5 years), trochlea (5–7 years), olecra-
non (7–9  years), and external epicondyle 
(9–11 years) (Fig. 9.5).

Standard radiographs of the elbow used for 
measurement purposes include AP and lateral 
views. The AP view should be performed in full 
elbow extension and full forearm supination. 
There are three angles measured on the AP 
radiograph which are used to determine the 
alignment of the distal humerus: Baumann’s, 
humero-ulnar and metaphyseal-diaphyseal 
angles. The major radiographic landmark on the 
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standard AP view is the angulation of the phy-
seal line between the lateral condyle and metaph-
ysis of the distal humerus. The angle subtended 
by the physeal line and the long axis of the 
humerus is the Baumann’s angle. The Baumann’s 
angle enjoys a good correlation with the clinical 
carrying angle, but difficulties in its measure-
ment arise in  adolescents when the lateral con-
dyle ossification centre commences the normal 
fusion process in the distal humerus. The 
humero-ulnar angle is determined by lines longi-
tudinally bisecting the shafts of the humerus and 
ulna. This angle is regarded as the most accurate 
in determining the true carrying angle of the 
elbow as shown by Webb and Sherman (1989). 
The metaphyseal-diaphyseal angle is formed by 
the line that longitudinally bisects the shaft of 
the humerus intersecting with the line that con-
nects the widest points of the metaphysis of the 
distal humerus. It is the least accurate of the 
three angles. The carrying angle of the elbow is 
the clinical measurement of varus- valgus angu-
lation of the arm with the elbow fully extended 
and the forearm fully supinated. Radiographically 

various methods in its measurement have evolved 
by regarding it as the angle between the longitu-
dinal axis of the humerus with either the mid-
forearm or the ulna on the AP projection and is 
normally between 11 and 13° of valgus. It is due 
firstly to the fact that the medial trochlear edge is 
about 6 mm longer than the lateral edge and sec-
ondly to the obliquity of the coronoid’s superior 
articular surface which is not orthogonal with 
the ulnar shaft (Fig. 9.6).

The lateral view needs to be a true lateral pro-
jection obtained with the elbow flexed by 90° and 
the forearm in neutral position with the thumbs 
up position. This is crucial as errors arise if mea-
surements are conducted on inappropriately posi-
tioned radiographs. A true lateral view of the 
joint also needs the beam to be directed distally 
about 7°. To avoid errors from poor radiographic 
technique, both the humerus and forearm should 
be in full contact with the radiographic table. A 
true lateral radiograph allows a teardrop to be 
formed by the boundaries of the coronoid and 
olecranon fossae and the capitellum inferiorly 
(Fig. 9.7). On a true lateral elbow projection, the 

8 - 11yrs

9 - 13yrs

1m - 11m

1m - 26m

5 - 8yrs

7 - 9yrs

7 - 11yrs

8 - 13yrs

a b

Fig. 9.5 The ossification centres around the elbow (a) which appear in sequential order within the epiphysis and apophysis (b)
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superimposition of the posterior supracondylar 
ridges is the best means of confirming true 
 laterality. There are three lateral radiographic 
landmarks: the humero-condylar angle, anterior 
humeral line and the anterior coronoid line.

The coronoid process is 1.5 cm in height and 
2.5 cm wide at its base. In an injured elbow with 
intact ligaments, stability is maintained until 
about 60% of the coronoid height is lost, but in the 
presence of an associated fractured radial head, 
stability is only maintained up to 40% of coronoid 
height. At surgery, however, coronoid fracture 
fragments appear larger than anticipated from 
radiography and CT assessment due to the contri-
bution of the overlying cartilage. At the coronoid 
tip, the cartilage thickness is maximal, with a 
mean of 3.00  mm (range 1.7–4.6  mm). This 
means that a 2 mm coronoid tip fracture measured 

on CT translates into a 5-mm-sized fragment at 
surgery which has an effect on classification and 
treatment decisions (Rafehi et al. 2012).

The proximal radius exhibits a normal angu-
lation of 15° between the neck and shaft, with 
the neck angulated laterally and mildly anteri-
orly relative to the radial shaft (Silberstein et al. 
1982). The neck orientation and not the shaft of 
the radius should be used as the reference for 
measurements employed in assessing radiocapi-
tellar alignment (Fig. 9.4).

In the management of radial head fractures, an 
estimate of the degree of angulation and displace-
ment is required. The O’Brien classification char-
acterises fractures of the radial head and neck 
according to the angulation at the fracture site: 
type 1 is less than 30°, type 2 is between 30 and 
60° and type 3 is more than 60° angulation. The 
exact degree of angulation can only be deter-
mined by an AP radiograph with the forearm 
placed in the position of rotation at the moment 
of impact. In cases where it is unclear if fracture 
reduction is required or not, Jeffery (1950) 
advised obtaining radiographs in various degrees 
of rotation, and when the radial head forms as 
nearly a rectangle as possible, the real degree of 
angulation is determined (Jeffery 1950).

Fig. 9.6 AP view of the elbow showing the anatomical 
landmarks, joint space and ‘carrying angle’. Note the lat-
eral angulation of the radial head/neck to the shaft and the 
varus angulation of the trochlear notch to the ulnar shaft

Fig. 9.7 A true lateral radiograph of the elbow depicting 
the ‘teardrop’ which has the thin bony interface formed by 
the coronoid and olecranon fossae and the capitellum 
inferiorly
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9.3  The Humeral and Ulnar Shaft 
Lines

 Definition

A line is drawn through and parallel to the 
humeral shaft using the midpoints of two perpen-
dicular lines to the diaphysis. Similarly a line is 
drawn through and parallel to the ulnar shaft 
(Yochum and Rowe 1996).

 Indications

The lines are a prerequisite for the formation of 
the elbow axial angles that are altered in fractures 
of the elbow and other deformities (Morrey 
2004).

 Technique

AP radiograph.

 Full Description of Technique

In the anteroposterior projection, the elbow must 
be fully extended with no rotation of the humerus 
(Yochum and Rowe 1996).

 Diagram/Illustration

Humeral and ulnar shaft lines (Fig. 9.8).

A

B

C

F

D

E

HA

UA

CA

Fig. 9.8 Lines and angles at the elbow. AB the humeral 
shaft line. EF the humeral articular line, CD the ulnar 
shaft line, HA the humeral angle, UA the ulnar angle, CA 
the carrying angle
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9.4  The Humeral Articular Line

 Definition

A transverse line is drawn tangentially through 
the most distal articular surfaces of the trochlea 
and capitellum (Yochum and Rowe 1996).

 Indications

This line is altered in condylar and supracondylar 
fractures of the humerus.

 Technique

AP radiograph.

 Full Description of Technique

In the anteroposterior projection, the elbow must 
be fully extended with no rotation at the humerus.

 Diagram/Illustration

Humeral articular line (Fig. 9.8).
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9.5  The Radiocapitellar Line

 Definition

A line is drawn through the centre and parallel to 
the long axis of the proximal radius and is 
extended proximally through the elbow joint. This 
line should pass through the centre of the capitel-
lum in all degrees of flexion of the elbow, although 
in young children the capitellar ossification centre 
may have an eccentric position within the largely 
cartilaginous capitellum. As the radius usually 
bends in the region of the tuberosity, the line 
should be drawn through only the most proximal 
part of the radius rather than along the greater 
length of the diaphysis (Yochum and Rowe 1996).

 Indications

The radiocapitellar line is used to evaluate the 
relationship of the proximal radius to the capitel-
lum and to determine the presence of radial head 
subluxation or dislocation (Morrey 2004).

 Technique

True lateral radiograph.

 Full Description of Technique

The arm should be flexed at 90° with the thumb 
pointing vertically and the shoulder as close to 
table level as possible.

 Reproducibility/Variation

This line should normally intersect the capitel-
lum on all views. In its drawing only the radial 
neck should be used to avoid errors. In young 
children the position of the small ossific nucleus 
in the relatively large cartilaginous capitellum 
may vary and lie in an eccentric position.

 Clinical Relevance/Implications

As the radiocapitellar line compares the relative 
positions and relationships of two articulating 
bones, malalignment is indicative of a dislocation. 
In children under the age of 2, elbow dislocations 
are very rare, and transphyseal fractures produc-
ing distal humeral epiphyseal separation are often 
mistaken for elbow dislocation. The radiocapitel-
lar relationships are however undisturbed and 
appear normal in transphyseal fracture, and the 
forearm bones are usually displaced medially and 
not laterally which are two useful clues used to 
differentiate this injury from elbow dislocation.

 Diagram/Illustration

Radiocapitellar line (Fig. 9.9).
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 Analysis/Validation of Reference  
Data

The reliability of this line has been confirmed in 
establishing congruent or incongruent elbow 
relationships, but one cannot stress enough the 
importance of proper radiographic technique in 
acquiring the true lateral projection.

 Conclusion

Very useful and reliable line in the assessment of 
osseous relationships at the elbow.

a b

Fig. 9.9 The radiocapitellar line shown on a lateral radiograph (a) and diagram (b) which normally passes through the 
centre of the capitellum in any degree of elbow flexion
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9.6  The Anterior Humeral Line

 Definition

On a true lateral radiograph, this is a line drawn 
along the anterior cortex of the distal metaphysis 
of the humerus. This line should normally pass 
through the middle third of the capitellum, 
reflecting the normal anteversion of the distal 
humeral metaphysis and capitellum relative to 
the humeral shaft (John et al. 1996).

 Indications

If this line does not pass through the middle third of 
the capitellum, anterior or posterior displacement 
or angulation must be suspected secondary to frac-
ture. This line is useful in the detection of supra-
condylar fractures most of which occur in extension 
and are associated with posterior displacement or 
angulation, although posterior displacement of the 
capitellum may also be seen in lateral condyle frac-
tures. In such circumstances the anterior humeral 
line passes either through the anterior third of the 
capitellum or anterior to the capitellum. Caution is 
needed in young children when the capitellum is 
still predominantly cartilaginous and the capitellar 
ossification centre is small.

 Technique

A true lateral radiographic projection of the elbow.

 Full Description of Technique

The arm should be flexed at 90° with the thumb 
pointing vertically and the shoulder as close to 
table level as possible.

 Reproducibility/Variation

The age and stage of skeletal development can 
have an effect on the reliability of this sign. In 
young children below the age of 2, the ossification 
centre of the capitellum can be so small that the 
anterior humeral line can lie anterior to the small 
capitellar ossification centre in the absence of a 
fracture. Herman et  al. (2009) suggest that the 
anterior humeral line reliably passes through the 
middle third of the capitellum in children older 
than 4 years, while previous authors suggest that 
the sign is reliable from the age of 2.5  years 
(Herman et al. 2009).

 Clinical Relevance/Implications

The anterior humeral line is very useful in the 
diagnosis of supracondylar fractures of the 
humerus as most result in posterior displacement 
or angulation of the distal fragment. It is seen to 
usually pass anterior to the middle third of the 
capitellum in 94% of supracondylar fractures. 
Posteriorly displaced lateral condylar fractures 
can also be associated with an abnormal intersec-
tion of the capitellum by the drawn anterior 
humeral line, but this is less useful as these frac-
tures can be subtle with minimal displacement.

This line is not accurate or reliable if the lat-
eral view is not a true lateral projection. Skibo 
and Reed (1994) showed that if the humerus is 
not perfectly lateral to the film, the anterior 
humeral line is not only unreliable but in many 
instances falsely positive (Skibo and Reed 1994).

 Diagram/Illustration

The anterior humeral line (Fig. 9.10).
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 Analysis/Validation of Reference Data

Reliability is very high as long as the radiograph 
is a true lateral view.

 Conclusion

This line along with the radiocapitellar line is 
employed as part of the routine radiographic assess-
ment of the paediatric elbow following trauma.

a b

Fig. 9.10 The anterior humeral line normally passes through the middle third of the capitellum (a, b)
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9.7  The Anterior Coronoid Line

The anterior coronoid line is drawn along the 
coronoid and continued proximally towards the 
anterior outline of the distal humerus. Normally 
it should just touch the capitellum anteriorly. If 
there is a fracture resulting in angulation or dis-
placement of the capitellum, this line intersects 
or lies posterior to the capitellum. It is not as well 
known as the radiocapitellar and anterior humeral 
line, but is a helpful parameter in the full assess-
ment of osteoarticular status on the true lateral 
view (Fig. 9.11).

Anterior
coronoid line

Fig. 9.11 The anterior coronoid line and its normal rela-
tionship to the outline of the capitellum
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9.8  Carrying Angle

 Definition

The carrying angle is formed between the 
humeral and ulnar shaft lines although the mid-
forearm axis can also be used instead of the ulna. 
This angle is normally between 11 and 14° in 
males (164°) and 13 and 16° (168°) in females.

 Indications

This angle can be altered in supracondylar humeral 
fractures and following ulnar and radius fractures 
(Ippolito et al. 1990; Arnold and Nasca 1977).

 Technique

AP radiograph.

 Full Description of Technique

In the anteroposterior projection, the elbow must 
be fully extended with no rotation at the humerus 
and with the forearm fully supinated. 
Measurement of the carrying angle is compli-
cated because of the S shape of the ulna. Two 
horizontal lines perpendicular to the humeral 
shaft are used, and the longitudinal line joining 
the centre of the lines produces the humeral line 
axis. The drawing of the axis of the forearm dif-
fers if the measurement is intended as the HEW 
angle or the humero-ulnar angle. In the humero- 
ulnar angle measurement, two horizontal lines 
are drawn, one across the ulnar segment between 
the radial head and radial tuberosity and the other 
at the farthest distal diaphysis segment included 
on the radiograph. The line joining the centre of 
these lines represents the forearm axis. The angle 
of intersection between the two lines forms the 
carrying angle. In the HEW angle measurement, 
the forearm axis is dependent on joining the cen-
trepoints of two horizontal lines, one drawn 
across the width of the radius and ulna just above 
the level of the radial tuberosity and the other 

across the width of the distal radius and ulna 
metaphysis (Fig. 9.12).

 Reproducibility/Variation

A number of articles based on clinical measure-
ments have shown gender differences in the car-
rying angle indicating that it represents a 
secondary sex characteristic (Chapleau et  al. 
2011; Zampagni et  al. 2008). In a radiographic 
study in adults, this was also shown with a sig-
nificantly greater angle in females (range 10–27° 
and a mean of 18.47° +/− 4.12°) compared with 
males (range 5–17° and a mean of 9.29 +/− 
2.98°). Beals’ (1976) study of the carrying angle 
in 422 radiographs however showed that the 
angle increased with age, with a measured angle 
of 17.8° with no gender difference (Beals 1976).

Humero-ulnar
angle

Humero-elbow-wrist
angle

Fig. 9.12 The humero-ulnar and the humero-elbow-wrist 
angles produce different values of the ‘carrying angle’

M. Padrón et al.



315

 Clinical Relevance/Implications

It is wrongly assumed that the Baumann’s angle 
has a constant relationship to the carrying angle. 
As shown by Mohammad et al. (1999) there is a 
nonlinear relationship between the two angles 
beyond 10° of rotation. Increased carrying angle 
is a risk factor for nontraumatic ulnar neuropathy 
at the elbow (Mohammad et al. 1999).

 Diagram/Illustration

Carrying angle (Figs. 9.8 and 9.12).

 Analysis/Validation of Reference  
Data

There have been a number of methods employed 
in the estimation of the carrying angle, and the 
data reported by different authors show consid-
erable differences. These differences are due to 
different definitions of the angle as well as dif-
ferent methodologies. Some of the radiographic 
methods are based on drawing the reference 
lines to include the whole of the long bone shafts, 
while others based the measurement on angles at 
the elbow (Chang et al. 2008). Oppenheim et al. 
(1984) used three radiographic measurements 
based on the AP radiograph from the upper 
humerus to the wrist—the humero-ulnar angle, 
Baumann’s angle and the humero-elbow-wrist 
(HEW) angle. The HEW angle is the most accu-
rate method of approximating the true clinical 
carrying angle (Oppenheim et al. 1984).

HEW angle Normal 10° valgus
Cubitus varus <5°
Cubitus valgus >15 °

The humero-ulnar angle calculated radio-
graphically overestimates the carrying angle 

because of the curvature of the ulna. This normal 
curvature makes placement of a line parallel to 
the proximal ulna and radius arbitrary. The nor-
mal value is 13° in females and 11° in males. 
Measurements attempted on radiographs with 
limited inclusion of the forearm bones tend to 
underestimate the deformity. Mohammad and 
Abdelmonem (2010) proposed a simple and per-
ceived reliable method based on the elbow AP 
view obtained with the elbow in full extension 
and the forearm in full supination (Mohammad 
and Abdelmonem 2010). It is measured between 
a line passing through the midaxis of the lower 
third of the humerus and a line along the midaxis 
of the upper third of the forearm between the 
radius and ulna. The two lines are extended to 
meet at the midpoint of the trans-epicondylar 
distance. The forearm midaxis line passes from 
the midpoint between the radius and ulna in the 
upper third of the forearm to the midpoint of the 
trans-epicondylar distance passing through the 
superior radioulnar joint. The carrying angle 
also normally progresses into a more varus align-
ment as the elbow is flexed (Van Roy et al. 2005). 
The intraobserver variation using the radio-
graphic methods is also a problem. There are 
only a few reports focusing on the reliability of 
specific methods which have been published 
based on biomechanical studies (Morrey and 
Chao 1976). Furthermore in throwing athletes, it 
may be greater than 15° due to stress-related 
adaptive morphological changes (King et  al. 
1969).

 Conclusion

This is probably one of the best known angles in 
elbow assessment which does carry with it a sig-
nificant degree of variation, reducing its reliabil-
ity in clinical practice especially if used in 
isolation.
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9.9  The Humeral Angle

 Definition

The angle is formed between the humeral shaft 
and humeral articular lines and is normally 85° 
with a range of 72°–95°.

 Indications

This is abnormal in supracondylar fractures.

 Technique

AP radiograph.

 Full Description of Technique

In the anteroposterior projection, the elbow must 
be fully extended with no rotation at the humerus 
(Yochum and Rowe 1996).

 Diagram/Illustration  
(see Sect. 9.3, Fig. 9.8)

Humeral angle.
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9.10  The Ulnar Angle

 Definition

The angle is formed between the ulnar shaft line 
and humeral articular line and normally measures 
84° with a range of 72°–95°.

 Indications

It is abnormal in ulnar fractures.

 Techniques

AP radiograph.

 Full Description of Technique

In the anteroposterior projection, the elbow must 
be fully extended with no rotation at the humerus 
(Yochum and Rowe 1996).

 Diagram (see Sect. 9.3, Fig. 9.8) 

Ulnar angle.
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9.11  Baumann’s Angle

 Definition

This is defined by the intersection of a line drawn 
along the physis of the capitellum and a line along 
the long axis of the humerus. It normally is about 
70°–75°, but it may vary with gender and should 
be compared to the opposite elbow, and a devia-
tion of more than 5° is regarded as unacceptable 
following fracture. Variations of its measurements 
have evolved which will be addressed separately.

 Indications

It is very useful in determining the adequacy of 
reduction of a supracondylar fracture.

 Techniques

AP radiograph.

 Full Description of Technique

In the anteroposterior projection, the elbow must 
be fully extended with no rotation at the humerus 
and the arm in contact with the cassette. For the 
purposes of measuring this angle, full extension 
is not necessary.

 Reproducibility/Variation

This angle is consistent when both sides are com-
pared and the radiographic beam is directed per-
pendicular to the long axis of the humerus. For the 
measured Baumann’s angle (α) to be reliable 
and accurate, the humerus must be parallel to the 
cassette with the beam directed perpendicular to 
the cassette as well. Angulation of the tube and 
rotation of the distal fragment or entire reduced 
humerus can alter the Baumann’s angle projection 
rendering the measurement inaccurate. Camp 
et  al. (1993) showed that the Baumann’s angle 
varies 6° for every 10° of humeral rotation on the 

AP view (Camp et  al. 1993). Using Baumann’s 
original measurement technique described as 
variation 1 (see below) within the age range of 
2–13 years, Williamson et  al. (1992) found that 
the angle did not change significantly, there was 
no significant gender difference, with mean val-
ues of 72° (SD 4°) and 95% of normal elbows 
were in the 64–81° range. After reduction and 
fixation, Baumann’s angle (α) should be equal to 
that of the uninjured side usually 70–75°. More 
than 75° denotes varus malposition.

Baumann’s angle (α) Normal mean 
value

72° (SD 
4°)

Normal range 
values

64–81°

Baumann (1929) wrongly believed that the 
reciprocal angle (90-α) equalled the carrying 
angle, but this variation is also valid for measur-
ing reduction adequacy, and it too is referred to in 
some textbooks as Baumann’s angle (Baumann 
1929). Normal Baumann’s angles measured by 
this variation 2 (see below) in the paediatric age 
group is about 15° with a range of 9–26° which is 
why comparison with the contralateral elbow 
measurement is so important. There was little or 
no knowledge of the reliability of this measure-
ment before Williamson et al.’s and Silva et al.’s 
articles. When applied to 35 cases of supracondy-
lar fractures, Silva et al. (2010) showed an excel-
lent interobserver reliability between the five 
observers in the study (Silva et  al. 2010). 
Similarly excellent values of intraobserver reli-
ability were found for the measurement of the 
Baumann’s angle. Some authors furthermore 
incorporate the normal articular tilt in the estima-
tion regarding Baumann’s angle as 90°-α°-5°.

 Clinical Relevance/Implications

Acton and McNally (2001) reviewed the descrip-
tions of the Baumann’s angle in established 
 textbooks and discovered three different variations 
in its measurement technique (Acton and McNally 
2001). Variation 1 is the angle between the long 
axis of the humerus and a line through the physis 
of the lateral condyle of the distal humerus. They 
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recommend that this angle be regarded as the 
shaft-physeal angle measured as described by 
Baumann, between the long axis of the humerus 
and the inclination of the capitellar physis. 
Variation 2, also referred to in one of Baumann’s 
articles, is the reciprocal angle to variation 1, 
between the perpendicular to the long axis of the 
humerus and a line through the physis of the lat-
eral condyle. Variation 3 is the angle between the 
line through the physis of the lateral condyle and a 
line connecting a point on the edge of the trochlea 
to a point at the lateral limit of the physis of the 
lateral condyle. This variation 3 is inaccurate and 
should not be employed as it does not have the 
humeral axis reference. A deviation of more than 
5° using variation 1 method, compared to the con-
tralateral side, should not be accepted.

 Diagram/Illustration

Baumann’s angle (α) measured as in variation 1 
described originally by Baumann, and the recip-
rocal angle measurement (90-α) developed later 
as variation 2 (Fig. 9.13).

 Analysis/Validation of Reference  
Data

Correct projection and consistent measurement 
technique allied to comparative evaluation of the 
contralateral elbow measurements increase the 
diagnostic value. Williamson et  al. (1992) 
reported the normal range of Baumann’s angle 
between 64° and 81°, validating the range pro-
posed by Baumann earlier. Interobserver errors 
of around 8% arise at the extremes of the age 
range (< 3 and > 9 years) based on difficulties in 
defining accurately and consistently the physeal 
line of the capitellum. From age 4 to 9, the period 
when 80% of supracondylar fractures occur, the 
measurement is reliable (Skaggs et al. 2004).

Krengel et al. (2012) have recently suggested 
that visualisation of at least 7 cm of the humeral 

shaft improves the reliability of the angle mea-
surement (Krengel et  al. 2012). Furthermore 
using the medial or lateral cortices of the distal 
humeral diaphysis as the axis rather than the stan-
dard central axis as the humeral shaft increased 
the reproducibility of the measurement.

Silva et  al. (2010) proved that the angle is 
highly reliable with excellent interobserver and 
intraobserver reliability values (r = 0.78, r = 0.80, 
respectively). As in most cases, the Baumann’s 
angle measurements were within 7° of each other; 
a difference of up to 7° in its measurement should 
be considered to be within the normal error of the 
measurement (Ruotolo and Healy 1999).

 Conclusion

The angle is a simple, repeatable and reliable 
measurement used for determining the outcome 
of paediatric supracondylar fractures.

Baumann’s

Angle

90-

α

α

Fig. 9.13 Baumann’s angle (α) depicts the humeral 
‘shaft- physeal’ angle as measured in variation 1 or as the 
reciprocal angle of the perpendicular to the humeral shaft 
(90-α) in variation 2
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9.12  Medial Epicondylar 
Epiphyseal (MEE) Angle

 Definition

This was described in 1993 in response to the diffi-
culty sometimes experienced in measuring 
Baumann’s angle, and it is formed by the intersec-
tion of the long axis of the humeral shaft and the line 
formed by the medial epicondylar growth plate. The 
mean value is 38.2° +/− 4.17° (Biyani et al. 1993).

 Indications

It is very useful in assessing the outcome after 
reduction of supracondylar fractures.

 Techniques

AP radiograph.

 Full Description of Technique

In the anteroposterior projection, the elbow must 
be fully extended with no rotation at the humerus.

 Reproducibility/Variation

The MEE angle could be drawn satisfactorily in 
96 out of 100 AP radiographs, and the measured 
angle did not vary significantly from this value in 

25 Jones’ view radiographs (paired t test, t = 
0.06).

 Clinical Relevance/Implications

Good results for reduction can be expected with 
measurements between 34° and 42°.

 Diagram/Illustration

Medial epicondylar epiphyseal angle (Fig. 9.14).

 Analysis/Validation of Reference Data

Limited data. In younger children in whom the 
medial epicondyle is not yet ossified, a line is 
drawn along the straight medial and distal border 
of the distal humeral metaphysis. The MEE was 
found to be inaccurate in children under 3 years 
of age due to the rounded configuration of the 
medial humeral metaphysis.

 Conclusion

The MEE angle is useful in assessing the accu-
racy of reduction following supracondylar frac-
tures with good outcomes.
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MEE Angle

a b

Fig. 9.14 (a, b) The medial epicondylar epiphyseal angle depicted on an AP radiograph (a) and in diagrammatic for-
mat (b)
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9.13  The Humero-Condylar Angle

 Definition

This is the angle formed by the shaft of the humerus 
and the axis of the condyles on the lateral radio-
graph, and it should be approximately 30°–40° with 
a range of 25–45°. In children the distal humerus 
has an angular appearance, similar to a hockey 
stick, with an angle of around 145°, being the com-
plementary angle to the humero-condylar angle.

 Indications

This angle is helpful in the assessment of the status of 
the distal humerus following trauma and in the evalu-
ation of the effect of reduction of supracondylar frac-
tures and other deformities (Greenspan 2000).

 Technique

True lateral projection.

 Full Description of Technique

The arm should be flexed at 90° with the thumb 
pointing vertically and the shoulder as close to 
table level as possible.

 Reproducibility/Variation

There is probably ethnic and population variation 
in this measurement as few studies have shown a 
higher average value and range for this angle. 
Simanovsky et al.’s study, for example, showed a 
mean HCA of 41.6° with a range of 30–70° 
(Simanovsky et al. 2007).

 Clinical Relevance/Implications

The emphasis of the quality of reduction of supra-
condylar fractures focuses on the coronal and 
transverse plane. In the sagittal plane, under- 
reduction leaves the fracture in extension, leading 
to loss of the normal HCA value of 40°. This leads 

to limited elbow flexion outcome on final follow-
up. Simanovsky et  al. (2007, 2008) emphasised 
the importance of obtaining a satisfactory reduc-
tion of the HCA, as 80% of humeral growth occurs 
proximally after the age of 6 years leaving limited 
opportunity for remodelling distally at the fracture 
site. Due to significant individual variations of 
HCA, it alone cannot be deemed sufficient in clini-
cally deciding the management and therapeutic 
decisions of supracondylar fractures, and it is best 
to obtain the comparative HCA measurement from 
the contralateral elbow (Simanovsky et al. 2008).

 Diagram/Illustration

The humero-condylar angle (Fig. 9.15).

 Analysis/Validation of Reference Data

The HCA measurement value does not alter with 
age, indicating that the distal humeral geometry 
in the sagittal plane is established very early in 
growth and remains constant through the ages.

 Conclusion

A useful measurement in the paediatric age group 
but of limited value in isolation.

Fig. 9.15 Lateral view showing the humero-condylar 
relationship in the growing distal humerus
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9.14  Medial Collateral Ligament 
(MCL) Complex

The medial collateral ligament complex is also 
known as the ulnar collateral ligament. Three 
components (anterior, posterior, transverse) make 
up the medial collateral ligament complex with 
the anterior bundle being the most discernible. It 
measures 27.1 +/− 4.3  mm in length and is 
4–5 mm wide compared with 5-6 mm at the mid-
portion of the fan-shaped posterior ligament. The 

anterior bundle is primarily responsible for val-
gus stability of the elbow attaching to the coro-
noid process of the ulna adjacent to the sublime 
tubercle. The posterior component of the medial 
ligament has a mean length of 24.2 +/− 4.3 mm 
and a mean width of 5.3+/−1.1 mm (Fig. 9.16) 
(Husarik et al. 2010).

MR-based median ligament thickness of MCL
Anterior UCL 2.5 mm (range, 0.9–4.3 mm)
Posterior UCL 1.0 mm (range, 0.5–2.2 mm)

a b c

Fig. 9.16 Anterior UCL depicted on a coronal 3-D MRI (True FISP) (a) and the schematic diagram (b). Posterior UCL 
depicted schematically transversely lying deep to the ulnar nerve (c)
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9.15  Lateral Collateral Ligament 
(LCL) Complex

The LCL is an important stabiliser of the elbow 
and is the main constraint to posterolateral rota-
tory instability. It has a Y-shaped structural con-
figuration. Three components (radial collateral, 
annular, lateral ulnar collateral) make up the lat-
eral collateral ligament complex which provides 
varus stability to the elbow. The radial collateral 
ligament measures 20 mm in length and is 8 mm 
wide. The most important component is the lat-
eral ulnar collateral ligament situated posteriorly 
arising from the lateral epicondyle and traversing 
obliquely across the radius to insert at the supina-
tor crest of the ulna.

High-resolution sonography using a linear 
transducer (15–17  MHz) allows the assessment 
of all the components of the LCL and can distin-
guish them from the overlying tendinous struc-
tures (Gondim Teixera et al. 2011; Stewart et al. 
2009). The important lateral ulnar collateral liga-
ment (LUCL) is sonographically usually seen as 
a clear separate component of the LCL as it 
courses over the radial head. The mean thickness 
of the ligament along the longitudinal short axis 
at this point is 1.2 mm in women and men. The 
mean thickness of proximal attachment of the 
ligament to the humerus is 1.7 mm in women and 

1.6  mm in men. Differences in measurements 
with regard to gender and hand dominance are 
not significant. The LUCL can be difficult to dif-
ferentiate from the radial collateral ligament in its 
proximal course, and sonography has an advan-
tage over MRI in this aspect.

MRI and MR arthrography have been success-
fully employed in examining lateral epicondylitis 
and in determining the status of the LCL. It is not 
uncommon at MRI to see abnormalities of the 
LUCL (thin, absent, thickened) in association with 
MR evidence of lateral epicondylitis. Some authors 
earlier noted that MRI is not reliable as it does not 
show a normal LUCL in 50% of cases (Cotton et al. 
1997). This however is likely to be due to the 
sequences and imaging planes used. MR imaging 
can be difficult in the coronal plane due to the 
oblique course of the ligament and requires 3-D 
sequences in an oblique coronal plane to analyse the 
ligament (Terada et  al. 2004). In later studies on 
asymptomatic volunteers, most of the components 
of the ligament were noted as distinct structures in a 
high percentage of elbows and thickness evaluated 
at their midpoint (Fig. 9.17) (Husarik et al. 2010).

MR-based median ligament thickness of LCL
LUCL 2.3 mm (range, 1.3–4.8 mm)
RCL 1.9 mm (range, 1.2–4.2 mm)
AL 1.0 mm (range, 0.5–1.5 mm)

a b c

Fig. 9.17 The RCL in the coronal plane (a) and the lateral UCL (b) which attaches to the supinator crest of the ulna. A 
coronal MRI 3-D (True FISP) image showing the RCL deep to the common extensor tendon (c)
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9.16  Joint Space and Plicae

The average radiographic adult joint space is 
3  mm. There are differences in the joint space 
measurements of the radiocapitellar and ulnohu-
meral joint space as seen on AP radiography. 
Furthermore on AP radiographs, the width of the 
lateral ulnohumeral joint space is greater than the 
width of the medial ulnohumeral joint space. The 
medial joint ulnohumeral space is parallel, while 
the lateral joint space is nonparallel and usually 
wider laterally (Rowland et al. 2007) (Fig. 9.18). 
Primary osteoarthritis predominantly involves the 
radiocapitellar joint and rarely the ulnohumeral 
articulation. Goodfellow and Bullough (1967) 
suggested this to be directly related to the differ-
ent types of movement at these articular surfaces.

Noninvasive analysis of cartilage volume of 
the elbow using MRI shows that the humerus 
accounts for 49–60%, the radius for 15–27% and 
the ulna for 20–29% of the total volume which 
ranges between 3.90 and 7.17 mL (mean 5.5 mL 
+/− 20%) (Springer et al. 1998). The mean carti-
lage thickness on MRI ranges from an average of 
0.9 mm (proximal ulna) to 1.4 mm (capitellum), 
while the maximal thickness from 2.30  mm 
(proximal ulna) to 2.9  mm (distal ulna). The 
articular cartilage thickness is not uniform, and in 

the sites used for potential osteochondral donor 
sites for treating osteochondritis dissecans, the 
mean thickness is 1.27 mm (range 0.78–1.63 mm) 
(Schub et  al. 2013). The trochlear notch of the 
ulna is normally traversed by a cartilage-free 
bony ridge at the junction of the olecranon and 
coronoid process which is about 2-3 mm wide, 
but as it is also elevated by 2-3 mm in relation to 
the rest of the trochlear notch, it is at the same 
height as the adjacent articular cartilage. In addi-
tion small medial and lateral cortical notches are 
found at the edges of the trochlear notch which 
vary in size measuring 3–7 mm in AP width and 
2–3 mm in depth located peripheral to the bony 
ridge traversing the trochlear notch. Both the 
trochlear ridge and notches are optimally mea-
sured on sagittal MR images.

A widened joint space could herald ligament 
insufficiency. Stress radiography of the MCL 
enables accurate diagnosis of large and complete 
tears when the increase in joint space width is 
0.5 mm or more in the affected elbow compared 
with the normal contralateral joint (Rijke et  al. 
1994). However, it has been shown that the unin-
jured elbow does also exhibit significant medial 
ulnohumeral gapping on valgus stress radiography 
(Lee et al. 1998). This suggests that stress radiog-
raphy may provide a false positive assessment 

a b

Fig. 9.18 Joint space. Note the normal asymmetrical dimensions of the space at the ulnohumeral joint on an AP radio-
graph (a) and coronal CT (b)
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which requires comparative assessment with the 
contralateral elbow also with stress radiography to 
minimise it.

Normal plicae are present posterolaterally 
(98%) and posteriorly (33%) in asymptomatic 

patients, and these are seen on MRI. The thick-
ness of the average normal plicae is usually < 
3  mm, and the posterior plicae are normally 
thinner than the posterolateral plicae 
(Fig. 9.19).

Plica

Fig. 9.19 Posterior 
plica depicted 
schematically (a) and in 
a sagittal MRI 3-D (True 
FISP) image (b). The 
capitellar pseudodefect 
is also depicted between 
the markers
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9.17  Effusion

The nonechogenic space between the capsule 
and the bone at the level of the trochlea and capi-
tellum can be measured sonographically (Koski 
1990). A sonographic distance of more than 
2 mm on the volar aspect of the extended elbow 
joint between the joint capsule and the bone is a 
high probability of intra-articular effusion/syno-
vitis. The effusion can also be measured in the 

olecranon fossa (Konin 2013). Fluid distribution 
in the elbow joint is affected by joint position 
due to the dynamics of elbow extension and flex-
ion with resultant imaging implications. 
Sonographically fluid initially is seen to collect 
posteriorly and with larger amounts anteriorly. 
Sonography of the olecranon fossa with the 
flexed elbow is very sensitive at identifying 
1–3 mL of fluid posteriorly in this position (De 
Maeseneer et al. 1998).
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9.18  Nerves: Radial, Median, 
and Ulnar Dimensions

Entrapment neuropathies due to compression 
from a host of conditions—bony, ligamentous 
and tumoral—can affect the radial, median and 
ulnar nerves at the elbow due to their specific 
anatomical course, location and the dynamic 
effects from elbow movements. Both sonography 
and MRI offer the capability of assessing the 
detection, cause and effect of nerve compression 
(Bayrak et al. 2010).

As a result of chronic compression, the dimen-
sions of the nerves alter, and sonographically this 
is usually highlighted by swelling proximally 
and narrowing distally from the point of com-
pression. When compared with the normal con-
tralateral side, the cross-sectional area or 
diameter of the nerve just proximal to the com-
pression site is increased. An ulnar nerve area at 
the elbow of 7.9 mm2 has been deemed the upper 
limit of normal (Jacob et al. 2004) although prior 
studies (Chiou et  al. 1998) suggested that the 
threshold value for cubital tunnel syndrome was 
an area of 7.5 mm2. Care is paramount to ensure 
that sonographic assessment of the ulnar nerve 
in the contralateral elbow or in the ipsilateral 
elbow at different locations is done with the same 

degree of elbow flexion, as the cross-sectional 
diameter of the nerve decreases with flexion. 
MRI plays an important role in the detection of 
nerve entrapment by assessing the morphological 
and signal features of the nerves and related 
pathology directly, as well as secondary signs in 
the muscles from denervation and atrophy. 
Quantitative evaluation using T1-weighted spin 
echo or intermediate- weighted fat-saturated 
transverse MR images plays a role in the analysis 
of nerve structure as a possible cause of elbow 
pain and dysfunction. The nerves are well 
depicted appearing as smooth round or ovoid 
structures on axial images (Fig. 9.20). Multiple 
axial nerve measurements can be carried out 
within the anatomical range of 2  cm above to 
2 cm below the level of the joint space providing 
the widest and narrowest nerve diameter dimen-
sions before bifurcation (Bodner et al. 2002). The 
normal median values and related measurement 
ranges are provided (short and long diameters) 
below (Husarik et al. 2009).

Radial nerve 1.0 × 1.9 mm (range 
0.8–2.0 × 0.9–5.0 mm)

Ulnar nerve 2.4 × 4.0 mm (range 
1.0–4.0 × 3.0–7.0 mm)

Median 
nerve

3.0 × 5.4 mm (range 
1.0–5.0 × 3.0–9.0 mm)

a b

Fig. 9.20 Axial MRI T1 images of the elbow at different levels (a, b) showing the median, ulnar and radial nerves 
within the round/oval markers
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At 2 cm proximal to the joint space, the radial 
nerve median dimension is 2.0  ×  4.0  mm, while 
following bifurcation the diameters are smaller 
with median measurements of 1.1 × 1.7 mm for the 
superficial radial nerve and 1.0 × 2.0 mm for poste-
rior interosseous nerve, respectively. In patients 
with posterior interosseous nerve syndrome, the 
swollen nerve has a mean diameter of 4.2 mm.

The median dimensions of the ulnar nerve 
decrease from 2.7  ×  4.7  mm, 2  cm above the 
elbow joint space to 2.0 × 3.4 mm below the joint.

The diameter of the median nerve shows 
 little  variation with median dimensions of 
3.0 × 5.0 mm at 2 cm above the joint space and 
2.3 × 5.0 mm at 2 cm distal to it.

There are gender considerations with diameter 
measurements of the ulnar and median nerves in 
men being larger particularly proximal to the 
joint compared with women, but no difference 
found regarding the radial nerve.
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10.1  Anatomical and Imaging 
Considerations

The wrist and hand attracted radiological attention 
ever since the discovery of X-rays. Radiographic 
measurements have evolved in the assessment of 
chronic systemic diseases such as rheumatoid 
arthritis, metabolic bone disease as well as con-
genital and developmental disorders. Imaging also 
plays a very important role in traumatic and post-
traumatic assessment and this in part relies on 
measurement assessment Goldfarb et al. (2001). 
Carpal instability from ligament insufficiency is 
complex and can arise from traumatic and non- 
traumatic causes such as rheumatoid disease. To a 
large extent radiographs are still the most common 
imaging modality from which measurements are 
made. They are reliable and with care easily repro-
duced, minimising the risk of measurement errors 
on follow-up assessment. The adoption of stan-
dard radiographic methods however is crucial as 
shown by Schuind et al. (1992) and Larsen et al. 
(1991a, b), and this aspect will be expanded upon 
in detail in this introduction.

Dynamic radiography has a selected role in 
identifying instability from loss of osteoliga-
mentous integrity by obtaining views in radial 
and ulnar deviation, with the clenched fist in the 
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frontal plane, and in flexion and extension in 
the lateral projection. Normally the intercarpal 
distances are unchanged in radial and ulnar 
deviation. The relationship of the lunate to the 
articular surfaces of the radius and ulna does 
however alter. In neutral or radial deviation AP 
and PA radiographs, the lunate lies 50:50 rela-
tive to the ulnar border of the distal radius, 
coming to lie completely in the lunate fossa of 
the radius in maximal ulnar deviation 
(Fig.  10.1). Abnormal lunate translation 
towards the ulna indicates ulnar translocation. 
When more than 50% of the lunate lies medial 
to the radius on the neutral PA view, ulnar 
translocation is usually the underlying carpal 
instability due to extrinsic ligament failure. 
This results in an increased radioscaphoid gap 
with the trapezium approximating the radial 
styloid. Simultaneously the centre of the head 

of the capitate which is regarded as the centre 
of rotation of the carpus, also moves towards 
the longitudinal axis of the ulna reducing the 
carpal–ulnar distance as described by McMurtry 
et al. (1978). Dividing this distance by the third 
metacarpal length normally produces a consis-
tent ratio of 0.30 +/−0.03, which is reduced in 
ulnar translocation. Lateral flexion and exten-
sion views are helpful in assessing carpal insta-
bility which aid in differentiating true instability 
from a normal variant. It is important to realise 
that comparison with the contralateral asymp-
tomatic side also needs to be taken into consid-
eration before a decision is made to treat a 
particular abnormality. Gilula and Weeks’ “lig-
amentous instability” series compared both 
wrists by performing PA views in neutral and 
ulnar/radial deviation, AP view with the 
clenched fist,  routine oblique, 30° off lateral 

a b
Fig. 10.1 Neutral PA 
view (a) showing the 
lunate lying 50:50 
relative to the ulnar 
border of the distal 
radius. Neutral lateral 
view (b) showing the 
scaphopisocapitate 
(SPC) relationship 
criteria needed for a true 
lateral view
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oblique, and laterals in neutral and flexion/
extension positions.

When obtaining the standard radiographs care 
needs to be given to the positions of the wrist, 
arm and forearm as they affect the appearances 
and location of the osseous landmarks introduc-
ing measurement errors. This is well seen in the 
assessment of ulnar variance which can alter 
from negative to positive in the same asymptom-
atic wrist when a PA view is compared with 
either an AP view or one obtained with the fist 
clenched (Fig. 10.2). Epner et al. noted that ulnar 
variance is altered by three factors; forearm rota-
tion, wrist deviation and the X-ray beam inci-
dence angle. When the forearm is supinated the 
radius moves distally and negative ulnar variance 
increases as the ulna becomes relatively shorter 
with respect to the radius. Indeed it can change 
from positive to negative as the pronated forearm 
is supinated. With radial deviation of the supi-
nated wrist there is an increased negative ulnar 
variance, while ulnar deviation decreases the 
ulnar variance. The X-ray beam needs to be 
 perpendicular to the wrist to avoid further errors. 
When the X-ray beam is angled distally along the 
longitudinal axis, the radius appears longer rela-
tive to the ulna, thereby increasing the apparent 
negative ulnar variance.

Meticulous positioning for radiographic tech-
nique is therefore essential to provide optimal 

standard PA and lateral radiographs as a prereq-
uisite to obtaining measurements. The PA view 
is obtained in a seated patient with the wrist and 
elbow held at shoulder height on the X-ray table 
so that they are in one plane, the shoulder 
abducted with 90° flexion at the elbow. The ulna 
is perpendicular to the humerus and the forearm 
is in pronation, the wrist in neutral and the hand 
palm down on the cassette Bateni et al. (2013). 
In a correctly positioned PA view the groove of 
the extensor carpi ulnaris (ECU) lies lateral to 
the midportion of the ulnar styloid, radial to the 
fovea and the ulnar styloid itself is seen to extend 
from the ulnar border of the ulna Jedlinski et al. 
(1995) (Fig. 10.3). The ulnar groove criterion is 
inconsistent as the groove may be hypoplastic 
and not discernible radiographically. The long 
axis of the third metacarpal and radius are col-
linear confirming there is no ulnar or radial devi-
ation. In this position the radius and ulna are 
parallel to each other which is essential as it is 
the only position that depicts the true length of 
the radius. The position of the wrist is an impor-
tant factor in determining ulnar variance as 
described above. If the PA view is obtained 
whereby the radius is allowed to cross over the 
ulna it invariably shortens introducing an error in 
the ulnar variance assessment. This means that 
when the forearm is pronated maximally there is 
an increase in positive ulnar variance while 

a b c

Fig. 10.2 PA view in pronation (a), in supination (b) and with the clenched fist (c). The ulna is shorter compared to the 
radius in supination and with the fist clenched
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 maximal forearm supination promotes a decrease 
in ulnar variance. Essentially the ulnar variance 
measurements should only be done when the 
ulnar styloid extends from the ulnar border of the 
ulna on the neutral PA view. Incidentally it is 
important to stress that ulnar variance refers to 
the relative lengths of the radius and ulna on the 
wrist radiographs, and ulnar variance status is 
likely to be erroneous if attempted from CT and 
MRI images. The specific position of the wrist 
required to reliably determine ulnar variance 
cannot be replicated in MR and CT. In addition 
the clenched fist can also increase significantly 
the ulnar variance which returns to normal when 
the fist is released. In combination, a firm grip 
with the forearm pronated can cause significant 

positive ulnar variance not appreciated on a neu-
tral PA view. A negative ulnar variance may be 
associated with Kienböck’s disease and scaph-
olunate dissociation, while a positive ulnar vari-
ance is associated with ulnar impaction syndrome 
and degenerative TFCC tears Cerezal et al. 
(2002). Preoperatively ulnar variance needs to 
be measured twice on a pronated forearm with 
and without a firm grip respectively when sur-
gery is being planned for such causes of ulnar 
wrist pain.

A reliable and consistent radiographic tech-
nique for obtaining optimal lateral projections is 
also crucial if they are to form the basis of mea-
surements that evaluate carpal congruency, 
malalignment and instability. Larsen et  al. 

a b

Fig. 10.3 Neutral PA view (a) showing the ulnar groove 
of the ECU lies lateral to the ulnar styloid. The ulnar sty-
loid extends from the medial border of the ulna. The lat-

eral projection (b) shows the volar cortex of the pisiform 
lying anterior to the cortex of the scaphoid which is sub-
optimal for measurement purposes
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(1991a, b) recommended a stabilising device to 
control wrist movements in all directions with the 
wrist held in zero position. Attention to ensure 
that there is no ulnar/radial deviation, nor flexion/
extension of the wrist (zero position) is essential, 
as these positions normally and physiologically 
alter the alignment of the carpal bones (Figs. 10.1 
and 10.3). The scaphoid normally foreshortens in 
volar flexion or radial deviation, and elongates in 
ulnar deviation or wrist extension. For the lateral 
view the arm is adducted by the side in a seated 
patient so that the shoulder, the 90° flexed elbow, 
the forearm in neutral rotation and wrist are in the 
same plane. This ensures that this view is truly 
perpendicular to the PA view. A correctly posi-
tioned lateral view shows overlap of the ulna and 
radius, the ulnar styloid is exactly in the centre of 
the ulnar head and it should clearly outline the 
volar edges of the trapezium, scaphoid, pisiform 
and capitate. However this criterion is not valu-
able in the presence of dorsal subluxation of the 
ulnar head. The pisiform should be projected 
over the distal scaphoid pole. The scaphopiso-
capitate (SPC) relationship is a reliable criterion 
of a true lateral (Yang et al. 1997). The volar cor-
tex of the pisiform should lie in the middle third 
of the interval between the volar aspects of the 
scaphoid and capitate respectively providing a 
clear “line of sight” (Fig. 10.4). It is often stated 
that a true lateral view should show that the radio-
graphic long axes of the third metacarpal, capi-
tate, lunate and radius are coaxial forming a 
straight line. Sarrafian et  al. (1977) however 
found that this ideal of a common longitudinal 
axis running through the axes of the third meta-
carpal, capitate, lunate and radius is observed in 
only 11% of normal individuals, but the axes are 
normally usually <10° to this line.

Biomechanically the proximal carpal row is 
designated as an “intercalated segment”, indicat-
ing that its position is determined by forces act-
ing on its proximal and distal articulations as no 
tendons are attached to it. The scaphoid and tri-
quetrum have opposing natural tendencies for 
volar flexion and dorsiflexion respectively. 
Therefore in the presence of a scapholunate liga-

ment dissociation, the scaphoid volar flexes and 
the attached triquetrum acts unopposed and pulls 
the lunate into dorsiflexion producing a DISI 
(Dorsal Intercalated Segmental Instability). 
A lunotriquetral tear produces the opposite insta-
bility pattern VISI (Volar Intercalated Segmental 
Instability) as the intact scapholunate ligament 
pulls the lunate into volar flexion as the scaphoid 
acts unopposed. Care needs to be exercised in 

Fig. 10.4 Lateral view of the wrist showing acceptable 
SPC criteria for measurements from a true lateral projec-
tion, with the pisiform’s volar cortex lying in the middle 
third of the interval between the volar aspects of the 
scaphoid and capitate
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distinguishing a true DISI from a normal posi-
tional dorsal tilt of the lunate which as indicated 
previously arises when the wrist is normally 
ulnar deviated or when it is hyperextended. 
Adaptive DISI is also associated with architec-
tural alteration of the surrounding structures, 
such as instances of excessive callus from the dis-
tal radius.

On the PA view the intercarpal joints should 
clearly show the subchondral outlines of the 
respective carpal bones appearing parallel and 
symmetrical. Three carpal arcs can be defined on 
the PA view: the first is along the proximal 
 outlines of the scaphoid, lunate and triquetrum; 
the second along the distal outlines of the same 
bones; and the third along the proximal capitate 
and hamate outlines. Normally these arcs are 
smooth and curvilinearly parallel. The articula-
tion between the capitate and lunate is the base-
line joint width all others are compared with. The 
joint spaces are normally in the order of 2 mm or 
<, but the scapholunate and radiocarpal joints are 
usually wider. The width of the carpometacarpal 
joints is normally narrower than the midcarpal 
articulation. The scapholunate space harbours the 
important scapholunate interosseous ligament. 
This complex ligament is horseshoe-shaped in 
the sagittal plane with three distinct anatomical 
zones that have different histological and biome-
chanical characteristics; dorsal, proximal (inter-
mediate) and volar components, connecting the 
respective surfaces of the two bones (Fig. 10.5). 
Anatomical studies have shown it to be 18 mm 
long and 1–6 mm thick. The dorsal component is 
3  mm thick while the volar component is only 
1 mm thick (Berger 1996). The proximal (inter-
mediate) component is mainly fibrocartilage and 

shaped like a meniscus appearing triangular on 
coronal MRI images. On routine MRI it is not 
possible to consistently visualise all three parts of 
it but this is improved with MR arthrography and 
dedicated coils at 3 T producing high resolution 
images. The average length of the ligament in the 
dorsopalmar direction seen on MRI is 12.8 +/− 
0.3 mm and 13.6 +/− 0.4 mm at MR arthrogra-
phy Scheck et al. (1997).

There has been considerable controversy 
focused on the optimal method to measure the 
radiographic scapholunate distance and the crit-
ical cut-off point from normal to abnormal. A 
widened scapholunate distance is more notice-
able in the AP than the PA view Mann et al. 
(1992a). Cautilli and Wehbe (1991) measured 
the distance on neutral PA views from the prox-
imal corners of the scaphoid and lunate in 100 
normal wrists providing a range of 2.5–5  mm 
(mean 3.7  mm, SD 0.6  mm). Variation arises 
using this method because it is difficult to 
define the corners (especially on the scaphoid 
aspect) to measure from in a reliable manner 
(Fig. 10.6). Gilula and Weeks (1978) used the 
midpoint of the articulation and reported a nor-
mal distance up to 2  mm, an abnormal value 
when >4  mm, and deemed a value between 2 
and 4  mm as of uncertain significance. There 
is now general agreement that the scapholunate 
interval should be measured at the midpoint 
of the joint on a PA view following the stud-
ies by Kindynis et  al. (1990) and Schimmerl-
Metz et al. (1999) (Fig. 10.6). It is vital that the 
wrist is in a truly neutral position because flex-
ion and extension profile the palmar and dorsal 
portions of the articulation respectively, both of 
which are wider than the true interface of car-

D V

P

L

a b

D

V

Fig. 10.5 Diagram of 
the scapholunate 
ligament on the axial 
view (a) and sagittal 
view (b). D dorsal 
segment, V ventral 
segment, P proximal 
segment
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tilage surfaces of the joint resulting in a falsely 
wider measurement in the abnormal range. This 
neutral PA view position is confirmed when (a) 
the third carpometacarpal joint is seen in clear 
profile, (b) the third metacarpal and radius are 
coaxially aligned, and (c) in the absence of 
ulnar or radial deviation. For accurate measure-
ment the midportion of the flat medial facet 
of the scaphoid is the commencement point. 
Kindynis et  al. (1990) also suggested optimi-
sation of scapholunate interval visualisation 
by obtaining a PA position with a 10° tube tilt 

from the ulna towards the radius (Fig.  10.7), 
with the central ray directed in the middle of a 
line joining the extremity of the radial and ulnar 
styloid processes, centred on the carpus. Using 
this method of measurement Pliefke et  al. 
(2008) found a mean scapholunate distance in 
patients with scapholunate dissociation of 2.9 
+/− 0.9 mm compared with 2.2 +/− 0.4 mm in 
patients with normal arthroscopy. According to 
their study scapholunate diastasis of 3.5  mm 
between the middle of the medial facet of the 
scaphoid and lunate proves the presence of 

A

B

a b

c d

Fig. 10.6 Scapholunate distance variation seen on (a) 
neutral and (b) clenched fist PA views, measured using the 
Cautilli and Wehbe method (A) and at the midpoint of the 

scapholunate joint (B). Diagrammatic representation of the 
dynamics involved in altering the scapholunate distance  
(c, d) due to the stress manoeuvre with the clenched fist
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dissociation, and measuring the scapholunate 
angle further increases the diagnostic accu-
racy. However in 14 of 36 ligament ruptures in 
Pliefke et al.’s study, the abnormal diastasis was 
only appreciated on cineradiography and not on 
the plain radiographs. This resulted in plain 
radiographs producing a 57.1% sensitivity 
and 98.3% specificity, while cineradiography 
enjoyed 85.7% sensitivity and 95.0% specific-
ity. Gilula and Weeks (1978) have also shown 
that an interval  >  4  mm is abnormal indicat-
ing scapholunate dissociation (rotatory scaph-
oid subluxation). Diastasis is increased with 
the clenched fist position (Fig.  10.6), but this 
is often limited in its use due to pain. Moneim 
(1981) showed that a tangential PA view of the 
wrist produced by elevating the ulnar border of 
the hand 20° off the table (by flexing the fourth 
and fifth fingers) also reveals dissociations not 
seen on the routine views. This is particularly 
useful when the ancillary AP and clenched fist 
views cannot be done due to pain. Moneim 
showed that the tangential view eliminated the 
bone overlap that is invariably present on the 
routine PA view. Obermann (1991) optimised 
obtaining the PA and lateral radiographs using 
fluoroscopy and found that the standard radio-
graphs had a 25% false negative and a 6.5% 
false positive rate in the diagnosis of carpal 
instability. A positive scaphoid cortical “ring 

sign” is also regarded as pathognomonic of SL 
dissociation. The distal pole of the scaphoid is 
projected over the midbody of the flexed scaph-
oid which is rendered foreshortened. For a posi-
tive sign the distance between the ring outline 
and the proximal pole of the scaphoid on neu-
tral radiographs should be <7 mm (Fig. 10.7). 
A positive ring sign can be observed however 
on radiographs taken in full radial deviation, 
and up to 25% of normal radiographs. Needless 
to say the assessment described above does not 
apply to the paediatric wrist as due to differ-
ential delay in ossification the normal scaph-
olunate anatomy seen radiographically appears 
spuriously  widened (Fig. 10.8).

Although the stability of the scapholunate joint 
is primarily dependent on the scapholunate liga-
ment (Fig.  10.9), the extrinsic stabilisers which 
include the volar carpal ligaments and the dorsal 
capsular ligaments play an important role 
Boabighi et al. (1993). Studies have revealed that 
static instability producing radiographic scaphol-
unate diastasis requires combined extrinsic liga-
ment injury besides a complete tear of the 
scapholunate ligament. Experimental studies car-
ried out by Meade et  al. (1990) on serial radio-
graphic changes in scapholunate kinematics 
following sequential sectioning of the portions of 
the intrinsic and extrinsic ligaments, have shown 
that significant tears of the scapholunate ligament 

a b c

Fig. 10.7 Scapholunate distance seen on a neutral PA 
view (a) and on a 10° tube tilt from the ulna (b) towards 
the radius. Positive scaphoid “cortical ring sign” on neu-

tral PA view (c) where the distance between the ring out-
line and the proximal pole of the scaphoid is <7 mm
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can be present despite normal radiographs, and 
scapholunate diastasis implies injury not just to 
the interosseous ligament but also to the dorsal or 
volar extrinsic ligaments. Interestingly Meade 
et  al. observed an increase in the radioscaphoid 
interval between maximal radial and ulnar devia-
tion following sectioning of the volar extrinsic 
ligaments. In the predissection radiographs the 
difference in radioscaphoid interval measure-
ments between radial and ulnar deviation was 
normally <0.4  mm. However the radioscaphoid 
difference increased to 1.60  mm, 1.61  mm, 
1.90 mm and 3.12 mm with sequential sectioning 
of the radioscaphoid ligament, volar portion of the 

scapholunate ligament, complete scapholunate 
ligament and radioscaphocapitate ligament. This 
also means that if only the interosseous scapholu-
nate ligament is torn there may not be any radio-
graphic diastasis if the extrinsic ligaments are 
intact. Thus dynamic instability can only be dem-
onstrated on stress radiographs or fluoroscopic 
studies. When the scapholunate ligament fails the 
triquetrum and lunate dorsiflex (DISI) and the 
scaphoid flexes (Fig. 10.10). The dorsal tilt of the 
lunate leads to a scapholunate angle on the lateral 
radiographs >60°. When the lunotriquetral liga-
ment fails the triquetrum dorsiflexes and both the 
lunate and scaphoid flex (VISI). The scapholunate 
angle on the lateral radiographs is <30°.

On the lateral view the longitudinal axis of 
the main carpal bones (scaphoid, lunate and 
capitate) can be defined, and intercarpal angles 
measured to provide an assessment of the spa-
tial relationship of the carpus. The midscaphoid 
axis is not easily determined as the proximal 
pole is not always well seen. A tangential line 
drawn volarly joining the most volar edges of 
the proximal and distal scaphoid poles is almost 
parallel to the mid-axis and reliable (Fig. 10.11). 

Fig. 10.8 PA view in a child showing the normal “wid-
ened” appearance of the scapholunate distance

Fig. 10.9 MR arthrography with contrast medium in 
both the midcarpal and radiocarpal joints depicting intact 
scapholunate ligament status on a T1 Fatsat coronal 
sequence
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VISIDISI

D                                               VD                                               V

a b
Fig. 10.10 Diagram of the middle 
column of the wrist in the lateral 
projection in (a) DISI and (b) VISI. In 
both instances there is a shift between 
the long axis of the radius/ulna and the 
long axis of the capitate/metacarpals. D 
dorsal, V ventral aspects

SA
V

D

ST
Scaphoid axis

Fig. 10.11 Scaphoid axis. The 
volar tangential line (ST) is parallel 
to the scaphoid axis (SA)
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It was shown by Crittenden et al. (1970) that the 
normal angle subtended between the axes of the 
scaphoid and radius (radioscaphoid) with the 
hand held in neutral lateral position is 136° 
(range 121–153°), while Hudson et  al. (1976) 
recorded a higher normal angle of 150° 
(Fig.  10.12). Alternately the adjacent angle is 
regarded as the radioscaphoid angle with a nor-
mal value of 44° and a range 27°–59° indicating 
any measurement >60° as abnormal. The midlu-
nate axis is the perpendicular line drawn to the 
line that joins the distal dorsal and distal volar 
corners of the lunate dividing the proximal and 
distal articular surfaces (Fig. 10.13). The radio-
lunate angle is normally expected to be 0° as the 
wrist should be coaxial with the axis of the 
radius (determined by plotting a line through 
two points through the centre of the distal radius 
at 2 and 5 cm proximal to the articular surface) 
passing through the lunate axis, but a normal 
range exists of −15–+15° (Fig. 10.14). Similarly 

the  capitolunate angle should normally be 0° 
with a range of −15–+15° (Fig. 10.15). The sub-
tended scapholunate angle is normally 30–60° 
and instability is inferred if it is >60° 
(Fig. 10.16). As a guide VISI (volar intercalated 
segmental instability) is denoted by an angle 
<30° where the lunate is tilted volarly due to a 
lunotriquetral ligament tear, and DISI (dorsal 
intercalated segmental instability) by an angle 
>60° where the lunate is angulated dorsally due 
to a complete scapholunate ligament tear. As 
indicated earlier in scapholunate dissociation 
the scaphoid is abnormally flexed and the lunate 
abnormally extended, which results in an 
increase in the radiolunate angle >15°. However 
a DISI pattern can also be seen when the scaph-
olunate ligament is intact in the presence of an 
unstable scaphoid waist fracture, as the proxi-
mal scaphoid pole moves dorsally with the 
lunate due to the intact ligament as the separated 
distal pole volar flexes. The capitate axis passes 

Radioscaphoid angle
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D

Fig. 10.12 Radioscaphoid angle

Lunate axis
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L
D

Fig. 10.13 Lunate axis (L)
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D

Radiolunate angle

L

Fig. 10.14 Radiolunate angle. Normal range −15–+15°

Capitolunate angle
V

D

L

CA

Fig. 10.15 Capitolunate angle. Normal range −15–+15°. 
Line through the midpoints of the proximal and distal poles 
of the capitate (CA) intersects with the lunate axis line (L)
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through the midpoint of the convex articular 
outline of the third metacarpal and the proximal 
convex outline of the capitate. Alternatively, a 
tangent to the dorsal contour of the capitate can 
be used as the axis (Fig. 10.17). The subtended 
angle with the lunate creates a capitolunate 
angle which normally is −10° with a normal 
range of −15°– +15° (Fig. 10.15). Dorsiflexion 
of the lunate with a capitolunate angle >15° is 
suggestive of DISI, and volar flexion of the 
lunate with a capitolunate angle >15° is sugges-
tive of VISI. Care is needed to minimise errors 
of measurements done on lateral radiographs as 
there can be significant observer variability. 
Larsen et al. (1991a, b) reported a standard devi-
ation of the inter-observer variation which 
ranged from 2.60° to 18.15°, and an intra- 
observer variation from 1.89° to 4.66° depend-
ing on the angles measured. Nevertheless Larsen 
et  al. also showed that as long as standardised 
radiography is employed, a difference of >5° 

between the carpal angles in the same individual 
between the symptomatic and the asymptomatic 
wrist is regarded as significant.

The distal radius exhibits three concave sur-
faces. The scaphoid and lunate fossae articulate 
with the respective carpal bones with at least half 
of the lunate surface covered by the radius in the 
neutral PA projection. This alters in radial and 
ulnar deviation (Fig. 10.18). The sigmoid notch 
articulates with the head of the ulna at the distal 
radioulnar joint (DRUJ). The triangular fibrocar-
tilage (TFC) is attached from the sigmoid notch 
to the ulnar styloid and this is supported by cap-
suloligamentous structures forming a triangular 
complex (TFCC) that also supports the articula-
tion with the lunate and triquetrum (Fig. 10.19). 
As a result the DRUJ is L-shaped and separate 
from the radiocarpal joint. The thickness of the 
TFC is variable 1–5 mm which depends on the 
station of ulnar variance. Radiographic parame-
ters to assess the distal radial anatomy are used to 
guide therapeutic planning and postsurgical out-
comes usually related to fracture management. 
These include radial length, radial inclination, 
palmar tilt and articular congruency. Adverse 
clinical outcomes are associated with altered 
loading patterns and premature osteoarthritis due 
to extra- articular malunion parameters. A dorsal 
tilt >10° (equates to 20° from normal), radial 
inclination <10° and radial shortening of 6 mm 
are associated with poor outcomes Mann et al. 
(1992b);  Mann et al. (1992c). The radial assess-
ment can be enhanced if the PA view is done with 
the central beam directed by 10° proximally for 
the PA view, and 15° proximally for the lateral 
view. No difference in measurements are found 
when comparing this PA view with the standard 
PA view, but on this modified lateral view the 
points of measurement are better defined increas-
ing measurement accuracy compared with the 
conventional lateral view. The main consider-
ation of the articular surface of the ulna concerns 
the ulnar variance status and the clinical syn-
dromes associated with either a positive or nega-
tive ulnar variance (Fig. 10.20). There is also an 
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Fig. 10.16 Scapholunate angle. Normal range 30°–60°. 
Defined by intersection of scaphoid axis (SA) and lunate 
axis (L) lines
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Capitate axis
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Fig. 10.17 Capitate tangent (CT) line to the dorsal out-
lines of the capitate is parallel to the capitate axis (CA)
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ulnar styloid index which is partially dependent 
on the ulnar variance, which plays a role in pro-
ducing the ulnar styloid impaction syndrome on 
the triquetrum. Normally the ulnar styloid pro-
cess is 2–6  mm long. Garcia-Ellis (1987) pro-
posed the ulnar styloid process index (USPI) as a 
determinant of direct impaction injury by an 
excessively long ulnar styloid process on the dor-
sal aspect of the triquetrum. This is calculated by 
subtracting the degree of ulnar variance from the 

length of the ulnar styloid process and dividing 
the difference by the transverse diameter of the 
ulnar head. The normal USPI range is 0.21 +/− 
0.07, and excess length of the ulnar styloid 
>6 mm produces a greater USPI value promoting 
ulnar styloid impaction syndrome (Fig. 10.42).

As the articular surface of the radius slopes in a 
volar and ulnar direction there is a tendency 
towards a vector migration of the carpus in the 
same direction. This is counteracted by strong liga-

a b c

Fig. 10.18 Coronal T1 MR images. Relationship between the radius and lunate in neutral (a), radial tilt (b), and ulnar 
tilt (c). Note that the lunate locates completely in the lunate notch of the radius in (c)

Fig. 10.19 Coronal diagrams (a, b) showing the triangu-
lar fibrocartilage complex (TFCC) which is composed of: 
-articular disc (AD); radioulnar volar and dorsal ligaments 
(VRUL,DRUL);ulnotriquetral ligaments (UTL) and ulno-

lunate ligaments(ULL) (volar and dorsal); extensor carpi 
ulnaris tendon sheath (ECUTS); ulnar collateral ligament 
(UCL) and meniscal homologue (MH)

U

T

L

ULL

RUL

UTL

UCL
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ments. With the advent of ultrasound and MR 
arthrography it is possible to visualise and measure 
wrist and hand ligaments which play an important 
role in articular stability. Due to their small dimen-
sions and oblique course high spatial resolution is 
required with ideally a 3  T magnet using an 
FOV  <  10  cm, slices <2  mm and a high matrix 
(>384X256). 3D GRE are helpful but generate sus-
ceptibility artefacts at 3  T.  Native axial oblique 
imaging planes or MPR from an isotropic acquisi-
tion can depict the individual ligaments optimally. 
In the wrist there are intrinsic and extrinsic liga-
ments. The intrinsic ligaments attach solely to the 
carpal bones while extrinsic ligaments additionally 
attach to the forearm bones, tendon sheaths and 
retinacula. The three main intrinsic ligaments are 
the scapholunate, lunotriquetral and triangular 
fibrocartilage complex. The scapholunate has 
already been covered previously, while the lunotri-
quetral ligament also exhibits three components—
dorsal, volar and proximal with the 2  mm thick 
volar component being stronger than the 1  mm 
dorsal component. The extrinsic ligaments are as 
important as the intrinsic ligaments in maintaining 
carpal stability. Their main function is to counter 
the tendency of the carpus to displace in a volar and 
ulnar direction as dictated anatomically by the 
slope of the distal radius. As these extrinsic liga-
ments are only 2–3 mm thick and obliquely orien-

tated in the three imaging planes, they are not 
completely visualised on standard MRI.  Volar 
extrinsic ligaments include the three main intracap-
sular extrasynovial ligaments; volar radioscapho-
capitate, volar radiotriquetral and volar radioulnar 
ligaments, as well as the volar ulnolunate and volar 
ulnotriquetral. The volar radioscaphocapitate and 
volar radiotriquetral ligaments arise close to one 
another from the radial styloid and course fairly 
parallel towards the carpus (Fig.  10.21) allowing 
them to be visualised distinctly on coronal images 
especially on MR arthrography with intervening 
contrast medium from the joint. Smith’s study pro-
vided MRI based average dimensions for the 
radioscaphocapitate ligament length of 22.2 +/− 
1.4 mm, proximal–distal width of 5.6 +/− 0.8 mm, 
and a dorsal–volar thickness of 2.2 +/−0.4 mm. As 
the radiolunotriquetral ligament is curved its length 
is not possible to measure reliably but its proxi-
mal–distal width is 6.9 +/− 1.0 mm, with a dorsal–
volar width of 2.3+/− 0.5  mm. Some of these 
extrinsic ligaments are also incorporated in the tri-
angular fibrocartilaginous complex. The volar 
ulnolunate, volar ulnotriquetral, and volar distal 
radioulnar ligaments form part of the TFCC 
(Fig.  10.19). The volar radioulnar ligament is a 
thickened peripheral attachment to the TFC disc, 
while the volar radioulnar ligament attaches to the 
styloid process and fovea of the ulna. The ulnolu-

a b

Fig. 10.20 Positive ulnar variance with ulnocarpal impaction (a) which is worse in 1 year (b)
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nate ligament arises from the volar radioulnar liga-
ment and extends along the forearm axis to attach 
onto the lunate. Its average dimensions on MRI are 
a length of 11.6 +/− 1.5 mm, a mediolateral width 
of 6.5 +/− 1.2 mm, with a dorsovolar thickness of 
2.5 +/− 0.6 mm. Similarly the volar ulnotriquetral 
ligament arises from the volar radioulnar ligament 
passing medial to the volar ulnolunate ligament 
and has a fan-shaped attachment to the triquetral 
bone. Its average MRI dimensions are 11.4 +/− 
0.7 mm long, 4.0 +/− 0.8 mm mediolaterally and 
3.7 +/− 0.5  mm dorsovolar thickness Smith 
(1993b). These two ligaments are also seen on the 
coronal MR images with joint fluid between them. 
The volar radioulnar ligament is easy to be seen in 
all the three MR planes but it is the sagittal images 
that show best the volar and dorsal radioulnar liga-
ments with the TFC disc. Dorsal extrinsic liga-
ments are orientated in the transverse plane and 
converge towards the triquetrum. They include two 
main dorsal extrinsic ligaments: the dorsal inter-
carpal and dorsal radiotriquetral, the latter lying 
inferior to the former (Fig. 10.22). The dorsal inter-
carpal ligament also attaches to the scapholunate 
and lunotriquetral ligaments. They are seen as a 
v-shaped configuration on coronal MR images 
both linked to the triquetrum. The dorsal radioulnar 
ligament is a third dorsal ligament and is like its 
volar counterpart a thickened periphery of the TFC 
disc best seen on sagittal images. There is however 
considerable normal variation in morphology and 

morphometry of all of these extrinsic ligaments. 
Ligament widths show larger individual variation 
than their lengths. Feipel and Rooze (1998) found 
that the SD of most of the ligament lengths and 
widths are in the order of 20% of the average val-
ues, but the dorsal and ulnar have a wider variation 
of 32–57%. This probably explains the differences 
found in the dimensions of ligaments assessed by 
MRI in different studies. Smith’s early studies pro-
duced MR based measurements of the dorsal liga-
ments with the radiotriquetral ligament exhibiting 
a mean length of 24.4 +/− SD 2.4  mm, a mean 
proximal–distal width of 3.4 +/− SD 0.9 mm, and 
a mean dorsovolar thickness of 2.2 +/− SD 0.4 mm 
Smith (1993a).

The dorsal intercarpal ligament exhibited a 
mean proximal–distal width of 4.6 +/− 0.9 mm at 
its triquetral origin, and 7.5 +/− 1.6  mm at its 
scaphoid insertion Smith (1993a). Difficulties are 
encountered in its MR measurements as it is 
curved in the three planes. From the normative 
data the dorsal ligaments are symmetrical which 
can be helpful in assessing ligament integrity by 
comparing the symptomatic with asymptomatic 
sides. An in depth coverage is found in the follow-
ing text in the assessment of specific ligaments.

The contents are presented in a sequential 
manner addressing first the measurements that 
can be done on conventional radiography, fol-
lowed by those performed on advanced imaging 
incorporating US, CT and MRI.

RLT

RSC

a b

Fig. 10.21 Volar extrinsic ligaments: (a) radioscaphocapitate (RSC) and (b) radiolunotriquetral (RLT) ligaments
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10.2 Conventional Radiography

1.  Scapholunate Distance

 Definition

Distance of the scapholunate joint space.
Normal Value: 3.7  mm using Cautilli and 
Wehbe method.

 Indications

Scapholunate dissociation in carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).

 Full Description of Technique

Measurement from the proximal ulnar corner of 
the scaphoid to the radial corner of the lunate as 
described by Cautilli and Wehbe (1991).

 Reproducibility/Variation

Mean 3.7 ± 0.6 mm.
Range 2.5–5 mm.
Mean 4 mm (men) and 3.6 mm (women).

 Clinical Relevance/Implications

As discussed in the introduction of this chapter if 
the midpoint of the joint is used widening of the 
scapholunate joint space in adults  >  3  mm is 
suggestive of scapholunate dissociation in carpal 
instability (Figs. 10.6 and 10.7).

In children the normal values are higher due to 
a large chondral component of the carpal bones 
and the fact that the scaphoid ossifies eccentri-
cally promoting the false impression of a wid-
ened space (Fig. 10.8). Leicht et al. (1996) carried 
out a study in 79 children by comparing the 
injured with the uninjured side and produced an 
age determined range of normal values. The mea-
surements were done using the Cautilli and 
Wehbe (1991) method from the proximal ulnar 
most corner of the scaphoid to the radial most 
corner of the lunate in PA radiographs. In 7-year- 
olds the median distance was 9  mm compared 
with 3 mm in 15-year-olds. Kaawach et al. (2001) 
also provided data on children noting the com-
bined effect of age and gender on values of 
scapholunate distance. Females exhibit a shorter 
distance as they achieve adult skeletal maturity 
earlier reaching the adult range by 11  years of 
age compared with boys who do so at 12 years. 
Prior to that there is an age-dependent factor 
which also needs to be taken into consideration. 
Kaawach et  al.’s study on 85 bone age radio-
graphs showed the following values (upper limits 
in mm in brackets) with clear age-dependent and 
gender-dependent variation with excellent inter- 
observer and intra-observer agreement:

Age Female Male
6 7 (9) mm 9 (12) mm
7 6 (8.5) mm 8 (11) mm
8 5.5 (8) mm 7.5 (10.5) mm
9 5 (7.5) mm 6.5 (9.5) mm

10 4.5 (7) mm 6 (9) mm
11 4 (6.5) mm 5 (8) mm
12 3.5 (6) mm 4.5 (7.5) mm

Scapholunate distance Kaawach W, (2001)

 Analysis/Validation of Reference Data

Cautilli and Wehbe’s study on 100 normal adults 
was done by taking the measurements from the 

DIC

DR
T

Fig. 10.22 Dorsal extrinsic ligaments: dorsal intercarpal 
(DIC) and dorsal radiotriquetral (DRT) ligaments
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proximal aspect of the joint. Measurements pro-
vided a normal range of 2.5–5 mm with a mean 
of 3.7 mm (SD 0.6 mm). A statistically signifi-
cant difference is demonstrated with respect to 
sex. This technique does not measure the scaph-
olunate width through the centre of the joint 
which has difficulties. Increasingly there is adop-
tion of  measuring the midpoint distance because 
of the difference in value based on the different 
normal craniocaudal variation in dimension. 
Kindynis et al. (1990) proposed a 10° X-ray tube 
tilt from the ulna towards the radius to optimise 
visualisation of the space, concluding that mea-
surements are more reliable using the midpoint 
distance from the flat medial facet of the scaph-
oid. However this too has inherent difficulties 
because of the anatomical variation from dorsal 
to palmar of the scapholunate space and how it is 
profiled on PA radiography. It is common to have 
overlapping bones which makes accurate set up 
for measurement challenging. On routine PA 
view of the wrist the scapholunate joint is often 
not profiled. Obermann used fluoroscopy to opti-
mise the radiographic positioning of radiographs 
for this purpose and found a false negative rate of 
25% and a false positive rate of 6.5%. Moneim 
showed that a tangential view of the wrist pro-
duced by elevating the ulnar border of the hand 
20° off the table (e.g. by flexion of the fourth and 
fifth fingers) better delineates the scapholunate 
interspace.

AP view of the wrist is preferable and the con-
tralateral wrist may be used as reference in all 
cases when pathological measurements are sus-
pected. This is important before surgical inter-

vention and especially in patients exhibiting 
hypermobility which can be associated with a 
physiological increase in scapholunate distance. 
Indeed Watson et al. (1993) showed that 12% of 
the general population exhibit normal hypermo-
bile scaphoid bones due to underlying lax 
ligaments.

Stress views with a clenched fist in supination 
may highlight a widening of the scapholunate 
joint space. The musculotendinous forces in fist 
clenching drive the capitate’s head towards the 
scapholunate joint, stressing the joint promoting 
diastasis in the presence of ligament insufficiency 
(Fig. 10.7). A tangential view with the wrist held 
in 20° of ulnar deviation can also uncover occult 
dissociation not seen on the routine PA radio-
graph. When measured at the midpoint of the 
scapholunate joint it normally measures 2  mm, 
and usually remains constant within the normal 
range in radial and ulnar deviation of the wrist 
(Kindynis et  al. 1990). However the magnifica-
tion factor also needs to be taken into consider-
ation as it can create an acceptable normal range 
of up to 3 mm.

 Conclusion

The adult measurement needs to be consistently 
done from the mid-point of the scapholunate 
interface and a measurement >3.5 mm is suspi-
cious of injury. Contralateral comparison before 
embarking on surgical intervention is recom-
mended to ensure that there is no underlying lig-
amentous laxity as the cause for a wide 
distance.
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2.  Scapholunate Angle

 Definition

Angle between the scaphoid axis and lunate axis.
Normal Value: 50°.

 Indications

Carpal instability.

 Technique

Radiography: lateral view (arm adducted 
against the trunk, the elbow flexed 90°, the 
forearm in neutral rotation (no supination or 
pronation) and the wrist in neutral position (no 
radial or ulnar deviation and no palmar flexion 
or extension)).

 Full Description of Technique

Line SA is through the proximal and distal poles 
of the scaphoid.
Line ST: variant of line SA with the tangent of 
the volar proximal and distal convexities.
Line L is the line perpendicular to the tangent of 
the two distal poles of the lunate.

 Reproducibility/Variation

Mean: 46°. Range 30–60° (Linscheid) (Line ST 
method) Linscheid et al. (1972).

Mean: 50 ± 8.2°. Range 30–67° (Yamada 1988) 
(Line ST method).
Mean: 50.8 ± 6.7°. Range 36–66° (Larsen) (Line 
ST method).

 Clinical Relevance/Implications

The scapholunate angle (Fig. 10.16) is modified in 
instances of carpal intercalated segmental instability. 
The angle is increased in the case of traumatic scaph-
olunate dissociation with DISI, while the scapholu-
nate angle is decreased in instances of VISI 
Linscheid et al. (1972).

 Analysis/Validation of Reference Data

The range of angles in normal wrists varies con-
siderably in different studies. Precise positioning 
of the arm and wrist, use of a support and evalua-
tion using well-defined carpal bone axes are nec-
essary to make accurate wrist measurements. The 
uninjured wrist in a patient with unilateral wrist 
trauma can be used as a reference. A difference 
between the carpal bone angles on lateral radio-
graphs exceeding 5° is considered significant 
Linscheid (1986).

 Conclusion

Useful measurement in instances of DISI and 
VISI when combined with other measurements.
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3.  Lunotriquetral Angle

 Definition

Angle between the lunate axis and triquetrum 
axis.
Normal Value: 14°.

 Indications

Carpal instability.

 Technique

Radiography: lateral view (arm adducted against 
the trunk, the elbow flexed 90°, the forearm in 
neutral rotation (no supination or pronation) and 
the wrist in neutral position (no radial or ulnar 
deviation and no palmar flexion or extension).

 Full Description of Technique

Line T is the line through the proximal and distal 
poles of the triquetrum.
Line L is the line perpendicular to the tangent of 
the two distal poles of the lunate.

 Reproducibility/Variation

Mean: 14°. Range-3°–31° (Reagan et al. 1984).

 Clinical Relevance/Implications

The lunotriquetral angle is decreased or even 
minus in lunotriquetral dissociation.

 Analysis/Validation of Reference Data

The range of angles in normal wrists varies con-
siderably in different studies. Precise positioning 
of the arm and wrist, use of a support and evalua-
tion using well-defined carpal bone axes are nec-
essary to make accurate wrist measurements. The 
triquetrum line is more difficult to delineate than 
the lunate outline. The uninjured wrist in a patient 
with unilateral wrist trauma can be used as a ref-
erence. A difference between the carpal bone 
angles on lateral radiographs exceeding 5° is con-
sidered significant.

 Conclusion

Useful but not regularly utilised.
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4.  Capitolunate Angle

 Definition

Angle between the lunate axis and capitate axis.
Normal Value: −10°.

 Indications

Carpal instability.

 Technique

Radiography: lateral view (arm adducted 
against the trunk, the elbow flexed 90°, the fore-
arm in neutral rotation (no supination or prona-
tion) and the wrist in neutral position (no radial 
or ulnar deviation and no palmar flexion or 
extension)).

 Full Description of Technique  
(Fig. 10.15)

Line CA is the line through the midpoints of the 
proximal and distal poles of capitate.
Line CT is the tangent of the dorsal proximal and 
dorsal margins of the capitate.
Line L is the line perpendicular to the tangent of 
the two distal poles of the lunate.

 Reproducibility/Variation

Range: 0–30° (Gilula).
Mean: −4.5 ± 9.1° (Yamada 1988).
Mean: −10 ± 8° (Nakamura et al. 1989).

 Clinical Relevance/Implications

In dorsal intercalated segmental instability 
(DISI) the capitolunate angle is more volarly 
flexed than 30°.
In volar intercalated segmental instability (VISI) 
the capitolunate angle is more dorsiflexed than 30°.

 Analysis/Validation of Reference Data

The range of angles in normal wrists varies con-
siderably in different studies. Precise positioning 
of the arm and wrist, use of a support and evalua-
tion using well-defined carpal bone axes are nec-
essary to make accurate wrist measurements. The 
uninjured wrist in a patient with unilateral wrist 
trauma can be used as a reference. A difference 
between the carpal bone angles on lateral radio-
graphs exceeding 5° is considered significant.

 Conclusion

Useful but not routinely relied upon.
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5.  Carpal Height

 Definition

Distance from the base of the third metacarpal to 
the subchondral sclerotic line of the distal articu-
lar surface of the radius.
Normal Value: 33.8 mm.

 Indications

Rheumatoid arthritis.
Kienböck’s disease.
Scapholunate advanced collapse (SLAC) wrist.
Scaphoid nonunion advanced collapse (SNAC) 
wrist.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height, and the wrist in neutral without 
ulnar/radial deviation or volar/dorsiflexion) includ-
ing the third metacarpal. It is important that there 
is no flexion or extension of the hand as this alters 
the apparent length of the third metacarpal. The 
third metacarpal axis is the reference line along 
which measurements of carpal height are made.

 Full Description of Technique  
(Fig. 10.23)

L2: carpal height.

 Reproducibility/Variation

Mean: 33.8 mm.
Median: 32.9 ± 6.1 mm.
Range: 26.4–40.5 mm.
Normal limits: 27.4–40 mm.

 Clinical Relevance/Implications

Carpal height is a quantitative aid in assessing 
carpal collapse. Carpal collapse primarily of the 
proximal row may occur in Kienböck’s disease, 

SLAC and SNAC wrist. In rheumatoid arthritis 
the carpal collapse is due to bony loss and/or 
volar subluxation. Sequential measurements 
assess progression and severity.

 Analysis/Validation of Reference Data

Limited validated data.

 Conclusion

Useful in follow-up monitoring in chronic dis-
eases over a long period.

L1

L2

Fig. 10.23 Carpal height and carpal height ratios. Carpal 
height (L2); length of third metacarpal (L1) and carpal 
ratio (L2/L1)

10 Wrist/Hand



352

6.  Carpal Height Ratio

 Definition

Ratio of the carpal height to the length of the 
third metacarpal.
Normal Value: 0.53.

 Indications

Rheumatoid arthritis.
Kienböck’s disease.
Scapholunate advanced collapse (SLAC).
Scaphoid nonunion advanced collapse (SNAC) 
wrist.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height) including the third metacarpal. 
It is important that there is no flexion or extension 
of the hand as this alters the measured length of 
the carpus and third metacarpal.

 Full Description of Technique  
(Fig. 10.23)

This is based on Youm’s method Youm et al. 
(1978).
L1: length of the third metacarpal.

L2: carpal height measured in line with L1, from 
the base of the third metacarpal to the articular 
surface of the distal radius.
Carpal height ratio  =  L2/L1, where the carpal 
height measured in line with the third metacarpal 
axis, is divided by the third metacarpal length.

 Reproducibility/Variation

Mean: 0.53.
Median: 0.52 ± 9.9.
Range: 0.45–0.61.
Normal limits: 0.46–0.60.

 Clinical Relevance/Implications

Carpal collapse of the proximal row may occur in 
Kienböck’s disease, SLAC and SNAC wrist. In 
rheumatoid arthritis the carpal collapse is due to 
bony loss and/or volar subluxation. Carpal height 
ratio allows comparative assessment between 
individuals Stahelin et al. (1989).

 Analysis/Validation of Reference Data

Limited validated data.

 Conclusion

Useful in follow-up monitoring in chronic dis-
eases over a long period.
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7.  Carpal Height Ratio with Capitate 
Length

 Definition

Ratio of the carpal height to the length of capitate.
Normal Value: 1.57.

 Indications

Rheumatoid arthritis.
Kienböck’s disease.
Scapholunate advanced collapse (SLAC).
Scaphoid nonunion advanced collapse (SNAC) 
wrist.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height). Does not need to include the 
full length of the third metacarpal.

 Full Description of Technique 
(Fig. 10.24)

This employs Natrass’ method Natrass et al. 
(1994).
L2: carpal height.
LC: the longest line between the point at the 
angular distal cortex of the capitate at the second 
to third carpometacarpal junction to the proximal 
cortex of the capitate.
Carpal height ratio  =  L2/LC, where the carpal 
height is divided by the capitate length.

 Reproducibility/Variation

Mean: 1.57 ± 0.05.

 Clinical Relevance/Implications

Carpal collapse may occur in Kienböck’s disease, 
SLAC and SNAC wrist. In rheumatoid arthritis 
the carpal collapse is due to bony loss and/or 
volar subluxation.

 Analysis/Validation of Reference Data

Limited validated data.

 Conclusion

Useful in follow-up monitoring in chronic dis-
eases over a long period.

L2

LC

Fig. 10.24 Carpal height ratio with capitate length. 
Carpal height (L2), capitate height (LC)
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8.  Carpal Height Index

 Definition

Division of the carpal height ratio of the domi-
nant side by that of the nondominant side.
Normal Value: 1.

 Indications

Rheumatoid arthritis.
Kienböck’s disease.
Scapholunate advanced collapse (SLAC).
Scaphoid nonunion advanced collapse (SNAC) 
wrist.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height) including the third metacarpal.

 Full Description of Technique  
(Fig. 10.23)

L1: length of the third metacarpal.
L2: carpal height.
Carpal height ratio = L2/L1.
Carpal height index = carpal height ratio domi-
nant side/carpal height ratio nondominant side.

 Reproducibility/Variation

Mean: 1 ± 0.015.

 Clinical Relevance/Implications

Carpal collapse may occur in Kienböck’s disease, 
SLAC and SNAC wrist. In rheumatoid arthritis 
the carpal collapse is due to bony loss and/or 
volar subluxation. This comparative index is 
superior to the carpal height ratio for the evalua-
tion of unilateral disease. It is preferred being 
more sensitive in detecting changes in carpal 
height in a specific hand on follow-up.

 Analysis/Validation of Reference Data

Limited validated data.

 Conclusion

Useful in follow-up monitoring in chronic dis-
eases over a long period.

J.-L. Drapé and N. Theumann
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9.  Carpal Ulnar Translation Index  
(Pirela-Cruz Method)

 Definition

Two types of ulnar translations of the wrist are 
described:
Type I: ulnar translation of the entire carpus.
Type II: the scaphoid remains in its anatomic 
position while the other carpal bones shift ulnar-
ward causing a scapholunate gap.
Normal Value: 28 mm.

 Indications

Rheumatoid arthritis.
Other synovial arthritides.
Posttraumatic carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height) including the third metacarpal.

 Full Description of Technique 
(Fig. 10.25)

The relationship of the carpus to the ulna is used 
as a reference Pirela-Cruz et al. (1993).
Line X: longitudinal axis of the ulna.
Line YR: perpendicular line to X drawn at the 
level of the third metacarpal.
Line ZD: perpendicular line to X at the level of 
the dorsal (radiodense) portion of the ulnar fovea.
L2: carpal ulnar distance (distance from line X to 
the reference point R).

 Reproducibility/Variation

Median: 28 ± 6 mm.

 Clinical Relevance/Implications

L2 decreases as the carpus drifts ulnarly.

 Analysis/Validation of Reference Data

Sensitivity is low and underdiagnosis may 
occur.

 Conclusion

Useful in follow-up monitoring in chronic inflam-
matory diseases over a long period.

L3

Y

Z

R

D

X

L2

Fig. 10.25 Carpal ulnar translation index. Line X (longi-
tudinal axis of the ulna); Line YR (perpendicular line to X 
drawn at the base of the third metacarpal); Line ZD (per-
pendicular line to X drawn at the level of the ulnar fovea); 
L2 (carpal ulnar distance)
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10.  Carpal Ulnar Translation Ratio

 Definition

Two types of ulnar translations of the wrist are 
described:
Type I: ulnar translation of the entire carpus.
Type II: the scaphoid remains in its anatomic 
position while the other carpal bones shift ulnar-
ward causing a scapholunate gap.
Normal value: 0.28.

 Indications

Rheumatoid arthritis.
Other synovial arthritides.
Posttraumatic carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and 
the shoulder is abducted 90°. The elbow must be 
at shoulder height) including the third 
metacarpal.

 Full Description of Technique (Fig. 10.26)

The relationship of the carpus to the ulna is used 
as a reference Pirela-Cruz et al. (1993).
Line X: longitudinal axis of the ulna.
L2: carpal–ulnar distance (distance from line X 
to the reference point R).
L1, third metacarpal length

Carpoulnar translation ratio ulnometacarpaldistance L meta= ( )2 / ccarpal length L1( )

 Reproducibility/Variation

Mean: 0.28 ± 0.06.

 Clinical Relevance/Implications

Carpoulnar translation ratio decreases as the car-
pus drifts ulnarly.

 Analysis/Validation of Reference Data

Sensitivity is low and underdiagnosis may occur.

 Conclusion

Useful in follow-up monitoring in chronic inflam-
matory diseases over a long period.

L3

Y

Z
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D

X

L2

L1

Fig. 10.26 Carpal ulnar translation ratio. Line X (longi-
tudinal axis of the ulna); Line YR (perpendicular line to X 
drawn at the base of the third metacarpal); Line ZD (per-
pendicular line to X drawn at the level of the ulnar fovea); 
L2 (carpal ulnar distance); L1 (length of third metacarpal); 
Carpal ulnar translation ratio = L2/L1

J.-L. Drapé and N. Theumann
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11.  Carpal Ulnar Index Translation 
Distance (Youm Method)

 Definition

Two types of ulnar translations of the wrist are 
described:
Type I: ulnar translation of the entire carpus.
Type II: the scaphoid remains in its anatomic 
position while the other carpal bones shift ulnar-
ward causing a scapholunate gap.
Normal Value: 30 mm.

 Indications

Rheumatoid arthritis.
Other synovial arthritides.
Posttraumatic carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and 
the shoulder is abducted 90°. The elbow must be 
at shoulder height) including the third 
metacarpal.

 Full Description of Technique  
(Fig. 10.27)

The relationship of the carpus to the ulna is used 
as a reference Youm et al. (1978).
C: centre of the head of the capitate.
Line X: long axis of the ulna.
Carpal ulnar distance L2: perpendicular line 
measured from C to D.

 Reproducibility/Variation

Median: 30 ± 3 mm.

 Clinical Relevance/Implications

L2 decreases as the carpus drifts ulnarly.

 Analysis/Validation of Reference Data

Sensitivity is low and underdiagnosis may 
occur.

 Conclusion

Useful in follow-up monitoring in chronic inflam-
matory diseases over a long period.

L3

B

A

DC

X

L2

L1

Fig. 10.27 Carpal ulnar index translation ratio (Youm 
method). Line X (longitudinal axis of the ulna); L1 (length 
of third metacarpal between points AB); C (centre of the 
head of the capitate); L2 (distance between C and line X is 
carpal ulnar index translation or CUTD); Carpal ulnar 
index translation ratio or CUTR = L2/L1
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12.  Carpal Ulnar Index Translation 
Ratio (Youm Method)

 Definition

Two types of ulnar translations of the wrist are 
described:
Type I: ulnar translation of the entire carpus.
Type II: the scaphoid remains in its anatomic 
position while the other carpal bones shift ulnar-
ward causing a scapholunate gap.
Normal Value: 0.3.

 Indications

Rheumatoid arthritis.
Other synovial arthritides.
Posttraumatic carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and 
the shoulder is abducted 90°. The elbow must be 
at shoulder height) including the third 
metacarpal.

 Full Description of Technique  
(Fig. 10.27)

The relationship of the carpus to the ulna is used 
as a reference Youm et al. (1978).

C: centre of the head of the capitate.
Line X: long axis of the ulna.
Length of the third metacarpal L1: AB.
Carpal ulnar distance L2: perpendicular line 
measured from C to D is the Carpal Ulnar Index 
Translation Distance (CUTD).
Carpal ulnar Index Translation Ratio (CUTR) 
= L2/L1.

 Reproducibility/Variation

Mean: 0.3 ± 0.03.

 Clinical Relevance/Implications

CUTR increases as the carpus drifts ulnarly.

 Analysis/Validation of Reference Data

Sensitivity is low and underdiagnosis may 
occur.

 Conclusion

Useful in follow-up monitoring in chronic inflam-
matory diseases over a long period.

J.-L. Drapé and N. Theumann
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13.  Carpal Ulnar Translation Index 
(Chamay Method)

 Definition

Two types of ulnar translations of the wrist are 
described:
Type I: ulnar translation of the entire carpus.
Type II: the scaphoid remains in its anatomic 
position while the other carpal bones shift ulnar-
ward causing a scapholunate gap.
Normal Value: 28 mm.

 Indications

Rheumatoid arthritis.
Other synovial arthritides.
Posttraumatic carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height) including the third metacarpal.

 Full Description of Technique  
(Fig. 10.28)

The relationship of the carpus to the radius is 
used as a reference.
C: centre of the head of the capitate.
Line Y: linear reference line drawn proximal to 
distal through the radial styloid process parallel 
to the long axis of the radius.
L2: distance measured from C to the point B on a 
perpendicular line to line Y.
Carpal ulnar translation index = BC.

 Reproducibility/Variation

Mean: 28±3 mm.

 Clinical Relevance/Implications

Carpal ulnar translation index increases as the 
carpus drifts ulnarly.

 Analysis/Validation of Reference Data

Sensitivity is low and underdiagnosis may occur.

 Conclusion

Useful in follow-up monitoring in chronic inflam-
matory diseases over a long period.

L1

L2

C
B

Y

Fig. 10.28 Carpal ulnar translation index (Chamay 
method) and carpal radial distance ratio. L1 (length of the 
third metacarpal); line Y (parallel line to the long axis of 
the radius drawn at the level of the radial styloid); C (cen-
tre of the head of the capitate); Carpal ulnar distance 
(CUD) is L2 (BC distance between C and line Y); carpal 
radial distance ratio = BC/L1
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14.  Carpal Radial Distance Ratio 
(Chamay Method)

 Definition

Two types of ulnar translations of the wrist are 
described:
Type I: ulnar translation of the entire carpus.
Type II: the scaphoid remains in its anatomic 
position while the other carpal bones shift ulnar-
ward causing a scapholunate gap.

Normal value 0.28
Abnormal value >0.31

 Indications

Rheumatoid arthritis.
Other synovial arthritides.
Posttraumatic carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height) including the third metacarpal.

 Full Description of Technique  
(Fig. 10.28)

The relationship of the carpus to the radius is 
used as a reference.

C: centre of the head of the capitate.
Line Y: linear reference line drawn proximal to 
distal through the radial styloid process parallel 
to the long axis of the radius.
L2: distance measured from C to the point B on a 
perpendicular line to line Y.
L1: length of the third metacarpal.
Carpal ulnar translation index = BC.
Carpal radial distance ratio = BC/L1.

 Reproducibility/Variation

Mean: 0.28 ± 0.03.

 Clinical Relevance/Implications

Carporadial distance ratio increases as the carpus 
drifts ulnarly.

 Analysis/Validation of Reference Data

Sensitivity is low and underdiagnosis may 
occur.

 Conclusion

A value >0.31 is deemed abnormal Chamay  
et al. (1983).

J.-L. Drapé and N. Theumann
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15.  Carpal Ulnar Translation Ratio 
(Gilula Method)

 Definition

Two types of ulnar translations of the wrist are 
described:
Type I: ulnar translation of the entire carpus.
Type II: the scaphoid remains in its anatomic 
position while the other carpal bones shift ulnar-
ward causing a scapholunate gap.
Ulnar translocation of the carpus is present if 
more than 50% of the lunate overhang is ulnar to 
the lunate fossa.
Normal Value: <50%.

 Indications

Rheumatoid arthritis.
Other synovial arthritides.
Posttraumatic carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).

 Full Description of Technique  
(Fig. 10.29)

CD: lunate overhang.
AB: lunate width.
Lunate overhang ratio = CD/AB.

 Reproducibility/Variation

Limited data

 Clinical Relevance/Implications

Ulnar translocation is present if lunate overhang 
ratio is >50%.

 Analysis/Validation of Reference Data

Sensitivity is low and underdiagnosis may occur.

 Conclusion

Useful in follow-up monitoring in chronic inflam-
matory diseases over a long period.

A

D

B

C

Fig. 10.29 Carpal ulnar translation ratio (Gilula method). 
AB (lunate width); CD (lunate overhang); CUTR (carpal 
ulnar translation ratio) = CD/AB

10 Wrist/Hand



362

16.  Carpal Ulnar Translation Index 
(Dibenedetto Method)

 Definition

Two types of ulnar translations of the wrist are 
described:
Type I: ulnar translation of the entire carpus.
Type II: the scaphoid remains in its anatomic 
position while the other carpal bones shift ulnar-
ward causing a scapholunate gap.
Normal Value: 9 mm.

 Indications

Rheumatoid arthritis.
Other synovial arthritides.
Posttraumatic carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).
The relationship of the carpus to the radius is 
used as a reference.

 Full Description of Technique  
(Fig. 10.30)

Line X: reference line based on the radius. 
Bisection of the distal radius 2 and 4 cm proximal 
to the articular surface of the radius.
C: centre of the head of the capitate.
L2: perpendicular line to X passing through C.
Ulnar translation distance = AC.

 Reproducibility/Variation

9±2 mm.

 Clinical Relevance/Implications

Ulnar translation distance increases as the carpus 
drifts ulnarly.

 Analysis/Validation of Reference Data

Sensitivity is low and underdiagnosis may occur.

 Conclusion

A value >11 mm is deemed abnormal.

L2

C
A

X

Fig. 10.30 Carpal ulnar translation index (Dibenedetto 
method). Line X (long axis of the radius); C (centre of the 
head of the capitate); L2 (perpendicular line to X passing 
through C); ulnar translation distance = AC

J.-L. Drapé and N. Theumann
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17.  Radiocapitate Distance Ratio 
(Dibenedetto Method)

 Definition

Two types of ulnar translations of the wrist are 
described:
Type I: ulnar translation of the entire carpus.
Type II: the scaphoid remains in its anatomic 
position while the other carpal bones shift ulnar-
ward causing a scapholunate gap.
Normal Value: 0.09.

 Indications

Rheumatoid arthritis.
Other synovial arthritides.
Posttraumatic carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).
The relationship of the carpus to the radius is 
used as a reference.

 Full Description of Technique  
(Fig. 10.31)

Line X: reference line based on the radius. 
Bisection of the distal radius 2 and 4 cm proximal 
to the articular surface of the radius.
C: centre of the head of the capitate.
L2: perpendicular line to X passing through C.
L1: length of the third metacarpal.
Ulnar translation distance = AC.
Radiocapitate distance ratio (RCDR) = AC/L1.

 Reproducibility/Variation

0.09±0.02.

 Clinical Relevance/Implications

Radiocapitate distance ratio increases as the car-
pus drifts ulnarly.

 Analysis/Validation of Reference Data

Sensitivity is low and underdiagnosis may occur.

 Conclusion

A ratio > 0.11 is deemed abnormal.

L1

X

L2

C
A

Fig. 10.31 Radiocapitate distance ratio (Dibenedetto 
method). Line X (long axis of the radius); C (centre of the 
head of the capitate); L2 (perpendicular line to X passing 
through C); L1 (length of third metacarpal); RCDR 
(radiocapitate distance ratio) = AC/L1
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18.  Length of the Third Metacarpal

 Definition

Length of the third metacarpal.
Normal Value: 63.2 mm.

 Indications

Rheumatoid arthritis.
Other synovial arthritides.
Posttraumatic carpal instability.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height) including the full length of the 
third metacarpal. It is important that there is no 
flexion or extension of the hand as this will result 
in foreshortening of the metacarpal and introduce 
an error in measurement.

 Full Description of Technique 
(Fig. 10.31)

L1: length of the third metacarpal.

 Reproducibility/Variation

Mean: 63.2.
Median: 62.9±4.5.
Range: 53.4–74.0.
Normal limits: 55.3–73.2.

 Clinical Relevance/Implications

The length of the third metacarpal is used to nor-
malise many ratios at the wrist.

 Analysis/Validation of Reference Data

Wide range of length of the third metacarpal.

 Conclusion

Use to normalise many ratios at the wrist.

J.-L. Drapé and N. Theumann
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19.  Radial Inclination Angle  
(Dibenedetto and Matsushita  
Methods)

 Definition

Radial inclination also referred to as radial devia-
tion, ulnar inclination, radial tilt or radial angle.
Angulation of the distal radial articular surface in 
relationship with the long axis of the radius or 
ulna as seen in the PA or AP view of the wrist.
Normal Value: 22° (range 13–30°).

 Indications

Distal radius fracture.
Madelung deformity.

 Technique

Radiography: PA view in neutral position (elbow 
flexed 90° and the shoulder is abducted 90°. The 
elbow must be at shoulder height).

 Full Description of Technique—
Dibenedetto Method (Fig. 10.32)

Line X: line bisecting the distal radial shaft 4 and 
8 cm proximal to the radiocarpal joint (AB).
Line Z perpendicular to line X passing through 
the distal sigmoid notch (C).
Line Y between point C and the radial  styloid 
(D).
Radial inclination angle = angle between line Z 
and Y.
Variant recommended by Matsushita et  al. 
(1992) (Fig. 10.33): line Z is perpendicular to the 
ulnar long axis (line joining the two midpoints of 
the ulna at 2 cm and 4 to 5 cm depending on the 
size of the radiograph).

 Reproducibility/Variation

It is important to stress that for consistency the 
osseous landmark at the ulnar aspect of the 
radius, passes through the midpoint between the 
volar and dorsal points of the sigmoid notch.

Z

Radial inclination angle-
Dibenedetto Method

Y
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X

Fig. 10.32 Radial inclination angle (Dibenedetto 
method). Line X (long axis of the radius); Line Z (perpen-
dicular line passing through the distal sigmoid notch at 
point C); line Y (line passing through point C and the 
radial styloid tip at point D); radial inclination angle is the 
angle between the lines Z and Y

Radial Inclination Angle-
Matsushita Method
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Fig. 10.33 Radial inclination angle (Matsushita method). 
Line X (long axis of the ulna); Line Y (line passing between 
point C and the tip of the radial styloid); Line Z (perpen-
dicular line to X drawn at the intersection of X and Y lines); 
radial inclination angle is the angle between lines Z and Y
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Mean: 22 ± 3°.
Mean: 25.4 ± 2.2° (Friberg and Lundstrom 1976).
Mean: 23.8°. Median 23.8 ± 2.6°. Range 12.9–
30.3°. Normal limits 18.8–29.3° (Schuind et al. 
1992).
Mean: 25.5±6.2°. Range 15–35° (Warwick et al. 
1993).

 Clinical Relevance/Implications

This measurement generally is used with confi-
dence between physicians. Loss of radial inclina-
tion increases the mechanical load on the lunate. 
Increased radial inclination increases the risk of 
injury to the scapholunate ligament. Loss of 
radial inclination post-fracture of <5° carries a 
worse outcome.

Radial inclination is difficult to determine in the 
case of distal radius fracture with intra- articular 
displacement and comminution. Comparison 
with contralateral side is required.

 Analysis/Validation of Reference Data

Reproducible angle measurement with a narrow 
standard deviation.

 Conclusion

Useful to diagnose a Madelung deformity and to 
manage fractures of the distal radius.

J.-L. Drapé and N. Theumann
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20.  Radial Length (Solgaard Method)

 Definition

Radial length also called radial height and length of 
radial styloid. It is the distance between the radial 
styloid tip and distal tip of the sigmoid notch.
Normal Value: 12 mm.

 Indications

Distal radius fracture (Colles’ fracture).

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).

 Full Description of Technique  
(Fig. 10.34)

Line X: line bisecting the distal radial shaft 4 and 
8 cm proximal to the radiocarpal joint (AB).
Line Z perpendicular to line X passing through 
the distal sigmoid notch (C).
Radial length = distance DE.

 Reproducibility/Variation

Mean: 12 ± 2.2 mm.
Range: 8–17 mm.

 Clinical Relevance/Implications

There are three helpful measurements that assess 
the distal radius particularly in congenital and 

post-traumatic scenarios which include the pal-
mar tilt, radial inclination and radial length. 
Colles’ fracture induces a radial shortening. A 
loss of radial length (height) is associated with 
poor outcomes. Measurements <9 mm in adults 
suggest the presence of an impacted fracture. A 
comparison with the contralateral normal side is 
required for a further evaluation.

 Conclusion

A loss of radial length is often associated with a 
loss of the radial tilt in impacted fracture of the 
distal radius.

Z
C

D

E

B

A

X

Fig. 10.34 Radial length (Solgaard method). Line X 
(long axis of the radius); Line Z (perpendicular line to X 
passing through the distal sigmoid notch at point C; D (tip 
of the radial styloid); radial length is the distance DE where 
E is the intersection point between lines Z and a perpen-
dicular line to it drawn from point D
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21.  Radial Length (Mann Method)

 Definition

Radial length also called radial height and length 
of radial styloid. It is the distance between the tip 
of the radial styloid and the articular surface of 
the ulnar head.
Normal Value: 13.5 mm (range 11–22 mm).

 Indications

Distal radius fracture (Colles’ fracture).

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).

 Full Description of Technique  
(Fig. 10.35)

Line X: line bisecting the distal radial shaft 4 and 
8 cm proximal to the radiocarpal joint (AB).
Line Z perpendicular to line X passing through 
most distal aspect of the ulnar articular surface (C).
D: radial styloid.
Radial length = distance DE where E is the inter-
section point between line Z and its perpendicu-
lar line passing through D.

 Reproducibility/Variation

Mean: 13.5±3.8 mm.

 Clinical Relevance/Implications

The radial shortening in radial fractures needs a 
contralateral view to determine the pre-existing 
ulnar variance.

 Conclusion

The radial shortening in impacted fracture of the 
radius is minimised in case of relative lengthen-
ing of the ulnar index.
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Fig. 10.35 Radial length (Mann method). Line X (long 
axis of the radius); Line Z (perpendicular line to X passing 
through the most distal aspect of the ulnar articular sur-
face at point C); D (tip of the radial styloid); radial length 
is the distance between points D and E where E is the 
intersection point between line Z and a perpendicular line 
to it drawn from point D)
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 22. Palmar Tilt

 Definition

Palmar tilt is also called dorsal tilt, dorsal angle, 
volar tilt, volar angle, volar inclination and pal-
mar slope. It is the angle of intersection between 
a tangential line across the distal points of the 
articular radial surface and a perpendicular to the 
mid-axis of the radius.
Normal Value: 12°.

 Indications

Distal radius fracture.

 Technique

Radiography: lateral view (arm adducted 
against the trunk, the elbow flexed 90°, the 
forearm in neutral rotation (no supination or 
pronation) and the wrist in neutral position (no 
radial or ulnar deviation and no palmar flexion 
or extension)).

 Full Description of Technique  
(Fig. 10.36)

Line Y drawn across the most distal points of the 
dorsal and ventral rims of the distal radial articu-
lar surface.

Line X long axis of the radius: line through the 
centre of its medullary space at 2 and 5 cm proxi-
mal to the radiocarpal joint.
Line Z perpendicular line to the long axis of the 
radius (line X).
Palmar tilt: angle between line Y and line Z.

 Reproducibility/Variation

Mean 12±3.5°. Range 4–23° (Schuind et al. 1992).
Mean: 12.1°. Range 2–20°. Normal limits: 11.3–
13° (Mann).
The values are modified if line Y is drawn across 
the proximal points of the dorsal and ventral rims 
of the distal radial articular surface: mean 10.8° 
and range 3–20° and normal limits 10.0–11.6° 
(Mann).

 Clinical Relevance/Implications

Palmar tilt is modified in fractures of the distal 
radius as in Poteau-Colles fracture and the 
Goyrand Smith fracture. It represents the sagittal 
plane inclination of the distal radial articular sur-
face as an initial or residual state following 
fracture.

 Conclusion

A strict lateral view of the wrist is mandatory.

Y Z

X

V

D

Fig. 10.36 Palmar tilt. 
Line X (long axis of the 
radius); Line Z 
(perpendicular line to X 
passing through the 
volar rim of the radius); 
Line Y (joins the most 
distal points of the 
dorsal and ventral rims 
of the distal radial 
articular surface); 
palmar tilt is the angle 
between lines Y and Z
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23.  Carpal Angle

 Definition

Angle of the proximal cortex of the proximal car-
pal bones.
Normal Value: 130.88°.

 Indications

Congenital malformation including Madelung 
deformity.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).

 Full Description of Technique  
(Fig. 10.37)

Angle resulting from the intersection of two 
lines, one tangent to the proximal edges of 

the  lunate and scaphoid (X) and one tangent 
to the proximal edges of the lunate and 
 triquetrum (Y).

 Reproducibility/Variation

Mean 130.88°. Range 124°–139° Harper et al. 
(1974).

 Clinical Relevance/Implications

Increased  >  139° in bone dysplasias, Down’s 
syndrome and Pfeiffer syndrome.
Decreased  <  124° in Madelung’s deformity, 
Turner’s syndrome, multiple exostosis, Hurler’s 
syndrome and Morquois’s syndrome.

 Analysis/Validation of Reference Data

The carpal angle is altered by positioning of the 
wrist.
Significant ethnic differences have been found.

 Conclusion

Carpal angle and the radial tilt are increased in 
Madelung deformity.

Y
X

Fig. 10.37 Carpal angle. Line X (tangent line to the 
proximal edges of the lunate and scaphoid); Line Y (tan-
gent line to the proximal edges of the lunate and trique-
trum). Carpal angle is the subtended angle between line X 
and Y

cr83
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24.  Lunate Fossa Inclination

 Definition

Angle of the articular surface of the lunate fossa 
of the distal radius.
Normal Value: 0–20°.

 Indications

Kienböck’s disease.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).

 Full Description of Technique 
(Fig. 10.38)

Angle between the sclerotic line of the lunate 
fossa of the radius and the line perpendicular to 
the long axis of the distal ulna.
If the lunate fossa is concave, a line is drawn 
between the radial and the ulnar prominences of 
the lunate fossa.

If the lunate fossa is flat, the line is simply extended.
Line X, long axis of the ulna: line joining the two 
midpoints of the ulna at 2  cm and 4 to 5  cm 
(depending on the size of the X-ray film) proxi-
mal from the carpal ulnar joint surface.

 Reproducibility/Variation

Range 0–20°.

 Clinical Relevance/Implications

To correlate lunate collapse to inclination of the 
distal radius and to evaluate the effect of radial 
shortening procedures.

 Analysis/Validation of Reference Data

Limited validated data.

 Conclusion

Lunate fossa inclination must be associated with 
the analysis of the ulnar index in Kienböck’s 
disease.

Flat lunate fossa

X

LFI

Y

Concave lunate fossa

X

LFI

a b

Y

Fig. 10.38 Lunate fossa inclination (LFI). Line X (long 
axis of the ulna); Line Y (tangent line passing through the 
sclerotic line of the lunate fossa of the radius); LFI is the 

angle between line Y and the perpendicular drawn from its 
intersection point with line X
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25.  Ulnar Head Inclination Angle

 Definition

Angle between the long axis of the ulna and the 
articular surface of the ulnar head facing the sig-
moid notch.
Normal value: 18.6°.

 Indications

Congenital disease.
Wrist injuries.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).

 Full Description of Technique 
(Fig. 10.39)

Line X: long axis of the ulna.
Line Y: tangent to the articular surface of the 
ulnar head facing the sigmoid notch.
Ulnar head inclination (UI) = angle between line 
X and line Y.

 Reproducibility/Variation

Mean 18.6°±4.1.
Range 11–27°.

 Clinical Relevance/Implications

The ulnar head inclination is altered by congeni-
tal abnormalities.

 Analysis/Validation of Reference Data

Comparison with the opposite side is helpful in 
wrist injuries.

 Conclusion

Ulnar head inclination angle >18.6° is deemed 
abnormal.

Y X

Z

RU

UI

Fig. 10.39 Ulnar head inclination and radioulnar angle. 
Line X (long axis of the ulna); Line Y (tangent to the 
articular surface of the ulnar head facing the sigmoid 
notch); Line Z (line drawn between the radial and ulnar 
limits of the distal radius joint surface); UI (Ulnar inclina-
tion) is the angle between the lines X and Y; RU (radioul-
nar) angle is the intersection of lines Z and Y Tornvall et 
al. (1974)
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26.  Radioulnar Angle

 Definition

Angle between the line tangent to the ulnar head 
surface facing the sigmoid notch and the radial 
inclination.
Normal Value: 100.4°.

 Indications

Congenital disease.
Wrist injuries.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).

 Full Description of Technique 
(Fig. 10.39)

Line Y: tangent to the articular surface of the 
ulnar head facing the sigmoid notch.
Line Z: line drawn between the radial and ulnar 
limits of the distal radius joint surface.
Radioulnar angle (RU)  =  angle between line Z 
and line Y.

 Reproducibility/Variation

Mean 100.4°±4.5.
Range 90–111°.

 Clinical Relevance/Implications

The radioulnar angle is altered in malalignments 
of the distal radioulnar joint.

 Analysis/Validation of Reference Data

Comparison with the opposite side may be help-
ful in case of wrist injuries.

 Conclusion

A radioulnar angle <95.9° is deemed abnormal.
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27.  Ulnar Variance (Gelberman Method)

 Definition

Ulnar variance is also called the radioulnar index. 
It describes the relative positions of the distal 
articular surfaces of the radius and ulna on a stan-
dard neutral PA wrist radiograph.
Normal Value: +0.27  mm (Gelberman et  al. 
1975), +0.70 mm (Friberg and Lundstrom 1976).

 Indications

Kienböck’s disease.
Ulnocarpal impaction syndrome.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).

 Full Description of Technique 
(Fig. 10.40)

Two lines perpendicular to the mid-radius axis 
are drawn.
Line X: horizontal line tangent to the carpal sur-
face of the ulna.
Line Y: horizontal line passing through the carpal 
joint surface of the distal end of the radius 
towards the ulna. Once again for consistency it is 
important to use the midpoint between the volar 
and dorsal limits of the radius at the sigmoid 
notch for this line to pass through.
Ulnar variance = distance in millimetres between 
the two lines.

 Reproducibility/Variation

Of the various methods of determining ulnar 
variance the Gelberman method is deemed the 
most reliable by Steyers and Blair Steyers and 
Blair (1989).
Mean + 0.27±1.69 mm.
Range (−6.0)–7.0  mm (US blacks) (Gelberman 
et al. 1975).
Mean + 0.70±1.73 mm.
Range (−5.0)–6.0 mm (US whites) (Friberg and 
Lundstrom 1976).
Mean + 0.74 +/− 1.46 in neutral rotation, a value 
which was significantly lower in males than in 
females (Jung et al. 2001).
Maximum ulnar variance +1.52 +/− 1.56  mm 
when gripping in pronation, and
Minimum ulnar variance +0.19 +/− 1.43  mm 
when relaxed in supination (Jung et al. 2001).
Static unloaded radiographs may underestimate 
ulnar variance in wrists in which power grip 
and pronation result in significant proximal 
migration of the radius (Tomiano 2000). The 
author recommends that preoperative ulnar 
variance should be measured using both neutral 
rotation and pronated grip radiographs, before 
selecting treatment for causes of ulnar wrist 
pain that are affected by radioulnar length so 
that dynamic increases in ulnar variance are 
considered.

Y

X

Z

Fig. 10.40 Ulnar variance (Gelberman method). Line Z 
(long axis of the radius); Line X (perpendicular to line Z 
passing through the carpal surface of the ulna); Line Y 
(perpendicular to line Z passing through the lunate fossa 
of the radius); Ulnar variance is the distance between lines 
X and Y
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 Clinical Relevance/Implications

A positive ulnar variance occurs when the distal 
subchondral outline of the ulna projects distally 
>2  mm than the adjacent distal radial articular 
surface. In negative ulnar variance the distal sub-
chondral outline of the ulna is proximal to the 
distal articular surface of the radius by >2 mm.

 Analysis/Validation of Reference Data

Studies comparing ulnar variance require care-
fully selected age and sex-matched controls, 
since a positive correlation between ulnar vari-
ance and both age and sex has been demonstrated. 

Ulnar variance alters the distribution of compres-
sive forces across the wrist. Wrist and forearm 
position as well as centring of the tube influence 
the obtained measurements. Positive ulnar 
 variance is associated with ulnar impaction syn-
drome and TFCC tears, while negative ulnar 
variance is associated with increased incidence of 
Kienböck’s disease and scapholunate ligament 
injury.

 Conclusion

An accurate positioning of the wrist and the 
upper limit is mandatory as the ulnar variance is 
altered by positioning of the wrist.
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28.  Ulnar Variance (Palmer Method)

 Definition

Ulnar variance is also called radioulnar index. It 
describes the relative positions of the distal artic-
ular surfaces of the radius and ulna on a wrist 
radiograph.
Normal Value: −0.14 mm (Palmer et  al. 1982), 
−0.60  mm (Kristensen et  al. 1986), −0.38  mm 
(Czitrom et al. 1987), +0.20 mm (Nakamura et al. 
1991), −0.90 mm (Schuind et al. 1992).

 Indications

Kienböck’s disease.
Ulnocarpal impaction syndrome.

 Technique

Radiography: The generally accepted standard 
PA view obtained with the wrist in neutral fore-
arm rotation, elbow flexed 90° and the shoulder is 
abducted 90°. The elbow must be at shoulder 
height.

 Full Description of Technique

A template of concentric semicircles ranging from 
22 to 50 mm is used for measuring ulnar variance.

 Reproducibility/Variation

Mean − 0.60±1.38 mm.
Range (−4.0)–2.0  mm (Scandinavian) 
(Kristensen et al. 1986).

Mean − 0.38±1.48 mm.
Range (−5.0)–2.0  mm (N.  American) (Czitrom 
et al. 1987).
Mean + 0.20±1.39 mm.
Range (−4.0)–5.0 mm (Japanese) (Nakamura).
Mean −  0.90±1.5  mm (N.  American) (Schuind 
et al. 1992).

 Clinical Relevance/Implications

A positive ulnar variance occurs when the distal 
cortex of the ulna projects more distally than the 
adjacent distal radial articular surface by >2 mm. 
In negative ulnar variance the distal cortex of the 
ulna is proximal to the distal articular surface of 
the radius by >2 mm.

 Analysis/Validation of Reference Data

Studies comparing ulnar variance require care-
fully selected age and sex-matched controls, since 
a positive correlation between ulnar variance and 
both age and sex has been demonstrated.

 Conclusion

An accurate positioning of the wrist and the 
upper limit is mandatory as the ulnar variance is 
altered by positioning of the wrist.
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29.  Ulnar Variance (Kristensen Method)

 Definition

Ulnar variance is also called radioulnar index. It 
describes the relative positions of the distal artic-
ular surfaces of the radius and ulna on a wrist 
radiograph.
Normal Value: −0.84 mm.

 Indications

Kienböck’s disease.
Ulnocarpal impaction syndrome.

 Technique

Radiography: PA view (elbow flexed 90° and the 
shoulder is abducted 90°. The elbow must be at 
shoulder height).

 Full Description of Technique 
(Fig. 10.41)

Two parallel lines are outlined (A, B) passing 
through the axes of the radius and ulna.
A new line (C), parallel to A and B, which strikes 
the ulnar border of the distal subchondral sclerotic 
radial line (D) is outlined. A semicircle, the radius 
being the distance between the point D and the 
styloid process of the radius (E) is drawn. The cen-
tre of the semicircle (X) lies on line C. This semi-

circle approximates the distal subchondral 
sclerotic line of the radius. The ulnar variance is 
determined as the distance between the most distal 
part of the ulnar cortical rim and the semicircle.

 Reproducibility/Variation

Mean − 0.84±1.23 mm.
Range (−4.0)–3.0  mm (Scandinavian) 
(Kristensen et al. 1986).

 Clinical Relevance/Implications

A positive ulnar variance occurs when the distal 
cortex of the ulna projects >2 mm distally than 
the adjacent distal radial articular surface. In neg-
ative ulnar variance the distal cortex of the ulna is 
proximal to the distal articular surface of the 
radius by >2 mm.

 Analysis/Validation of Reference Data

Studies comparing ulnar variance require care-
fully selected age and sex-matched controls, since 
a positive correlation between ulnar variance and 
both age and sex has been demonstrated.

 Conclusion

An accurate positioning of the wrist and the 
upper limit is mandatory as the ulnar variance is 
altered by positioning of the wrist.

A

D

C B

E

A

D

C B

E

A

D

E

C B

a b c

Fig. 10.41 Ulnar variance (Kristensen method). Neutral variance (a); negative variance (b); positive variance (c)
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30.  Ulnar Styloid Process Index

 Definition

A relative index of the length of the ulnar styloid 
process relative to the other bones in the area.

 Indications

Abnormal length of the ulnar styloid process can 
result in impaction onto the triquetral bone particu-
larly in wrist extension producing chronic wrist pain 
and promoting dorsal triquetral fractures in acute 
settings. The chronic ulnar styloid impaction syn-
drome leads to chondromalacia of the proximal tri-
quetrum, subcortical sclerosis of the styloid process, 
marrow oedema of the opposing surfaces, synovitis, 
and lunotriquetral instability Biyani et al. (1990).

Normal value: USPI −0.21 +/− 0.07 (range 0.05–0.47)

 Technique

AP standard wrist radiograph with the forearm in 
neutral rotation and the elbow flexed at 90°.

 Full Description of Technique (Fig. 10.42)

The ulnar styloid process index (USPI) is calcu-
lated by measuring a number of distances from the 
radiograph and expressed through the formula:

 USPI dividedby= −C B A.  
A is the transverse diameter of the ulnar head, B 
is the ulnar variance and C is the length of the 
styloid process (Fig. 10.42). In essence, C−B is 
the net portion of the styloid process projected 
forward of the distal articular radial surface after 
taking into consideration the ulnar variance.

 Reproducibility/Variation

As the ulnar styloid is expressed as a ratio to the 
ulnar head it eliminates differences due to other 
factors such as age, gender, size and radiographic 
magnification.

Garcia-Ellis compared the USPI ratio in 76 
patients with a fracture of the triquetrum and 100 
control patients, and produced the following statis-
tically relevant mean +/− SD data with a 
p < 0.0001.

Normal USPI −0.21 +/− 0.07 (range 0.05–0.47)
Abnormal USPI −0.29 +/− 0.12 (range 0.07–0.73)

The presence of complete fragment displace-
ment and multiple fragments off the dorsal tri-
quetrum were associated with higher mean USPI 
>0.30 and 0.34 respectively.

 Clinical Relevance/Implications

In 1979 Levy et al. provided evidence using radio-
graphic views and cadaveric wrist dissection sup-
porting the theory that dorsal triquetral fractures 
were due to a direct chisel action of the styloid 
process onto the triquetrum in acute hyperexten-
sion wrist injury. Garcia-Ellis’ clinical study sup-
ported this mechanism as the main cause of injury 
rather than an avulsive dorsal ligamentous injury.

 Analysis/Validation of Reference Data

Ulnar variance needs to be included in the for-
mula as it directly influences the striking impac-
tion potential of the tip of the styloid process on 
the triquetrum Topper et al. (1997).

 Conclusion

In the presence of an elongated styloid process 
producing an increased USPI there is an increased 
risk of impaction syndromes and fractures of the 
triquetrum.

A

C

B

Fig. 10.42 Ulnar styloid process index (USPI). A (trans-
verse diameter of the ulnar head); B (ulnar variance); C 
(length of the ulnar styloid process); USPI = (C−B)/A
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31.  Lunate Deformation Quotient

 Definition

Quantify deformation of the lunate in Kienböck’s 
disease.
Normal Value: 0.53.

 Indications

Kienböck’s disease.

 Technique

Radiography: lateral view (arm adducted against 
the trunk, the elbow flexed 90°, the forearm in 
neutral rotation (no supination or pronation) and 
the wrist in neutral position (no radial or ulnar 
deviation and no palmar flexion or extension)).

 Full Description of Technique (Fig. 10.43)

The longitudinal height (AB) of the lunate is 
divided by its greatest dorsopalmar dimension 
(CD).

 Reproducibility/Variation

Limited data

 Clinical Relevance/Implications

The ratio is considered as the lunate deformation 
quotient (LDQ). The LDQ decreases with lunate 
deformity.

 Analysis/Validation of Reference Data

None of these radiographic measurements has 
proven to be strongly correlated with clinical 
findings Stahl (1947); Mirabello et al. (1987).

 Conclusion

Ratio not routinely relied upon.

AB

C

D
V

DFig. 10.43 Lunate 
deformation quotient 
(LDQ). AB (height of 
lunate); CD (greatest 
dorsopalmar dimension); 
LDQ = AB/CD
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32.  Metacarpal Line/Sign

 Definition

Tangent line of the heads of the fourth and fifth 
metacarpals.
Normally the metacarpal line which is tangential 
to the head of the fourth metacarpal passes distal 
to the outline of the third metacarpal head.

 Indications

Turner’s syndrome, pseudohypoparathyroidism.

 Technique

Radiography: PA view of the hand (elbow flexed 
90° and the shoulder is abducted 90°. The elbow 
must be at shoulder height).

 Full Description of Technique 
(Fig. 10.44)

A tangential line is drawn through the distal ends 
of the fourth and fifth metacarpal heads. Normally 
the line passes distal to the head of the third 
metacarpal.

 Reproducibility/Variation

Normally the line does not cross the third meta-
carpal head. A positive metacarpal sign is 

declared when the fourth metacarpal is consid-
ered short as the line intersects the third 
metacarpal.

 Clinical Relevance/Implications

A short fourth metacarpal occurs in certain endo-
crine syndromes, particularly Turner’s syndrome 
and pseudohypoparathyroidism. However it 
really should be regarded as a sign of growth 
retardation as it can be associated with other non- 
endocrine diseases. It can also be found in 
instances where no underlying cause is discov-
ered and therefore presumed normal.

 Analysis/Validation of Reference Data

When all the metacarpals are short, which some-
times occurs in pseudohypoparathyroidism, the 
metacarpal sign may be negative. Similarly, if 
there is more shortening in the third metacarpal 
than in the fourth metacarpal, the sign may be 
negative.

 Conclusion

Useful and routinely relied upon but under diag-
nosis may occur.

a b c

Fig. 10.44 Metacarpal line. Line is drawn as a tangent to the heads of the fourth and fifth metacarpal heads. Normal 
(a) passes through the third metacarpal compared with abnormal (b, c)
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33.  Metacarpal and Phalangeal 
Pattern Profile Analysis

 Definition

Normative data on the length of the bones of each 
finger at various ages (year on year from age 2 to 
adulthood).

 Indications

Skeletal dysplasia.
Turner’s syndrome, pseudohypoparathyroidism, 
hand-foot-genital syndrome.

 Technique

Radiography: PA view of the hand (elbow flexed 
90° and the shoulder is abducted 90°. The elbow 
must be at shoulder height).

 Full Description of Technique (Fig. 10.45)

Each of the hand bones is measured and com-
pared against the normal for age and sex with the 

standard charts and graphs produced by 
Poznanski (1991).

Measurement of Length

For instance at the third finger:

Distal phalanx: 8.7 mm +/− 0.9 (2-year-old) to 
20.1 mm +/− 1.2 (adult)

Middle phalanx: 14.1 mm +/− 0.8 (2-year-old) to 
31.1 mm +/− 1.8 (adult)

Proximal phalanx: 21.8 mm +/− 1.0 (2-year-old) to 
48.5 mm +/− 2.6 (adult)

Metacarpal: 28.6 mm +/− 1.3 (2-year-old) to 
69.0 mm +/− 3.8 (adult)

 Reproducibility/Variation

The number of standard deviations (Z score) each 
bone varies from the mean is plotted against the 
location of the hand. By using the standard devia-
tion units or Z scores, adults and children of 
either sex are plotted on the same graph.

 Clinical Relevance/Implications

A short fourth metacarpal occurs in certain syn-
dromes, particularly Turner’s syndrome and 
pseudohypoparathyroidism.

 Analysis/Validation of Reference Data

Relatively subtle changes in alteration of hand 
bones can be detected with the technique of pat-
tern profile analysis. A very characteristic pat-
tern may be depicted in some syndrome, as 
hand- foot- genital syndrome. The correlation 
coefficient, the Pearsonian r between many con-
genital malformation syndromes, is published 
and from this table, one can determine which 
are unique and which are not (Poznanski 1974).

 Conclusion

It is beyond the scope of this section to provide 
all the data that distinguish normal from abnor-
mal measurements of each bone in different age 
groups. Appropriate referral to the recommended 
bibliography is recommended.

L

L

L

L

Fig. 10.45 Phalangeal/metacarpal length measurements
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34.  Radiogrammetry

 Definition

Metacarpal morphometry and radiogrammetry 
are the oldest methods for quantitative assess-
ment of the skeleton.

 Indications

Osteoporosis.

 Technique

Radiography: PA view of the hand (elbow flexed 
90° and the shoulder is abducted 90°. The elbow 
must be at shoulder height).

 Full Description of Technique (Fig. 10.46)

Measurements of the cortex using the Garn 
method of the second metacarpal are performed 
at a point halfway between the metacarpal head 
and the notch at its base excluding the styloid 
process. At this point measurements are made of 
the outside diameter of the second metacarpal 
(O) and the inner diameter of the medullary space 
at the same level (I). The cortical thickness (C) is 
the difference between the two values (C = O−I).

Measurements

For instance cortical thickness of the second 
metacarpal according to the age and sex Adams 
(2010):

1-year- old: 1.46 mm +/− 0.30 (male), 
1.47 mm +/− 0.31 (female)

2-year- old: 1.85 mm +/− 0.39 (male), 
1.79 mm +/− 0.36 (female)

4-year- old: 2.48 mm +/− 0.37 (male), 
2.32 mm +/− 0.35 (female)

16-year- old: 5.29 mm +/− 0.51 (male), 
5.08 mm +/− 0.60 (female)

30-year- old: 5.94 mm +/− 0.43 (male), 
5.33 mm +/− 0.69 (female)

60-year- old: 5.24 mm +/− 0.62 (male), 
4.85 mm +/− 0.68 (female)

80-year- old: 4.89 mm +/− 0.56 (male), 
3.30 mm +/− 0.51 (female)

 Reproducibility/Variation

More precise if computer based digital assess-
ment is used.

 Clinical Relevance/Implications

The thickness of the cortex of the second meta-
carpal is used as a measure of bone loss. The out-
side diameter (O) is low when there is a lack of 
bone apposition, which indicates a failure of 
growth and is seen in several conditions in chil-
dren, such as long-standing juvenile rheumatoid 
arthritis. The inner diameter (I) is increased when 
there is increased endosteal bone resorption, 
which occurs in most forms of osteoporosis.

1/2

I

O

Fig. 10.46 Cortical thickness is determined using the 
Garn method where the midpoint of the second metacarpal 
is the point of measurement. The outer diameter (O) is mea-
sured and the inner diameter (I) is the subtracted from it

J.-L. Drapé and N. Theumann



383

 Analysis/Validation of Reference Data

The hand radiograph is useful for measuring 
bone mass, particularly in children.

 Conclusion

This technique is labour intensive and imprecise 
and has been replaced with the current estab-
lished methods of bone mineral densitometry. 
With the application of modern computer visual 
techniques, metacarpal morphometric analysis 
has been rejuvenated, with improvement in 

precision and evidence that the method can be 
applied to studies in both adults and children. In 
Digital X-Ray Radiogrammetry (DXR) the corti-
cal thickness of the three middle metacarpal 
bones in the hand is measured in a digital X-ray 
image by a computer and through a geometric 
calculation is converted to bone mineral density. 
The BMD is corrected for porosity of the bone, 
estimated by a texture analysis performed on the 
cortical part of the bone. Like other technologies 
for estimating the BMD, the outputs are an areal 
BMD value, a T-score and a Z-score for assessing 
osteoporosis and risk of bone fracture.
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35.  Trapezial Tilt

 Definition

Radiographic measure of trapezial inclination.

 Indications

Trapeziometacarpal (TMC) joint osteoarthritis.

 Techniques

2 techniques:

 1. Radiograph Robert’s view: anteroposterior 
(AP) radiograph of the hand.

 2. Radiograph Kapandji’s View: Posteroanterior 
(PA) Radiograph of the Hand.

Robert’s View
Normal measurement.
Mean value: 42° +/−4°.

Full Description of Technique (Fig. 10.47)

The angle is obtained by taking the complement 
of the angle formed by the intersection of a line 
tangent to the middle third of the trapezial articu-
lar surface parallel to the scaphotrapezial joint 
and a line parallel to the proximal third of the 
index metacarpal (90°-α).

T

MC2

MC1

Kapandji

T

MC2

MC1

Robert's

b

a

a c

b d

Fig. 10.47 Trapezial tilt angle measurement using the Roberts (a) and Kapandji (b) methods and the corresponding 
respective radiographic positions for obtaining them (c, d)
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The view is standardised by checking the overlap 
of the sesamoid bones on the head of the thumb 
metacarpal.
The X-ray beam is tilted cranially in order to 
highlight the TM joint space.

Reproducibility/Variation

Mean: 42° +/−4°.
The trapezial tilt of the left thumb is 3° greater 
than on the right side (Bettinger 2001).
In early trapeziometacarpal osteoarthritis (Eaton 
I and II): there is no significant difference in tra-
pezial tilt with normal group.
In more severe osteoarthritis (Eaton III and IV), 
the angle is increased: 50° +/− 4°.

Kapandji’s View
Normal Measurement.
Mean value: 129° +/−6.

Full Description of Technique (Fig. 10.47)

Tilt angle is obtained by taking a line tangent to 
the trapezial articular surface (with abstraction of 
osteophytes) and the longitudinal axis of the 
index metacarpal, on a PA view.

The view is standardised by checking the overlap 
of the sesamoid bones on the head of the thumb 
metacarpal.

The X-ray beam is tilted caudally in order to 
highlight the TM joint space.

Reproducibility/Variation

Pathologic: >135°/140° (Kapandji and Kapandji 
1993).

Clinical Relevance/Implications

Positive correlation between an increased trape-
zial tilt and severity of TMC joint osteoarthritis 
(Eaton 1, 2, 3, 4).
Two anatomic conditions can lead to TM 
osteoarthritis:

 1. Joint instability: recurrent stress or overuse 
have been hypothesised to lead to progressive 
ligament instability initiating the degeneration 
of articular cartilage.

 2. Trapezial dysplasia with increased trapezial 
tilt.
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10.3  Advanced Imaging

1.  Wrist Bone Density

 Definition

Bone mass density.

 Indications

To enable BMD assessment using a cost effective 
technique free of ionising radiation which is par-
ticularly suited for preventative studies.

 Technique

Quantitative US.

 Full Description of Technique

The device used is based on the transmission of 
ultrasound through the distal end of the proximal 
phalangeal diaphysis in the proximity of the 
condyles (region-of-interest, ROI) of the last four 
fingers of the hand Baroncelli et al. (2001); 
Drozdzowska and Pluskiewicz (2003); 
Pluskiewicz et al. (2006). Two 12-mm diameter 
transducers on a high precision (± 0.02  mm) 
caliper, which measures the distance between the 
two probes, are positioned on the lateral and 
medial surface of each finger. The device calcu-
lates the speed of sound (m/s) through the pha-
lanx by measuring the width of the finger 
(including soft tissues) divided by the time of 
flight, defined as the time from emitted pulse to 
received signal considering the signal which 
reaches a predetermined minimum amplitude 
value (2 mV) for the first time; thus, the assessed 
ultrasound velocity is amplitude-dependent. 
Moreover, the device calculates BTT (μs) as the 
difference between the time when the first peak 
of the signal received attains its maximum and 
the time that would be measured if no bone but 
only soft tissue is present between the 
transducers.

 Reproducibility/Variation

Measurements performed in nondominant hand 
(Table 10.1).

 Clinical Relevance/Implications

Therefore, BTT, unlike AD-SoS, is largely inde-
pendent of ultrasound attenuation and soft tissue 
bias, and it depends only on bone properties.

 Validation/Analysis

QUS cannot replace DXA, but can screen out 
patients with normal bone mass. Further and larger 
studies are needed to examine if QUS may reflect 
other aspects than bone mass, or if it is possible to 
improve its sensitivity by supplementing the SOS 
results with clinical factors DeSchepper et al. (2012).

 Conclusion

In conclusion, clinical risk factors for osteoporo-
sis affected AD-SOS measurements to the same 
extent as axial BMD Z score measurements, but 
QUS alone cannot replace DXA.

Table 10.1 Mean AD-SoS values per 1-year class 
through the distal end of the first phalanx diaphysis of the 
last four fingers of the hand in healthy male and female 
subjects ages 3–21 years Baroncelli et al. (2001)

Age group, 
(years)

AD-SoS, males 
(m/s)

AD-SoS, females 
(m/s)

3 1845.9 ± 25.5 1842.3 ± 23.0
4 1853.7 ± 21.5 1862.1 ± 25.6
5 1880.0 ± 35.2 1882.6 ± 21.9
6 1883.5 ± 35.5 1883.6 ± 27.3
7 1891.5 ± 37.4 1887.5 ± 34.9
8 1924.2 ± 29.4 1907.0 ± 38.6
9 1925.9 ± 38.7 1936.3 ± 38.2

10 1928.4 ± 42.3 1944.6 ± 32.2
11 1949.6 ± 40.6 1957.5 ± 50.1
12 1949.5 ± 45.5 2000.2 ± 72.0c

13 1967.8 ± 42.4 2017.6 ± 93.4d

14 1981.0 ± 58.0 2034.9 ± 45.3e

15 2032.5 ± 43.2a 2046.1 ± 41.3
16 2067.7 ± 47.9b 2059.1 ± 39.5
17 2091.4 ± 50.5 2079.2 ± 50.9
18 2099.2 ± 43.9 2083.3 ± 39.5
19 2108.4 ± 45.9 2088.6 ± 28.1
20 2115.4 ± 45.9 2094.5 ± 34.4
21 2119.1 ± 38.9 2099.8 ± 46.1

Data expressed as mean ± SD
ap < 0.0001 in comparison with 1-year younger age group
bp < 0.002 in comparison with 1-year younger age group
c p  <  0.01  in comparison with males having the same 
chronologic age

d p  <  0.05  in comparison with males having the same 
chronologic age

e p  <  0.0001  in comparison with males having the same 
chronologic age
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2.  Carpal Tunnel-Transverse Carpal 
Ligament (TCL)-MRI

 Definition

Degree of bowing of the transverse carpal liga-
ment (TCL) seen on MRI.
The palmar bowing of the TCL is defined as the 
perpendicular distance to the TCL from the line 
drawn between the hook of the hamate and the 
trapezium at level 3.

 Indications

The carpal tunnel syndrome (CTS) is the most 
frequently diagnosed peripheral entrapment neu-
ropathy and is caused by irritation of the median 
nerve in its osteofibrous canal at wrist level. Any 
condition that exerts pressure on the nerve can 
cause this syndrome. Different authors have 
regarded the palmar bowing of the transverse car-
pal ligament (TCL) as a risk factor for the mani-
festation of CTS.

 Technique

MRI - axial T1 SE and T2 GE images.

 Full Description of Technique 
(Fig. 10.48)

The protocol for the MRI: arm wrist position 
prone with the arm extended over the head, the 
forearm in pronation, wrist in neutral position 

and fingers extended using the axial imaging 
plane from the distal radioulnar joint to the car-
pometacarpal joint level.
Level 1 is at the distal part of the distal radioulnar 
joint level where the relative position of the ulnar 
head to the radial sigmoid notch varies due to dif-
ference in ulnar variance. Select a slice that is 
closest to the distal sigmoid notch.
Level 2 is at the middle of the pisiform, and a 
slice is selected with the largest pisiform 
cross-section.
Level 3 is at the level of the hook of the hamate, 
and the slice with the longest dimension of the 
hook of hamate is selected.
Level 4 is at the exit of the carpal tunnel.
The palmar bowing of the TCL is defined as 
the perpendicular distance to the TCL from 
the line drawn between the hook of the hamate 
and the trapezium at level 3.

 Reproducibility/Variation

Palmar bowing of the TCL At Level 3: hook of 
the hamate.

Palmar bowing (mm)
Control 1.29 (0.78)
Mild to moderate CTS 2.58 (0.82)a

Severe CTS 2.78 (0.85)a

Extreme CTS 2.26 (0.84)a p = 0.0182b

All values are expressed as means (SD). ap < 0.05 versus 
control, bp < 0.05 vs. severe. The p value is not shown if 
<0.001
TCL transverse carpal ligament; CTS clinical carpal tun-
nel syndrome

Fig. 10.48 Axial T1 MRI sequence depicting 
the anatomical level at the hook of hamate to 
enable the measurement of the transverse 
carpal ligament
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 Clinical Relevance/Implications

The aetiology of idiopathic CTS may be attrib-
uted to an incompatibility of space between the 
median nerve and the carpal tunnel. As a result, 
the intracarpal tunnel pressure increases causing 
disturbance of circulation to the nerve. 
Longstanding epineural oedema leads to invasion 
of fibroblasts and subsequent formation of con-
stricting scar tissue inside the nerve. Swelling of 
the nerve trunk proximal to the compression site 
is due to an increase in the amount of endoneurial 
connective tissue, oedema in the epineurium and 
endoneurial space, and obstruction of axoplasmic 
flow.

 Analysis/Validation of Reference Data

In our clinical experience, bowing of the trans-
verse carpal ligament is only one of the elements 
for the diagnosis of carpal tunnel syndrome and 
should be correlated with median nerve delta 
diameter with or without EMG studies.

 Conclusion

Severity of disease could be judged by evaluating 
not only longitudinal changes of signal intensity 
and configuration of the median nerve, but also 
palmar bowing of the TCL.  Increased palmar 
bowing of the TCL was found to be associated 
with an increase in the area of the carpal tunnel.
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3.  Carpal Tunnel: Cross- Sectional 
Area—MRI

 Definition

Cross-sectional area of the carpal tunnel deter-
mined by MRI.

 Indications

The carpal tunnel syndrome (CTS) is the most 
frequently diagnosed peripheral entrapment neu-
ropathy and is caused by irritation of the median 
nerve in its osteofibrous canal at the wrist level. 
Any condition that exerts pressure on the nerve 
can cause this syndrome. Different authors have 
regarded the cross-sectional area of the carpal 
tunnel as a risk factor for the manifestation of the 
CTS Uchiyama et al. (2005).

 Technique

MRI—axial T1 and T2 GE images.

 Full Description of Technique  
(Fig. 10.49)

The protocol for the MRI: arm wrist position 
prone with the arm extended over the head, the 
forearm in pronation, wrist in neutral position 
and fingers extended using the axial imaging 
plane from the distal radioulnar joint to the car-
pometacarpal joint level.
Level 1 is at the distal part of the distal radioulnar 
joint level where the relative position of the ulnar 
head to the radial sigmoid notch varies due to dif-
ferences in ulnar variance. The slice that is clos-
est to the distal sigmoid notch is selected.
Level 2 is at the middle of the pisiform and the 
slice with the largest pisiform cross-section is 
selected.
Level 3 is at the hook of the hamate level and the 
slice with the longest dimension of the hook of 
hamate is selected.
Level 4 is at the exit of the carpal tunnel.
The carpal tunnel area at level 2 is bound anteri-
orly by the TCL, laterally by the capitotrapezial 

ligament and the scaphoid, medially by the 
pisiform, and dorsally by the carpal bones and 
the intercarpal ligament. At level 3 it is bound 
anteriorly by the TCL, laterally by the 

Fig. 10.49 Axial MRI images at three levels in the carpal 
tunnel which enable cross-sectional area measurements to 
be made
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capitotrapezial ligament and the scaphoid, medi-
ally by the hook of the hamate, and dorsally by 
the carpal bones and the intercarpal ligaments.

 Reproducibility/Variation

Results: cross-sectional area of the carpal 
tunnel.

Carpal tunnel area (mm2)
Level 2: 
Pisiform

Level 3: Hook of the 
hamate

Control 
patients

164.6 (16.6) 146.3 (13.1)
136.4 (13.1)a

Mild to 
moderate 
CTS

183.5 (16.8)b 156.8 (15.6) p = 0.0035b;
136.4 (17.5)a

Severe CTS 180.3 (19.3)b 153.4 (15.4) p = 0.0287b;

132.2 (13.0)a

Extreme 
CTS

174.2 (22.1) 150.0 (16.3)
131.1 (15.9)a

All values are expressed as means (SD)
a Carpal tunnel area in the absence of palmar bowing of the 
TCL

bp < 0.05 vs. control. The p value is not shown if <0.001

 Clinical Relevance/Implications

There is a significant linear correlation between 
the area of the carpal tunnel and palmar bowing 
of the TCL for the CTS groups, but not for the 
control group. Furthermore, palmar bowing of 

the TCL does not have a linear correlation with 
wrist size in either group. These results suggest 
that increased palmar bowing of the TCL is a 
characteristic of idiopathic CTS, resulting from 
an increase in the area of the carpal tunnel. It may 
be a result of the disease, not a difference in the 
initial carpal tunnel area, as the carpal tunnel area 
in the absence of palmar bowing of the TCL of 
the CTS groups was the same as that of the con-
trol group. The increased area of the carpal tunnel 
could be due to flexor tendons and the median 
nerve.

 Analysis/Validation of Reference Data

There are limited validation studies concerning 
carpal tunnel area. It should be correlated with 
median nerve delta cross-sectional area and/or 
EMG studies. The size of the carpal tunnel area 
has been measured by MRI and CT, but the 
results are inconsistent. Some studies showed a 
larger carpal tunnel area in patients than in con-
trols, but others did not.

 Conclusion

There are limited validation studies concerning 
carpal tunnel area. It should be correlated with 
median nerve delta cross-sectional area and/or 
EMG studies.
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4.  Carpal Tunnel Cross-Sectional 
Area—US

 Definition

Cross-sectional area of the carpal tunnel mea-
sured by US.

 Indications

The carpal tunnel syndrome (CTS) is the most fre-
quently diagnosed peripheral entrapment neuropa-
thy and is caused by irritation of the median nerve 
in its osteofibrous canal at the wrist level. Any con-
dition that exerts pressure on the nerve can cause 
this syndrome. Different authors have regarded the 
cross-sectional area of the carpal tunnel as a risk 
factor for the manifestation of the CTS.

 Technique

US

 Full Description of Technique  
(Fig. 10.50)

Standard US—using the software available the 
ultrasonograph is used to display axial images 
of the carpal tunnel and its contents (flexor ten-
dons and median nerve). For standardisation, 
the probe is always positioned in the axial plane 
at the level of the hook of the hamate and the 
tubercle of the trapezium bone. At that level the 
borders of the carpal tunnel are identified as fol-
lows: the palmar border is formed by a strong, 
fibrous band known as the flexor retinaculum, 
the ulnar border by the hook of the hamate, the 
dorsal border by the distal carpal bones and the 
radial border by the tubercle of the trapezium 
bone.

 Reproducibility/Variation (Table 10.2)

Limited data

H
T

Fig. 10.50 Axial image through the carpus at the level of 
the hook of hamate demonstrating the cross-sectional area 
outline in blue

Table 10.2 Parameters of the carpal canal measured at 
the level of the hook of the hamate

Ultrasound 
measurements

Anatomic 
measurements Correlation

DPD in 
mm

9.0  ±  1.1 9.3  ±  1.2 0.92

RUD in 
mm

20.5  ±  1.5 20.1  ±  1.5 0.81

P in mm 52.9  ±  4.1 54.9  ±  6.0 0.83
A in 
mm2

162.4  ±  29.3 168.4  ±  31.2 0.95

DPD dorsopalmar diameter, RUD radioulnar diameter, 
P perimeter, A area
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 Clinical Relevance/Implications

The mean cross-sectional area (CSA) at the 
carpal tunnel level (9.0  mm2) is smaller than 
that in patients with carpal tunnel syndrome 
(CTS) (16.8  mm2). The mean Delta CSA is 
smaller in symptomatic wrists (0.25 mm2) than 
in CTS- affected wrists (7.4  mm2). Use of a 
Delta CSA threshold of 2 mm yield the greatest 
sensitivity and specificity for the diagnosis of 
CTS.

 Analysis/Validation of Reference Data

There are limited validation studies concerning 
carpal tunnel area. It should be correlated with 
median nerve delta cross-sectional area and/or 
EMG studies Yao and Gai (2009).

 Conclusion

Receiver operating characteristic analysis 
revealed improved accuracy in the diagnosis of 
carpal tunnel syndrome determined with the 
Delta CSA compared with the accuracy of the 
diagnosis determined with the cross-sectional 
area at the carpal tunnel level.

J.-L. Drapé and N. Theumann



393

5.  Carpometacarpal Ligaments: MRI

 Definition

The normal ligamentous anatomy of the inter-
metacarpal (IMC) and common carpometacarpal 
(CCMC) joints with MRI.

 Indications

The anatomy of the tendons and ligaments of and 
about the second to fifth intermetacarpal (IMC) 
joints and the common carpometacarpal (CCMC) 
joints is quite complex and differs from the anat-
omy of the first ray. Although injuries of the sec-
ond to fifth IMC joints and CCMC joints are 

relatively uncommon, their detection is important 
as they can result in significant functional disabil-
ity of the hand Theumann et al. (2002b).

 Technique (Fig. 10.51)

MRI—axial, sagittal and coronal T1 SE images.

 Reproducibility/Variation

Table 10.3.

 Clinical Relevance/Implications

The hand and wrist are composed of a series of 
arches: a longitudinal arch, formed by the 

Fig. 10.51 Diagram of the 2nd–5th intermetacarpal joints 
at the level of the bases of the metacarpals (a). Diagram 
displaying the common metacarpal (CCMC) ligaments (b, 
c). The dorsal ligaments (D) span the spaces between the 
dorsal surface of the second carpal row bones and the dor-
sal surface of the bases of the 2nd–5th metacarpals (b). The 
palmar CCMC ligaments (P) join the palmar surface of the 

second carpal row bones and the palmar surface of the 
bases of the 2nd–5th metacarpals. The pisometacarpal liga-
ment (PML) on the palmar aspect links the distal edge of 
the pisiform to the base of the 4th and 5th metacarpals (c) 
A,P (anterior and posterior bands of the interosseous liga-
ments); MC (metacarpal); 1 (radial collateral ligament); 2 
(capito-third ligament); 3 (ulnar collateral ligament)
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metacarpals and phalanges, and transverse arches 
at the distal carpal row and at the metacarpal 
heads. The longitudinal arch of the hand with the 
metacarpal bones of the index and middle fingers 
is referred to as the central fixed unit of the hand. 
The transverse arch is a mobile structure that 
facilitates power grip as well as cupping and flat-
tening of the hand. Strong IMC ligaments are 
instrumental in maintaining these arches, which 
in turn maintain function.

Injuries to the CCMC joint can result when a 
large torsional force is applied to the hand. 
CCMC dislocations most commonly result in 
dorsal displacement of the metacarpal bases.

 Analysis/Validation of Reference Data

Morphology and signal intensity are much more 
important than measurements in order to diag-
nose ligamentous lesions of the CMCC joints.

 Conclusion

The anatomy of the ligaments and tendinous 
insertions about the second to fifth IMC and the 
CCMC joints is well demonstrated by MR imag-
ing and MR arthrography. MR arthrography does 
not significantly improve the visualisation of 
these complex structures.

Table 10.3 Intermetacarpal ligament measurements in axial T1-weighted spin echo images

Second space Third space Fourth space
Dorsal metacarpal ligament
Length (mm) 8.7 ± 1.2 (6–10) 8.6 ± 1.4 (6–10) 11.1  ±  1.8 (10–13)
Width (mm; axial slices) 3 (2–3) 2 (2–3) 2 (1–2)
Thickness (mm) < 1.0 < 1.0 < 1.0
Palmar metacarpal ligament
Length (mm) 8.5  ±  1.0 (6–10) 8.4  ±  1.4 (6–10) 10.4  ±  1.8 (8–11)
Width (mm; axial slices) 3 (2–3) 2 (2–3) 2 (1–2)
Thickness (mm) 1.4  ±  0.3 (1–2) 1.4  ±  0.3 (1–2) 1.2  ±  0.3 (1–2)
Interosseous ligament, anterior band
Length (mm) 7.2  ±  1.0 (6–8) 7.4  ±  1.1 (6–9) NA
Width (mm; axial slices) 2 (1–2) 2 (1–2) NA
Thickness (mm) 1.4  ±  0.3 (1–2) 1.4  ±  0.3 (1–2) NA
Interosseous ligament, posterior band
Length (mm) 9.0  ±  1.5 (8–10) 8.4  ±  1.4 (7–10) NA
Width (mm; axial slices) 2 (1–2) 2 (1–2) NA
Thickness (mm) 1.4  ±  0.3 (1–2) 1.4  ±  0.3 (1–2) NA

Values are means ± SD (range)
NA not applicable
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6.  Excursion of the Flexor Pollicis 
Longus Tendon: MRI

 Definition

In vivo assessment using MRI.

 Indications

The possibility of visualisation and the accurate 
determination of the FPL-tendon excursions are 
of use in the reconstruction and the transposition 
of the FPL-tendon.

 Technique

MRI—Coronal T1 SE.

 Full Description of Technique

Magnetic resonance imaging (MRI) of the flexor 
pollicis longus tendon (FPL tendon) with the 
thumb in different positions allows the in-vivo 
assessment of its abduction-adduction/flexion 
excursion.
Measurements can also be performed in different 
positions of the wrist Ham et al. (1993).

 Reproducibility/Variation

The mean excursion amplitudes of the FPL- 
tendon in seven healthy volunteers were shown to 

be 2.6 (+/− 0.26), 2.6 (+/− 0.25), and 2.7 (+/− 
0.63) cm for neutral position, ulnar, and radial 
deviation of the wrist, respectively. The contribu-
tion of the abduction-neutral position route and 
the neutral position-adduction/flexion route to 
the total excursion of the thumb varies for the dif-
ferent positions of the wrist, despite the equal 
excursion amplitudes.

 Clinical Relevance/Implications

The possibility of visualisation and the accurate 
determination of the FPL-tendon excursions is of 
use in the reconstruction and the transposition of 
the FPL-tendon. In addition, the shift of the FPL- 
tendon can be visualised for different positions of 
the thumb and the wrist.

 Analysis/Validation of Reference Data

These measurements have to be compared, in any 
doubtful situation, with ultrasound measure-
ments which are more precise and which can 
show the dynamic movement of the tendon.

 Conclusion

Magnetic resonance imaging (MRI) of the flexor 
pollicis longus tendon (FPL-tendon) with the thumb 
in different positions allows the in vivo assessment 
of its abduction-adduction/flexion excursion, but 
this is much less precise than ultrasound.
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7.  Thickness of the Extensor Hood 
of the Fingers: US

 Definition

The extensor hood is a fibrous expansion on the 
dorsum of the proximal phalanx of each digit. 
The expansion is triangular, with the base 
wrapped around the dorsal and collateral aspects 
of the metacarpophalangeal joint. A tendon of 
extensor digitorum (or extensor pollicis longus to 
the thumb) blends with the expansion along its 
central core, separated from the metacarpopha-
langeal joint by a small bursa. The interossei and 
lumbrical muscles attach to the expansion, which 
is further stabilised by links to the deep trans-
verse metacarpal ligament. Each expansion 
forms a moveable hood that moves distally dur-
ing flexion of the metacarpophalangeal joint.

 Indications

Rupture from trauma or chronic inflammation.

 Technique

US—5–13 MHz linear array transducer.

 Full Description of Technique (Fig. 10.52)

At sonography, the extensor hood appears as a thin 
(< 2 mm) echogenic fibrillar structure that overlies 
the dorsal aspect of the finger Kichouh et al. (2011).

 Reproducibility/Variation

At sonography, the extensor hood appears as a 
thin (< 2  mm) echogenic fibrillar structure that 

overlies the dorsal aspect of the finger. The 
sonographer should suspect an injury if the body 
of the hood, or the central tendon, becomes 
decentred during flexion. Injuries to the extensor 
hood rarely occur in the absence of rheumatoid 
arthritis. Tears usually involve the radial sagittal 
band with ulnar subluxation.

 Clinical Relevance/Implications

A clear understanding of normal sonographic 
anatomy is required to prevent misdiagnosis and 
ensure optimal patient care. The anatomy of the 
wrist and hand is best described by considering 
the extensor and flexor surfaces separately.

 Analysis/Validation of Reference Data

Ultrasound is a valuable tool for the assessment 
of injuries to the extensor dorsal hood and is an 
easily available method for the diagnosis of the 
fine soft tissue components of the dorsal hood 
region. However it is difficult to satisfactorily 
assess for the 3rd and 4th MCP joints which 
should be investigated by MRI to rule out any 
uncertainty.

 Conclusion

Sonography provides a rapid, cheap, noninvasive 
and dynamic method for examination of the soft 
tissue structures of the wrist and hand Lee and 
Healy (2005). Familiarity with the appearance of 
normal anatomic structures is a prerequisite for 
reliable interpretation of the resultant sonograms. 
Assessment of the anatomy of the 3rd and 4th 
MCP joints requires MRI for completeness.

Fig. 10.52 Diagram 
depicting the extensor 
hood of the fingers

MCPJ

EDT

FDP

Extensor hood

FDSFDL
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8.  Extrinsic Ligaments of the Wrist: MRI

 Definition

Cross-sectional and long axis measurements of 
the extrinsic carpal ligaments.

 Indications

Assessment of carpal stability or instability.

 Technique

MRI - Transverse T1 SE after arthrography, hand 
placed in prone position, with the wrist in neutral 
position in the centre of the bore.

 Full Description of Technique 
(Fig. 10.53)

The cross-sectional dimensions of each of the 
ligaments are measured digitally in at least two 
orthogonal planes on MR images, chosen to best 
show the ligaments and their bone attachments. 
These are measured at the midportion of each 

ligament and at their bone attachments Kim et 
al. (1994).

 Reproducibility/Variation  
(Tables 10.4 and 10.5)

 Clinical Relevance/Implications

The ligamentous anatomy of the wrist and the 
ligamentous integrity are important to carpal sta-
bility Theumann et al. (2003). Controversy exists 
in the literature regarding the terminology applied 
to individual ligaments of the wrist. The carpal 
ligaments are divided into two major groups: 
extrinsic ligaments and intrinsic ligaments. The 
intrinsic ligaments are ligaments that are entirely 
within the carpus located between carpal bones. 
The extrinsic ligaments are those that have an 
attachment on the carpus and pass out of the car-
pus. Injuries to the intrinsic and extrinsic liga-
ments of the wrist are probably more common 
than appreciated. The identification of ligamen-
tous attachment sites is important to ensure anal-
ysis of the entire ligament.

Fig. 10.53 Diagram showing the extrinsic palmar and 
dorsal carpal ligaments. The palmar ligaments (a) include 
the radioscaphocapitate (RSC); radiolunotriquetral (RLT); 
radioscapholunate (RSL); ulnotriquetral (UTL); ulnolu-

nate (ULL); scaphotriquetral (STL) ligaments. The dorsal 
ligaments (b) include the dorsal radiotriquetral (DRT); 
dorsal intercarpal (DIC); ulnotriquetral (UTL); radial col-
lateral (RCL) ligaments
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Table 10.4 Measurements of cross-sectional dimensions of ligaments in the optimal plane

Diameter (mm)
Ligament and its parts Plane Long axis Short axis
RSC
Radioscaphoid Sagittal 7.0 (1.5) 2.8 (0.8)
Scaphocapitate Sagittal 7.3 (1.6) 7.3 (1.6)
RLT
Radiolunate Sagittal 8.0 (2.0) 3.1 (0.7)
Lunotriquetral Sagittal 7.4 (1.4) 3.1 (0.7)
Radioscapholunate Transverse 2.5 (0.8) 2.2 (0.7)
Palmar ulnotriquetral Transverse 5.8 (0.8) 3.0 (0.7)
Ulnolunate Transverse 5.4 (0.8) 2.6 (0.8)
Palmar scaphotriquetral
Scaphocapitate Sagittal 7.3 (1.2) 2.6 (0.5)
Capitotriquetral Sagittal 6.3 (1.2) 2.4 (0.5)
Dorsal scaphotriquetral Sagittal 7.4 (1.6) 1.6 (0.9)
Dorsal radiotriquetral Sagittal 5.5 (1.7) 1.7 (0.6)
Dorsal ulnotriquetral Transverse 6.5 (2.1) 2.1 (0.5)
Radial collateral Transverse 5.1 (1.2) 1.2 (0.4)

Table 10.5 MR diameter measurements of carpal ligaments and their attachments

Ligament
Radius 
(mm)

Radioulnar 
Ligament (mm)

Scaphoid 
(mm)

Lunate 
(mm)

Triquetrum 
(mm)

Capitate 
(mm)

Transverse plane
RSC 6.0  ±  1.3 NA 6.8 ± 1.4 NA NA 8.2  ±  1.7
RLT 6.0 ± 1.3 NA NA 11.6 ± 1.6 5.5 ± 1.1 NA
Radioscapholunate 2.4 ± 0.6 NA 2.1 ± 0.7 NA NA NA
Palmar ulnotriquetral NA 5.8 ± 0.6 NA NA 6.5 ± 1.4 NA
Ulnolunate NA 5.3 ± 0.6 NA 6.0 ± 1.2 NA NA
Palmar scaphotriquetral NA NA 6.9 ± 1.5 NA 5.3 ± 0.6 NA
Dorsal scaphotriquetral NA NA 6.2 ± 1.4 9.6 ± 1.1 6.0 ± 1.3 8.3 ± 1.6
Dorsal radiotriquetral 3.9 ± 0.8 NA NA NA 5.6 ± 1.0 NA
Dorsal ulnotriquetral NA 6.0 ± 0.8 NA NA 7.0 ± 1.1 NA
Radial collaterala 5.3 ± 0.8 NA 5.2 ± 0.7 NA NA NA
Sagittal plane
RSC 11.8 ± 2.1 NA 6.8 ± 2.0 NA NA 7.3 ± 1.6
RLT 11.8 ± 2.1 NA NA 8.9 ± 1.2 8.1 ± 1.3 NA
Radioscapholunate 2.9 ± 0.6 NA 2.9 ± 0.6 NA NA NA
Palmar ulnotriquetral NA 3.6 ± 0.7 NA NA 7.2 ± 1.1 NA
Ulnolunate NA 3.6 ± 0.7 NA 8.6 ± 1.5 NA NA
Palmar scaphotriquetral NA NA 7.5 ± 1.3 NA 6.0 ± 0.8 NA
Dorsal scaphotriquetral NA NA 6.1 ± 1.2 3.1 ± 0.8 6.6 ± 1.0 7.6 ± 1.2
Dorsal radiotriquetral 4.0 ± 0.7 NA NA NA 6.8 ± 1.2 NA
Dorsal ulnotriquetral NA 3.6 ± 0.6 NA NA 6.6 ± 1.3 NA
Radial collaterala 3.6 ± 0.8 NA 4.3 ± 0.9 NA NA NA

NA not applicable
aMeasured in transverse and coronal planes
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 Analysis/Validation of Reference Data

Morphology, attachments and signal intensity are 
much more important than measurements in 
order to diagnose extrinsic ligamentous lesions.

 Conclusion

MR arthrography allows visualisation of the car-
pal ligaments. Detailed knowledge of the normal 

appearance of these ligaments can serve as a 
baseline for future studies in which MR arthrog-
raphy is used to characterise wrist instability 
from ligamentous pathology.

10 Wrist/Hand
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9.  Hamatolunate Facet Size

 Definition

The hamatolunate facet is an anatomic variant of 
the midcarpal joint of the wrist consisting of an 
additional articulation between the hamate and 
lunate bones.

 Indications

Usually only one distal articular facet, articulat-
ing with the capitate bone, is present in the lunate 
bone. In cases with a hamatolunate facet, a sec-
ond facet in the ulnar side of the lunate bone 
articulates with the proximal pole of the hamate 
Pfirrmann et al. (2002). A lunate with this addi-
tional facet has been termed a type II lunate, 
while a type I lunate does not have this additional 
facet. The reported frequency of a hamatolunate 
facet has varied between 44 and 73%. This facet 
has received a great deal of attention by hand sur-
geons because of its strong association with 
marked cartilage lesions in the proximal pole of 
the hamate and with ulnar-sided wrist pain.

 Technique

MRI -Coronal T1 SE.

 Full Description of Technique 
(Fig. 10.54)

An additional facet at the lunate (type II lunate) is 
considered only when a concave or straight addi-
tional joint surface was present that could be dif-
ferentiated from the main joint surface. A convex 
surface is not considered as an additional facet. 
The size of the facet is measured as displayed 
(distance y).

 Reproducibility/Variation

The mean coronal size of the facet in the lunate is 
4.5 mm (range, 2–6 mm). The size of the facet is 
usually not uniform throughout all the consecu-
tive coronal sections, and the facet is often larger 
at the dorsal aspect of the wrist than at the more 
palmar aspect.

y y

Concave                    Straight                    Convex

Fig. 10.54 Hamatolunate facet size variants and estimation
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 Clinical Relevance/Implications

The hamatolunate facet is a very common ana-
tomic variant. The presence of a hamatolunate 
facet is associated with cartilage damage in the 
proximal pole of the hamate.

 Analysis/Validation of Reference Data

Without a hamatolunate facet joint, osteoarthritis is 
rarely seen at this site. Primary OA of the ulnar 

portion of the wrist is most frequently seen at the 
DRUJ and the second most frequent site is in the 
ulnolunate joint. Ulnar variance is correlated mostly 
with OA in the ulnar aspect of the wrist joint.

 Conclusion

The hamatolunate facet is a very common ana-
tomic variant. The presence of a hamatolunate 
facet is associated with cartilage damage in the 
proximal pole of the hamate.
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10.  Ligaments and Palmar Plates 
of the Metacarpophalangeal 
Joints—MRI

 Definition

Measurements of the ligaments and palmar plates 
of the normal metacarpophalangeal joints of the 
fingers with MRI Theumann et al. (2002a).

 Indications

Imaging of the MCP joints of the fingers is not 
performed routinely. Palmar plate and collateral 
ligaments are often sites of injuries and are well 
depicted with MRI or MR arthrography.

 Technique

MRI—axial and sagittal T1 SE +/− arthrography.

 Full Description of Technique 
(Fig. 10.55)

Conventional and arthrographic transverse 
T1-weighted spin-echo MR images of the joints 
in flexion allow the most complete analysis for 
the main collateral ligaments.

Conventional and arthrographic transverse 
T1-weighted spin-echo MR images of the joints 
in extension provide the best visualisation of the 
accessory collateral ligaments.

Transverse and sagittal T1-weighted spin- 
echo MR images and arthrograms of the joints in 
either extension or flexion are the best ways to 
evaluate the palmar plate.

 Reproducibility/Variation

Tables 10.6 and 10.7.

Extensor tendon

Proximal phalanx
articular surface

IT

ACL

MCL

SB

A1PP

DTML

LT
FDP

FDS

Fig. 10.55 Ligaments 
and palmar plates of the 
proximal 
metacarpophalangeal 
joints. Palmar plate 
(PP); Flexor tendons 
(FDP, FDS); A1 
(pulley); Lumbrical 
tendon (LT); Deep 
transverse metacarpal 
ligament (DTML); 
Interosseous tendon 
(IT); Accessory 
collateral ligament 
(ACL); Main collateral 
ligament (MCL); 
Sagittal band (SB)
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Table 10.6 MCP joint measurements

Measured structure Mean (mm) Range (mm)
Second finger
Radial main CL 2.0 1.8–2.3
Ulnar main CL 2.0 1.8–2.3
Radial accessory CL 2.0 1.5–2.5
Ulnar accessory CL 1.7 1.3–2.0
PP, longest size in extension 11.0 10.0–12.0
PP, maximal thickness in extension 2.6 2.3–3.3
PP, minimal thickness in extension 1.5 1.0–2.0
Third finger
Radial main CL 2.7 2.3–3.0
Ulnar main CL 2.1 1.5–3.0
Radial accessory CL 1.5 1.3–2.3
Ulnar accessory CL 1.5 1.0–1.8
PP, longest size in extension 11.9 11.0–13.5
PP, maximal thickness in extension 2.8 2.3–3.5
PP, minimal thickness in extension 1.4 1.3–2.0
Fourth finger
Radial main CL 2.2 1.8–3.0
Ulnar main CL 2.0 1.5–2.8
Radial accessory CL 1.6 1.3–2.0
Ulnar accessory CL 1.4 1.3–1.5
PP, longest size in extension 11.3 9.8–13.0
PP, maximal thickness in extension 2.4 2.0–2.8
PP, minimal thickness in extension 1.3 1.0–1.8
Fifth finger
Radial main CL 2.1 1.8–2.5
Ulnar main CL 1.9 1.5–2.3
Radial accessory CL 1.4 1.3–1.5
Ulnar accessory CL 1.3 1.0–1.8
PP, longest size in extension 8.2 7.0–8.8
PP, maximal thickness in extension 2.3 2.0–2.8
PP, minimal thickness in extension 1.1 1.0–1.3

CL collateral ligament

Table 10.7 Correlation between articular structure measurements and presence of cartilaginous lesions

Articular structure Mean size Range SD
Cartilaginous lesions  
of pisiform bone

Cartilaginous lesions of 
triquetral bone

Proximal recess 7.8 3–12 2.1 P = 0.943 P = 0.724
Distal recess 2.3 0–4 1.1 P = 0.535 P = 0.909
Pisiform bone
Transverse 8.9 7–10 0.9 P = 0.822 P = 0.743
Sagittal 9.3 7–10 2.1 P = 0.886 P = 0.775
Triquetral bone
Transverse 9.2 7–11 1.1 P = 0.663 P = 0.718
Sagittal 11.4 10–13 1.2 P = 0.812 P = 0.796
Pisotriquetral separation
In flexion 2.0 0–5 1.6 NC NC
In extension 4.4 2–7 1.8 NC NC

Significance level was set to P < 0.05. All data were calculated with the Spearman rank test. NC not calculated
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 Clinical Relevance/Implications

Although uncommon, injuries of the metacarpo-
phalangeal (MCP) joints of the fingers necessitate 
accurate diagnosis, because the loss of function of 
even one MCP joint can seriously impair overall 
hand function. To ensure appropriate treatment, 
the identification of the damaged structures at the 
time of injury is essential. Advances in magnetic 
resonance (MR) imaging technology that improve 
spatial resolution enable the visualisation of 
important intra-articular and periarticular struc-
tures, even in small joints such as the MCP joints, 
with standard clinical equipment. Detailed knowl-
edge of the normal anatomy remains essential to 
the analysis of MR images of this area.

The main collateral ligaments have a primary 
role in stabilising the MCP joint in all modes of 
joint alignment and especially in flexion.

The accessory collateral ligaments prevent 
palmar displacement of the proximal phalanx. 
Conventional and arthrographic transverse 
T1-weighted spin-echo MR images of the joints 

in extension provided the best visualisation of 
these ligaments.

The palmar plate (PP) prevents hyperexten-
sion and dorsal subluxation of the MCP joints. 
Transverse and sagittal T1-weighted spin-echo 
MR images and arthrograms of the joints in either 
extension or flexion are the best way to evaluate 
the PP.

 Analysis/Validation of Reference Data

Morphology, attachments and signal intensity are 
much more important than measurements in 
order to diagnose extrinsic ligamentous lesions.

 Conclusion

Conventional MR imaging and MR arthrography 
enable accurate visualisation of the important 
anatomic structures of the MCP joints. MR 
arthrography enhances visualisation of the intra- 
articular elements.
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11.  Cross-Sectional Area 
of the Median Nerve—MRI/US

 Definition

Cross-sectional area of the median nerve in the 
carpal tunnel.

 Indications

Carpal tunnel syndrome.

 Technique

MRI T2-GE images
US 7.5 MHz or > high resolution probe

 Full Description of Technique 
(Fig. 10.56)

The Protocol for the MRI
Arm wrist position prone with the arm extended 
over the head, the forearm in pronation, wrist in 
neutral position and fingers extended using the 
axial imaging plane from the distal radioulnar 
joint to the carpometacarpal joint level.
Level 1 is at the distal part of the distal radioulnar 
joint level where the relative position of the ulnar 
head to the radial sigmoid notch varies due to dif-
ference in ulnar variance. Select a slice as closest 
to the distal sigmoid notch.
Level 2 is at the middle of the pisiform; select a 
slice that shows the largest pisiform section.

Level 1 Level 2

Level 3 Level 4

Fig. 10.56 Cross-sectional area measurements of the median nerve (arrow) in the carpal tunnel at levels 1–4

10 Wrist/Hand



406

Level 3 is at the hook of the hamate level; select a 
slice with the longest dimension of the hook of 
hamate.
Level 4 is at the exit of the carpal tunnel.
The signal intensity of the nerve is expressed as a 
ratio, which is calculated with respect to the sig-
nal intensity of the hypothenar muscles at level 4, 
to avoid variations in signal that are encountered 
with surface coils.
Thus, a value < 1.0 means a higher intensity than 
the hypothenar muscle, and vice versa.
The flattening ratio is calculated by dividing the 
transverse axis of the nerve by its longitudinal 
axis at the four levels Cudlip et al. (2002).

The Protocol for the US
Standard US-software available at ultrasonogra-
phy is used to display axial images of the carpal 
tunnel and its contents (flexor tendons and 
median nerve) Kamolz et al. (2001). For stan-
dardisation, the probe is always positioned at the 
level of the hook of the hamate and the tubercle 
of the trapezium bone. At that level the borders of 
the carpal tunnel are identified as follows; the 
palmar border is formed by a strong, fibrous band 

known as the flexor retinaculum, the ulnar border 
by the hook of the hamate, the dorsal border by 
the distal carpal bones and the radial border by 
the tubercle of the trapezium bone.

 Reproducibility/Variation

Ultrasound Measurement of the Median 
Nerve
Parameters of the median nerve measured at the 
level of the hook of the hamate Kamolz et al. 
(2001).

Ultrasound 
measurements

Anatomic 
measurements Correlation

DPD in 
mm

1.8 ± 0.2 2.1 ± 0.4 0.89

RUD in 
mm

6.5 ± 1.1 5.2 ± 1.0 0.77

P in mm 13.8 ± 1.5 14.5 ± 0.1 0.84
A in mm2 9.2 ± 2.4 9.4 ± 2.2 0.91

DPD dorsopalmar diameter, RUD radioulnar diameter, 
P perimeter, A area

Cross-sectional area, signal intensity ratio and 
flattening ratio of the median nerve with MRI.

Level 1: DRUJ Level 2 Level 3 Level 4
Cross-sectional area (mm2)
Control (n = 36) 9.0 (2.5) 9.1 (2.3) 8.8 (1.8) 8.3 (2.0)
Mild/moderate (n = 33) 14.1 (4.8)a 14.6 (4.8)a 10.8 (3.0)a 10.9 (3.2)a

Severe (n = 50) 17.7 (6.7)a 14.6 (5.6)a 11.2 (3.3)a 11.4 (3.5)a

p = 0.0085b

Extreme (n = 22) 19.5 (7.4)a 14.8 (5.5)a 10.0 (3.1) 10.8 (3.2)a

p = 0.0015b

Signal intensity ratio
Control 3.31 (1.71) 3.14 (1.79) 3.16 (1.86) 3.47 (1.73)
Mild to moderate 2.08 (1.02)a 2.07 (1.02) 2.54 (1.27) 2.50 (1.07)

p = 0.0038a p = 0.008a

Severe 1.45 (1.07)a 1.86 (1.40)a 2.36 (1.44) 2.36 (1.41)
p = 0.0093b p = 0.026a p = 0.0018a

Extreme 1.24 (0.58)a,b 1.78 (1.40) 2.43 (1.31) 2.35 (1.06)
p = 0.0037a p = 0.0086a

Flattening ratio
Control 2.14 (0.41) 2.33 (0.52) 2.63 (0.67) 3.04 (0.70)
Mild to moderate 2.38 (0.61) 2.62 (0.55)a 2.76 (0.75) 2.87 (0.55)

p = 0.0245
Severe 2.56 (0.49)a 2.84 (0.55)a 2.53 (0.61) 2.77 (0.74)
Extreme 2.64 (0.42)a 2.92 (0.63)a 2.62 (0.87) 2.94 (1.19)

All values are expressed as means (SD)
ap < 0.05 vs. control
bp < 0.05 vs. mild to moderate. The p value is not shown if <0.001. TCL transverse carpal ligament
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 Clinical Relevance/Implications

The aetiology of idiopathic CTS may be attributed 
to an incompatibility of relative space between the 
median nerve and carpal tunnel. As a result, the 
intracarpal tunnel pressure increases causing dis-
turbance of circulation to the nerve. Longstanding 
epineurial oedema leads to invasion of fibroblasts 
and subsequent formation of constricting scar tis-
sue inside the nerve. Swelling of the nerve trunk 
proximal to the compression site is due to an 
increase in the amount of endoneurial connective 
tissue, oedema in the epineurium and endoneurial 
space, and obstruction of axoplasmic flow.

Macroscopic configuration of the median 
nerve during open carpal tunnel surgery has var-
ied; however, conventionally proximal enlarge-
ment of the median nerve, or pseudoneuroma is 
believed to result from compression in the distal 
carpal tunnel, indicating a reduction in the size of 
the nerve or flattening of the nerve at the hook of 
the hamate level.

Imaging techniques can be used to detect 
these morphological changes Yao and Gai (2009). 
Configuration of the median nerve is the param-
eter most widely investigated not only by MRI, 
but also by ultrasonography, because delineation 
of this nerve is easy. Enlargement of the cross-
sectional area of the median nerve at the proxi-
mal carpal tunnel or at the entrance to the tunnel 

is found to be of diagnostic value for idiopathic 
CTS.

The mean cross-sectional area (CSA) at the 
carpal tunnel level, in healthy volunteers 
(9.00  m2) is smaller than that in patients with 
carpal tunnel syndrome (CTS) (16.8 mm2). The 
mean delta cross-sectional area is smaller in 
asymptomatic wrists (0.25  mm2) than in CTS- 
affected wrists (7.4 mm2). Use of a Delta CSA 
threshold of 2mm2yield the greatest sensitivity 
and specificity for the diagnosis of CTS.

 Analysis/Validation of Reference Data

Receiver operating characteristic analysis is 
mandatory to improve accuracy in the diagnosis 
of carpal tunnel syndrome determined with the 
Delta CSA compared with the accuracy of the 
diagnosis determined with the cross-sectional 
area at the carpal tunnel level.

 Conclusion

Receiver operating characteristic analysis 
revealed improved accuracy in the diagnosis of 
carpal tunnel syndrome determined with the 
Delta CSA compared with the accuracy of the 
diagnosis determined with the cross-sectional 
area at the carpal tunnel level.
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12.  Pisotriquetral Joint

 Definition

Ulnar Flexor Tendon, Pisohamate Ligament, and 
Pisometacarpal Ligament measurements.

 Indications

Pain and tenderness are common in the palmar 
and ulnar aspects of the wrist in the area of the 
pisiform bone.

 Technique

MRI—axial, coronal and sagittal T1 SE images.

 Full Description of Technique 
(Fig. 10.57)

–

 Reproducibility/Variation

Measurements of Ulnar Flexor Tendon, 
Pisohamate Ligament, and Pisometacarpal 
Ligament Theumann et al. (2002c).

Anatomic structure and 
parameter

Mean 
(mm) Range (mm)

Ulnar flexon tendon
Width 8.3 6–12
Thickness 3.2 3–4
Pisohamate ligament
Length 7.3 5–11
Width 6.6 5–10
Width 6.6 5–10
Thickness 6.2 5–10
Pisometacarpal ligament
Length 10.2 7–14
Width 3.3 3–4
Thickness 2.9 2–4

 Clinical Relevance/Implications

Pain and tenderness are common in the palmar 
and ulnar aspects of the wrist in the area of the 
pisiform bone. When chronic, this pain may be 
due to tendinopathy at the insertion site of the 
ulnar flexor tendon, to carpal fractures, or to 
osteoarthritis of the pisotriquetral joint (PTJ). The 
PTJ is the second most common site of osteoar-
thritis in the wrist after the scaphotrapezial joint, 
if the first carpometacarpal joint is excluded. 
Instability of the PTJ is a recognised complication 
of osteoarthritis of this joint. Degenerative 
changes of the PTJ often remain undiagnosed at 
clinical and radiographic evaluation.

 Analysis/Validation of Reference Data

Morphology, attachments and signal characteris-
tics are much more important than measurements 
in order to diagnose extrinsic ligamentous lesions.

 Conclusion

MR imaging and/or MR arthrography allows 
visualisation of all anatomic structures of the 
PTJ. MR arthrography improves visualisation of 
findings related to osteoarthritis.

Fig. 10.57 Pisiform soft tissue attachments. Abductor 
digiti minimi muscle (ADM); Flexor carpi ulnaris tendon 
(FCU);  Pisohamate ligament (PHL); Pisometacarpal liga-
ment  (PML); and Flexor retinaculum (FR)

ADM

FCU

P
M
L

P
H
L

FR
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13.  Scapholunate Interval—MRI

 Definition

The interval at the level of the midpoint between 
the scaphoid and lunate articular surfaces.

 Indication

Scapholunate interval measurements with MRI.

 Indications

Pain and signs suggesting scapholunate dissocia-
tion usually following trauma.

 Technique

MRI—axial and coronal T1 and T2 GE.

 Full Description of Technique (Fig. 10.58)

Scapholunate interval measurements with MRI 
are based on mid-SL joint image from both the 
axial and coronal planes.

 Reproducibility/Variation

The most consistent and narrowest distance 
between the scaphoid and lunate is found at 
midjoint: coronal 1.45  mm (44% coefficient of 
variation) and axial 1.00 mm (22% coefficient of 
variation).

 Clinical Relevance/Implications

Measurement of the apparent SL joint interval in 
an inappropriate site, as with extended or flexed 
clenched fist views, may provide inaccurate SL 
joint interval distance assessments. Regardless of 
SL joint configuration, the midportion of the SL 
joint shows only moderate biologic variation and 
the least absolute measurement variance in width 
and should be the most precise part of the joint to 
measure. On magnetic resonance imaging, the 
normal SL joint interval measures less than 2 mm.

 Analysis/Validation of Reference Data

Many different stress views for the diagnosis of 
scapholunate instability have been described in 
the literature, and as covered in the previous sec-
tions, radiographic assessment is very sensitive 
with these techniques in demonstrating diastasis 
at the scapholunate interface.

 Conclusion

Measurement of the apparent SL joint interval is a 
useful adjunct in the exclusion of scapholunate 
injury besides direct assessment of the status of the 
scapholunate ligament The measurement needs to 
be done at the midpoint of the joint as this carries the 
best precision due to the least biological variation 
and least absolute measurement variance in width at 
this point. Although an interval < 2 mm is expected 
in normal status, stress radiographic views still are 
recommended to exclude dynamic SL instability.

Fig. 10.58 Scapholunate distance measurement on MRI at the midpoint of the joint in coronal and axial planes
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14.  Torsion Angles of Long Bones 
of the Fingers-CT

 Definition

Using CT it is possible to measure the torsion 
angles of the long bones of the fingers.

 Indications

Rotational dislocation at the fracture site is a 
complication of long bone fractures of the meta-
carpals and phalanges. To evaluate such defor-
mities, CT of the articular surfaces of these 
bones is performed to demonstrate the torsion 
angles.

 Technique

CT—The parameters used are 140  kV and 
111 mA, slice thickness 2 mm for the topogram, 
and 140 kV and 111 mA, slice thickness 1 mm 
for the tomogram.

 Full Description of Technique 
(Fig. 10.59)

The torsion of the long bone axes is defined as the 
angle between a tangent positioned parallel to the 
proximal articular surface (or the “baseline” in 
the case of the metacarpal arch) and a tangent 
parallel to the distal articular surface of individ-
ual bones. The “baseline” at the proximal ends of 
the metacarpal bone arch is defined as shown in 
Fig. 10.59b (bottom line).

The dorsal surfaces of the metacarpal heads are 
flat, so that the measurements are performed along 
the dorsal contour as shown in Fig.  10.59b (top 
line).

The phalangeal bones have an oval shape at 
the proximal ends and have tiny condyles at the 
distal ends, so the reference lines are measured 
along the volar margin as shown in Fig. 10.59c, d.

Outward rotation is referred to as supination, 
inward rotation as pronation.

Fig. 10.59a Suggested positioning of a patient 
for measurement.

33

3

a b

c d

Fig. 10.59 Torsion of finger long bones axes. 
Recommended positioning in CT gantry (a). Measurement 
of the torsion angle of the 3rd metacarpal (b) using super-
imposed CT images obtained at the metacarpal baseline 
through the 2nd–5th metacarpals and head of the 3rd 
metacarpal respectively. The angle between the bottom 
baseline and the tangent line to the metacarpal head is the 

torsion angle which is normally 3° supination. 
Measurement of the torsion angle of the 3rd proximal 
phalanx (c) using superimposed CT sections through the 
base and head of the proximal phalanx which is normally 
5° supination. Measurement of the torsion angle of the 3rd 
middle phalanx (d) using superimposed CT images which 
is normally 8° supination
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Fig. 10.59b Measurement of the torsion angle 
of the third metacarpal bone. The angle between 
baseline (bottom line) and the tangent to the 
metacarpal head is 3° supination.

Fig. 10.59c Measurement of the torsion angle 
of the proximal phalanx of the third finger: tor-
sion angle is 5° supination.

Fig. 59d Measurement of torsion angle of the 
middle phalanx of the third finger: torsion angle 
is 8° supination.

 Reproducibility/Variation

When the hand is turned with 10° of ulnar devia-
tion and afterwards in 10° of radial abduction, 
the angles measured vary from 3° (radial abduc-
tion), 8° (neutral position) to 13° (ulnar abduc-
tion). These findings indicate that only true axial 
scans through the base of the metacarpals or the 
joint ends of the finger bones reflect the shape of 
the articular surface. If the bone axis through the 
shaft is not identical to the table axis, the joint 
end is not symmetric as the section passes the 
two tiny condyles at different places. This dem-
onstrates the requirement for exact positioning.

II finger III finger IV finger V finger
Metacarpals p 9°–15° s 2°–7° s 4°–10° s 

7°–17°
Proximal 
phalanges

s 10°–18° s 4°–11° Neutral s 2°–8°

Middle 
phalanges

s 3°–12° s 4°–10° Neutral p 1°–9°

p pronation, s supination Berthold et al. (2001)

 Clinical Relevance/Implications

Rotational dislocation at the fracture site is a 
complication of phalangeal or metacarpal frac-
tures. The consequence of a malrotation is digital 
overlap on closing the hand Orset et al. (1991). 
To treat this deformity, the orthopaedic surgeon 
may perform derotational osteotomies involving 
metacarpal or phalangeal bones.

Side differences in torsion angles exceeding 
3° are strongly suspicious of a malrotation after 
fracture. These measurements might help to plan 
derotational osteotomy and assess the results of 
therapy.

 Analysis/Validation of Reference Data

There are limited validation studies.

 Conclusion

Side differences in torsion angle exceeding 3° are 
strongly suspicious of a malrotation after frac-
ture. These measurements might help the plan-
ning of a derotational osteotomy and assess the 
results of therapy, but there are limited validation 
studies.
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15.  Flexor Tendon-Phalangeal Distance

 Definition

The distance between the flexor tendon and pha-
lanx (TP) is measured at the levels of the A2, A3 
and A4 annular pulleys.

 Indication

Finger pulley injuries most common in sports 
related activity such as elite rock climbers.

 Techniques

The distance can be assessed by MRI or 
US.  Dynamic ultrasound has the advantage of 
assessing the TP distance at rest and during active 
forced flexion of the finger. A high resolution 

transducer is required with a multi-D linear array, 
at least 12 MHz frequency with a gel standoff.

 Full Description of Technique 
(Fig. 10.60)

At dynamic US the transducer is placed on the 
volar aspect and at rest the three TP measure-
ments are made relating to the positions of the A2, 
A3 and A4 pulleys (Fig.  10.60a). This is per-
formed from the metacarpal heads to the distal 
phalanges longitudinally and transversely. This is 
then repeated by asking the patient to forcibly flex 
the injured fingertip against the sonographer’s fin-
ger. The TP distance is assessed at the level of the 
areas of the pulleys. The A2 pulley arises from the 
base of the proximal phalanx and covers a 20 mm 
distance distally towards the PIP joint so measure-
ments need to be done at this location. The A4 TP 

c

b

A1 A2

A3

A4

A5

a

Fig. 10.60 Diagrammatic 
depiction of normal 
A1–A5 pulley 
arrangements (a), and 
the varying degrees of 
bowstringing resulting 
from pulley injuries which 
cause increased flexor 
tendon-phalangeal 
distances (b, c)

J.-L. Drapé and N. Theumann
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distance is measured at the midportion of the mid-
dle phalanx. In the presence of a pulley injury the 
tendon sheath will bowstring away from the pha-
lanx both at rest but in particular during active 
forced flexion. There is a recognised sequence of 
injury to the pulley system whereby the injury 
commences at the distal part of the A2 pulley, then 
escalates from a partial to a complete A2 rupture, 
followed by ruptures of the A3, A4 and rarely the 
A1 pulleys (Fig. 10.60b, c). Injuries therefore can 

be present at one or more of the four pulleys and 
in particular if an A2 pulley lesion is diagnosed 
the measurement needs to be done at the A3 pul-
ley to exclude a combined tear.

The “bowstringing” increasing the TP dis-
tance can also be indirectly measured on sagittal 
MR scans done with the hand in the prone posi-
tion with the fingers first in the extended position 
and then in forced flexion (Figs. 10.60 and 10.61). 
Increased TP distances are seen at the proximal 

Fig. 10.61 Normal flexor 
tendon–phalangeal 
distances seen on sagittal 
MRI sequences at rest 
(top) and on finger stress 
(bottom)
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phalanx in an A2 rupture and at the middle pha-
lanx in an A4 rupture. The longitudinal extent of 
the increased TP distance seen on MR relative to 
the phalanges aids in further differentiation. If 
the bowstringing does not extend proximally to 
reach the base of the proximal phalanx one can 
confidently declare a partial A2 pulley rupture. 
When the bowstringing effect extends proximally 
from the PIP joint beyond the base of the proxi-
mal phalanx one can diagnose a complete rup-
ture. When there is a combined A2 + A3 pulley 

rupture the TP distance is seen to increase from 
the base of the proximal phalanx extending dis-
tally beyond the level of the PIP joint. If the mea-
sured increased TP distance occurs longitudinally 
at the middle phalanx this denotes an A4 pulley 
rupture (Figs. 10.62 and 10.63).

 Reproducibility/Variation

Dynamic US enjoys a high sensitivity in the diag-
nosis of finger pulley injuries using the indirect 

Fig. 10.62 Increased 
flexor tendon–
phalangeal distance seen 
on sagittal (top) and 
axial (bottom) MRI 
images due to pulley 
injury

J.-L. Drapé and N. Theumann
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method of TP distance measurements. Normally 
the TP distance is < 1 mm.

If the TP distance is > 1 mm in the resting 
position it suggests a pulley rupture. The mea-
surements during active forced flexion will 
indicate if this is partial or complete rupture:
A2 <3 mm (partial)

>3 mm (complete)
A2 + A3 <5 mm (partial)

>5 mm (complete)
A4 <2.5 mm (partial)

>2.5 mm (complete)

Other authors have also indicated that the TP 
distance of 2–5 mm in isolated rupture is seen to 
increase from 5 to 8 mm in combined complete 
multiple pulley ruptures.

 Clinical Relevance/Implications

The finger pulley system includes annular liga-
ments (A1–A5) and cruciform ligaments (C1–
C3). The A2 and A4 pulleys are the most important 
as they stabilise the flexor tendons during active 

flexion avoiding bowstringing. The assessment to 
exclude pulley rupture and the extent of injury 
needs to be done in the acute stage for optimal 
outcomes. Surgical procedures need to be done 
early to ensure a good functional return.

 Analysis/Validation of Reference Data

In the cadaveric study by Gabl et al. (1998) a TP 
distance >1 mm was indicative of a pulley injury.

Of the 64 elite rock climbers in Klauser 
et al.’s (2002, 2009) study dynamic US depicted 
16 (100%) complete A2 ruptures, 9 (100%) A4 
complete ruptures, 6 (86%) of 7 surgically 
proven complete A2 and A3 pulley ruptures, and 
15 (100%) of A2 incomplete ruptures. Correlation 
with MRI was also done in this study. The sensi-
tivity was 98% and the specificity 100%.

 Conclusion

Using the indirect TP distance a diagnosis of a 
pulley rupture can be made reliably.

Fig. 10.63 Increased flexor tendon–phalangeal distance measurements due to pulley injury seen by longitudinal and 
transverse US images
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11.1  Introduction

At birth the acetabulum is partly cartilaginous 
with the epiphyseal plate composed of the triradi-
ate cartilage with contributions from the unossi-
fied portions of the ilium, ischium and pubis. The 
hip joint at this stage consists of an entirely carti-
laginous femoral capital epiphysis lying within 
the acetabulum formed by the triradiate cartilage. 
Continued growth, development and ossification 
result in eventual fusion of the bones of the ace-
tabulum. The ossific nucleus of the femoral head 
appears in the early weeks after birth. It is visible 
earlier on ultrasound than on the radiograph. Its 
position within the cartilaginous femoral head 
may be more posterior than usual if there is 
developmental dysplasia present.

In early infancy much of the hip joint is carti-
laginous, and the bone which is present is still 
developing, growing and maturing. As a result 
difficulty can be experienced in identifying the 
correct bony landmarks from which to make 
measurements on the radiograph. This can lead to 
great variability in attempted reproducibility of 
some measurements. Interobserver measure-
ments are more likely to differ significantly than 
intraobserver measurements, and this is particu-
larly important in the paediatric population. 
When performing measurements in the paediatric 
age group, particularly because of continued 
expected interval growth, it is not the value of a 
single measurement that should be interpreted as 
being important and whether it is normal or 
abnormal, but rather the evolving trend that is 
seen when measurements are repeated at regular 
intervals. The ideal situation would be that mea-
surements are also repeated by the same observer 
as far as is possible and even if not, ensuring that 
exactly the same landmarks are used to make the 
measurement. Variability in reproducibility of 
some measurements may be because of difficulty 
in determining, for example, what represents the 
lateral margin of the acetabulum. This in itself 
may be indistinct due to the underlying patho-
logical process for which the measurement is 
required, for example, developmental dysplasia 
of the hip (DDH). Kim specifically addressed this 
point in a study to evaluate the most accurate 

marking point on a plain radiograph when mea-
suring the acetabular index and the centre-edge 
angle (Kim et al. 2000). The position of the hips 
for a particular measurement is important, and 
there must be clarity as to whether the measure-
ment is being made with the hips in the neutral 
position or in a frog lateral position.

Measurements about the pelvis in the paediat-
ric population require close attention to position-
ing of the pelvis ensuring that it is neither rotated 
nor inclined. Even a minor degree of obliquity 
can result in great variability of a measurement. 
Pelvic symmetry needs to be assessed before 
declaring that the radiograph is suitable to embark 
on obtaining the required measurements. As will 
be discussed later in this chapter, the transverse 
diameter of the obturator foramina bilaterally is 
used to confirm a true anteroposterior position. 
The ratio obtained by dividing the right obturator 
measurement by the left one should be 1 with the 
patient in the neutral position. It is still accept-
able if it is in the range of 1.8–0.56 as the mea-
surements will only differ by a maximum of 2° 
(Fig. 11.1). The degree of pelvic inclination can 
also introduce errors in the measured angles. The 
ratio between the vertical distance between the 
symphysis pubis and Hilgenreiner’s line divided 
by the vertical obturator diameter should be in 
the range of 1.2 and 0.75 to ensure reliable accu-
racy of the measurements (Ball and Kommenda 

Fig. 11.1 Hilgenreiner’s line. This is a horizontal line 
which passes through the centre of the triradiate carti-
lages. The obturator index is the ratio between the right 
and left obturator foraminal distance which is one in a 
neutrally positioned AP pelvis

H
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1968) (Fig. 11.2). Others have drawn lines from 
bony landmarks and then allowed for a conver-
sion factor to ensure adequacy of position (Tönnis 
1976). This is dealt with further in the pelvic 
inclination formula/pelvic symmetry sections.

Certain measurements are best made at a par-
ticular stage or age of development, for example, 
the acetabular index is best measured, while the 
triradiate cartilage is still open. This is because 
the measurement depends on Hilgenreiner’s line 
which passes through the triradiate cartilage. The 
acetabular angle however is best measured when 
the triradiate cartilage is closed although it is 
often used in the older child when the cartilage is 
still open. For this measurement the teardrop 
needs to be visible, and this in itself only appears 
at 6–24 months of age and older in cases where 
the hip is dislocated. The centre-edge angle of 
Wiberg is best used after the age of 5 years. This 
is because it can be difficult to ascertain the cen-
tre of the femoral head when much of the head is 
cartilage and still relatively immature.

Most of the commonly used measurements 
will be made from a well-positioned anteroposte-
rior (AP) radiograph. Radiographs are readily 
available and cheap. The time taken for the exam-
ination is brief, and usually an adequate and diag-

nostic radiograph can be obtained. Computed 
tomography (CT) and magnetic resonance imag-
ing (MRI) have been used for some measure-
ments, and there are anecdotal reports in the 
literature concerning these. Such modalities how-
ever are expensive and are not always readily 
available. Radiation dose is relatively high with 
CT, and keeping the child still for the duration of 
an MRI scan can be difficult without resort to use 
of some form of sedation. CT and MRI certainly 
have a role in the diagnosis and management of 
some conditions but would not be advocated for 
routine measurement of parameters which can be 
achieved otherwise by radiographs or by 
ultrasound.

The introduction of ultrasound (US) in the late 
1970s and the work by Graf revolutionised how 
we assess and monitor the paediatric hip particu-
larly in developmental dysplasia. The particular 
advantages of ultrasound in the paediatric popula-
tion include no irradiation and assessment of carti-
laginous structures not visible on radiographs, and 
it is dynamic and allows multiplanar evaluation. 
There is no sedation required (as compared with 
arthrography, CT, etc.), but it is operator depen-
dent (Wientroub and Grill 2000). Measurement of 
Graf’s alpha and beta US angles and assessment of 
femoral head coverage are routinely performed. 
Dynamic ultrasound is considered even more 
important than static evaluation and allows for 
assessment of the stability of the hip (Harcke and 
Grissom 1990). The literature reports variability in 
the degree of reproducibility of measurements but 
again emphasises the importance of serial mea-
surements and evaluation of trend. Measurements 
alone are not everything, and any finding needs to 
be assessed in a clinical context.

There are a wide number of measurements 
referred to in the literature which have not been 
referred to here. Some of these are new measure-
ments, and others are suggested variations of 
already established parameters. Reference here 
has only been made to the more common and 
generally accepted measurements, notwithstand-
ing acknowledgement of other measurements 
used in other practices. The important aspect 
about any measurement and particularly so in the 
paediatric age group where normal growth (or 

H

P

Fig. 11.2 Perkins’ line. This is a vertical line drawn per-
pendicular to Hilgenreiner’s line which passes through the 
lateral margin of the bony acetabulum. The ratio between 
the vertical obturator diameter and the vertical distance 
between the pubic bone and Hilgenreiner’s line should be 
between 1.2 and 0.75 indicating an acceptable pelvic 
inclination range for reliable measurements
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lack of) can be a confounding variable is that the 
significance of a single measurement can be dif-
ficult to interpret and therefore it is valuable to 
obtain serial measurements using standardised 
methods, that the measurer is or has been trained 
how to do it and finally that consistent measurers 
are employed as far as possible. In the child, the 
importance of measuring the contralateral side 
cannot be overemphasised (Song et  al. 2008). 
There is a need to be wary however in that bilat-
eral pathology can occur and to be mindful of this 
in evaluating the measurements together.

Certain lines drawn on the radiograph, 
between fixed points, act as reference lines rela-
tive to anatomical structures. Displacement of 
such structures can therefore be ascertained, and 
a radiographic diagnosis made. Interpretation of 
the radiograph is potentially more difficult prior 
to appearance of the femoral ossification centre. 
The ossification centres are not fixed in the time 
of their appearance. A very early ossification cen-
tre may be visible on ultrasound (prior to its visu-
alisation on the radiograph) as early as 3–4 weeks 
after birth. However, it may not be radiographi-
cally apparent for several months. The position 
of the ossification centre within the femoral 
capital epiphysis is also variable. Although in the 
entirely normal child, it usually occurs centrally 
within the epiphysis, it often appears in the more 
posterior aspect of the epiphysis particularly in 
those with a history of developmental dyspla-
sia. Shenton’s line, Hilgenreiner’s line, Perkins’ 

line and Z line are all common references on the 
radiograph and are detailed below.

The sourcil is a curved area of dense bone on 
the superior weight-bearing surface of the acetab-
ulum. In a normal hip, the sourcil is uniformly 
thick and semilunar in shape with a horizontal or 
downward orientation. In the dysplastic hip, the 
sourcil is directed upwards (Kim et al. 2000). In 
childhood the sourcil may be difficult to appreci-
ate due to much of the acetabulum being carti-
laginous. If the pelvis is in any way rotated and in 
any event in hip dysplasia, the lateral bony mar-
gin and the sourcil may be difficult to define due 
to overlapping shadows and poor definition of the 
lateral bony margin of the acetabulum.

Not all measurements of the paediatric hip 
are related to developmental dysplasia. Most 
measurements however are related in some way 
to bony development. The acetabular angle and 
the alpha and beta angles are clearly related to 
developmental dysplasia. The iliac angle and 
iliac index are related to the shape of the ilium, 
alteration of which may be associated with some 
conditions such as Down’s syndrome. Certain 
anatomical features are clearly associated with 
certain conditions, such as teardrop distance and 
Perthes disease. Although such measurements 
are not made routinely, when an abnormality 
has been identified, measurement of such a fea-
ture is a useful way of following the condition 
and evaluating development following appropri-
ate treatment.
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11.2  Lines in Paediatric Hip 
Measurement

The acetabulum is composed of the ilium, the 
ischium and the pubis. The junction of the three 
bones in the floor of the acetabulum is cartilagi-
nous and known as the triradiate cartilage. The 
ossification centre of the femoral head becomes 
visible on radiographs between the second and 
eighth months of life. A number of lines have 
been identified about the pelvis and hips to assist 
with evaluation of the location of the unossified 
femoral head and also to assess the degree of 
acetabular coverage. These lines are drawn on the 
AP view of the pelvis and include the following.

 Hilgenreiner’s Line

Is a horizontal line which passes through the cen-
tre of the triradiate cartilages (Hilgenreiner 1925) 
(Fig. 11.1).

 Perkins’ Line

Is a vertical line drawn perpendicular to 
Hilgenreiner’s line and is drawn at the lateral 
margin of the bony acetabulum (Perkins 1928) 
(Fig.  11.2). The intersection of Hilgenreiner’s 
and Perkins’ lines divides the hip into four quad-
rants. The femoral ossific nucleus, if present, or if 
not, the medial margin of the metaphysis, should 
lie within the inner lower quadrant if the hip is 
normal. The typical dislocated hip will lie in the 
upper outer quadrant.

 Shenton’s Line

Is an arc drawn between the medial border of the 
femoral neck and the superior margin of the 
obturator foramen (Shenton 1911) (Fig. 11.3). In 
the normal hip, this is a smooth continuous unin-
terrupted line. In the dislocated hip with superior 
migration of the femoral head, the line is 
interrupted.

 Z Line

Is an oblique line drawn across the hip joint con-
necting the lateral edge of the acetabular rim to 
the metaphyseal beak of the proximal femoral 

Fig. 11.3 Shenton’s line. An arc drawn between the 
medial border of the right femoral neck and the superior 
margin of the obturator foramen should normally be 
smooth and continuous. The Z line should normally pass 
through the ossification centre of the femoral epiphysis 
(Z) and forms the beta angle with a line running along the 
femoral metaphysis

Beta angleZ
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metaphysis medially. The line should pass 
through the centre of the ossified portion of the 
femoral epiphysis (Fig. 11.3).

 Beta Angle of Zsernaviczky and Turk

Is formed between the femoral metaphysis and 
the edge of the acetabulum. A line is drawn along 
the proximal metaphysis of the femur and allowed 
to intersect the Z line (connecting the lateral edge 
of the acetabulum and the medial edge of the femo-
ral metaphysis) (Figs. 11.3 and 11.4) (Zsernaviczky 
and Turk 1975).
Normal angle is 50–56° and abnormal is >56°.

Fig. 11.4 Beta angle measured on AP radiograph
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11.3  Pelvic Tilt, Inclination 
Formula and Pelvic 
Symmetry

 Definition

Pelvic tilt (δ) is defined as the angle between a 
horizontal line and a line connecting the upper 
border of the symphysis with the sacral promon-
tory (PS-SP line) (Fig. 11.5). A simple formula 
which is also used in adults is able to assess the 
pelvic tilt from AP radiographs.
Pelvic symmetry is the measurement to assess 
symmetry of the pelvis after proper radiographic 
positioning.

 Indications

With increasing age the pelvis inclines posteri-
orly, whereas variations exist in the same subjects 
depending on the body position. When quantify-
ing follow-up radiographs for any hip disorders, 
it is important to assess the pelvic inclination 

which is measured on the lateral radiograph. 
Obtaining the measurement of inclination from 
AP radiographs reduces significantly the radia-
tion burden.

The symmetry of the pelvis should be con-
firmed before performing follow-up evaluations.

 Technique

Radiography: AP radiograph.

 Full Description of Technique

 Formula for Pelvic Inclination
A formula has been described to assess the pelvic 
tilt from AP radiographs.

The pelvic foramen distance (D) is defined as 
the distance between the midpoint of the inferior 
margins of the bilateral sacroiliac joints and the 
superior margin of the pubic symphysis on a lat-
eral radiograph. The pelvic inclination angle (θ) 
is defined as the angle between a horizontal line 
and line D on a lateral radiograph. This allows 
conversion of the pelvic foramen height on AP 
radiographs to the pelvic inclination angle, using 
a mathematic formula (Kitajima et al. 2006).

The formula is θ = arcsin (H/165 or H/157 for 
women and men, respectively) where θ is the 
inclination angle and H the distance between the 
midpoint of the line that connects the inferior 
margins of the bilateral sacroiliac joints and the 
superior margin of the pubic symphysis on an AP 
radiograph (Fig. 11.6).

 Indicators of Pelvic Symmetry
Quotient of pelvic rotation (Tönnis’ obturator 
foramen index). This measurement evaluates the 
pelvic position in the horizontal plane. It is the 
ratio of the maximum horizontal width of the 
obturator foramen of the right side and that of the 
left (‘QR’ and ‘QL’). In neutral rotation the ratio 
is 1 but is considered to be acceptable when it is 
between 0.56 (pelvis turned to the right) and 1.8 
(pelvis turned to the left). Within the range above, 
the measured angles do not differ by more than 2° 
(Fig. 11.7).Fig. 11.5 The PS-SP line and pelvic tilt angle

d

Promontory

Symphysis

PS-SP line
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Symphysis-ischium angle. This evaluates the 
pelvic position in the sagittal plane and is formed 
by two lines which are tangential to the highest 
point on each ischium and which meet at the 
point of the symphysis that projects farthest into 

the pelvic aperture (‘S’) (Fig. 11.7). The range of 
normal values is from 90° to 135° and is related 
to the infant’s age.

Pelvic tilt index. This also assesses the pelvic 
position in the sagittal plane and is the ratio 
between the vertical diameter of the obturator 
foramen and the distance between the upper brim 
of the symphysis pubis and Hilgenreiner’s Y-line 
(‘R’ and ‘T’). With the pelvis normally positioned, 
the ratio is between 0.75 and 1.2 (Fig. 11.7).

 Reproducibility/Variation

The reliability of the obturator index increases 
with age. Quotient for pelvic rotation and pelvic 
tilt index is less accurate before the ossification 
appearance of the ischiopubic synchondrosis. 
Ηigh inter- and intraobserver variability exists 
for the pelvic inclination  formula. The quotient of 
pelvic rotation becomes accurate after 7 months 
of age. The symphysis-ischium angle is useful up 

Fig. 11.6 Pelvic inclination formula to assess pelvic tilt from AP radiograph
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Fig. 11.7 Pelvic symmetry/tilt assessment utilising the 
obturator index (QR/QL), symphysis-ischium angle (S) 
and pelvic tilt index (R/T)
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to the second year of life, but after this the pelvic 
tilt index becomes more reliable.

 Clinical Relevance/Implications

The pelvic position influences the anteroposterior 
ratio of acetabular coverage in both the paediatric 
and adult age groups (Katada and Ando 1984, 
Siebenrock et al. 2003). In the adult it is relevant 
in the development of coxarthrosis and the orien-
tation of the acetabular component in total hip 
arthroplasty.

The pelvis tends to incline posteriorly with age-
ing, whereas significant changes occur in the orien-
tation of the pelvis during daily activities. 
Therefore, the assessment of the pelvic  inclination 
is important for comparing follow-up radiographs.

On the AP radiograph of the hip, the pelvis 
does not show excessive inclination in the sagittal 
plane, if the tip of the coccyx is centred over the 
pubic symphysis within a distance of 2 cm or less 
from the latter. If the distance is longer, then a 
correction for the pelvic inclination has to be 
done when evaluating various measurements in 
follow-up radiographs.
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11.4  Acetabular Index (AI) Angle

 Definition

This is the angle between an oblique line drawn 
from the most lateral edge of the bony acetabular 
roof to the centre point of the triradiate cartilage 
and Hilgenreiner’s line (Fig. 11.8). The AI is used 
to evaluate the orientation of the acetabular roof 
in the coronal plane and the superior lateral cov-
erage of the femoral head.

Normal values (male measurements 2° larger 
than female):

Newborn 27.5° (±4.9)
< 6 months 22.8° (±3.6)
1 year 20.8° (±3.9)
2 years 19.8° (±4.3)
2–3 years 18°
3–7 years 14.5°
7–15 years 10°

Abnormal  >  35° suggests acetabular 
dysplasia.

 Indication

It is used to follow the radiographic development 
of the acetabulum in children with developmental 
dysplasia of the hip (DDH) and to determine the 
need for subsequent surgery. Along with the beta 

angle measurement, the AI evaluates the need for 
pelvic osteotomies in those children with primary 
acetabular dysplasia or acetabular dysplasia 
resulting from a dislocated hip.

 Technique

Radiography: AP radiograph of the pelvis cen-
tred 1 cm superior to the symphysis pubis.

 Full Description of Technique

On an anteroposterior (AP) radiograph of the pel-
vis, a horizontal line is drawn between the centre 
of the two triradiate cartilages (Hilgenreiner’s 
line). A line is drawn from the most lateral edge 
of the bony acetabular roof to the centre point of 
the triradiate cartilage. The acetabular index is 
formed at the intersection of these two lines.

 Reproducibility/Variation

The AI is reproducible in all age groups. In chil-
dren under 2  years of age, using a 95% confi-
dence interval definition, a 4% change in AI is 
required before the observer can be certain that a 
true change has occurred in acetabular develop-
ment. Other observers reported that a difference 
of less than 12° on successive radiographs should 
be interpreted with caution. Several studies have 
indicated that the AI is one of the most reliable 
and readily reproducible measurements related to 
assessment of developmental dysplasia in the 
child (Broughton et  al. 1989; Kay et  al. 1997; 
Spatz et al. 1997; Skaggs et al. 1998; Tan et al. 
2001). Tan’s study showed no significant interob-
server or intraobserver difference between 
observers working in the same clinic.

 Clinical Relevance/Implications

In the normal newborn, the AI averages 27.5° and 
decreases to approximately 20° by age 2  years 
(see normal values above). In the newborn with 

Fig. 11.8 Acetabular index. The angle between a line 
drawn from the most lateral edge of the bony acetabular 
roof to the centre point of the triradiate cartilage, intersect-
ing Hilgenreiner’s line

Acetabular
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clinical evidence of DDH, a normal radiograph 
does not exclude the presence of instability. The 
age at which the radiological diagnosis can be 
established is near the upper limit of the age for 
successful treatment of hip dysplasia using the 
Pavlik harness. In addition, the radiation exposure 
(about 20 uGy) is not negligible, particularly 
when radiographs have to be repeated. For all the 
above reasons, ultrasonography has replaced in 
general the AP radiograph for screening DDH.

 Analysis/Validation of Reference Data

All of the above studies were performed in 
children as opposed to a mixed adult-child 

population as is often found in studies on 
developmental dysplasia. This in itself lends 
more weight to the validity of the reproducibil-
ity of data as difficulties can be encountered 
with some other measurements due to lack of 
ossification. Tan (2001) emphasises the impor-
tance of positioning of the child for the radio-
graph avoiding rotation, and this point is also 
addressed by Boniforti et al. (1997).

 Conclusion

The AI is a readily reproducible and reliable mea-
surement in assessment of the dysplastic hip and 
its response to treatment.
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11.5  Acetabular Angle

 Definition

The acetabular angle was first described by Sharp 
in 1961. Sharp’s angle is defined between the 
teardrop line and a line to the lateral acetabulum. 
It measures the slope of the acetabulum and has 
classically been used when the triradiate cartilage 
is closed.

Normal Abnormal
<10 years <45° <10 years >45°
>10 years <40 >10 years >40°

At puberty the normal acetabular angle is 
within 33–38° range.

The greater the abnormal angle, the more 
severe the dysplasia.

 Indication

The acetabular angle is used in the follow-up of 
developmental dysplasia of the hip to assess 

treatment when the triradiate cartilage is closed 
(see “Adult Hip” section). It can also be used 
when the triradiate cartilage is open although dif-
ficulty may be experienced with the measure-
ment (see below).

 Techniques

Radiography: AP radiograph of pelvis centred 
approximately 1  cm above the symphysis 
pubis.

 Full Description of Technique

On an AP radiograph, a horizontal line is drawn 
connecting the inferior most aspect of the tear-
drops on each side. A second line is then drawn 
on each side connecting the most lateral edge of 
the bony roof of the acetabulum to the inferior 
aspect of the teardrop figure. The acetabular 
angle is formed at the intersection of these two 
lines (Fig. 11.9).

Fig. 11.9 Acetabular angle. This measures the slope of the acetabulum—diagram (a) and on radiograph (b). It is an 
uncommonly used measurement in the paediatric population

Acetabular
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 Reproducibility/Variation

Carney et al. (2005) indicates that few studies in 
the literature have addressed the reliability of the 
acetabular angle (in the child). Agus et al. (2002) 
analysed two methods. In the classic method, 
which was also used by Carney et al. (2005) the 
angle was measured from the inferior tip of the 
teardrop to the lateral edge of the bony acetabular 
roof. In the modified method, the angle was mea-
sured from the inferior tip of the teardrop to the 
most lateral portion of the subchondral bone con-
densation (the lateral aspect of the sourcil). In 
Carney’s study the mean acetabular angle was in 
the abnormal range. They concluded that this was 
probably because normal acetabular angle values 
have been reported for patients with closed trira-
diate cartilages only, whereas their study was in 
children and hence with open triradiate carti-
lages. It is highly reproducible if applied after the 
age of 8. Carney et al. found that both the interob-
server and intraobserver reliability of the mea-
surement was good but would not recommend 
using it in preference to the acetabular index. Tan 
et al. (2001) found this angle reliable in intraob-
server comparisons but not in interobserver 
comparisons.

 Clinical Relevance/Implications

It has been put forward as another measurement in 
the assessment of developmental dysplasia and 
monitoring response to treatment but has not found 
universal acceptance in those with open triradiate 
cartilage often because of difficulty in readily 
identifying the inferior most tip of the teardrop on 
which an accurate measurement is dependent 
(Tan et al. 2001). It is also noteworthy that the tear-
drop does not appear on the radiograph until 
between 6 and 24 months and hence this measure-
ment is difficult to perform in the very young.

 Analysis/Validation of Reference Data

Little reference data on this measurement in the 
growing hip.

 Conclusion

Uncommonly used measurement in the paediat-
ric population.
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11.6  The Iliac Angle and the Iliac 
Index

 Definition

The iliac angle is a measure of the slope of the lat-
eral margin of the iliac bone. The iliac index is the 
sum of both the AI and Iliac angles divided by two.

Normal iliac 
angle

55° 
(44–66)

Abnormal iliac 
angle

44° 
(30–56)

Normal 
index

> 78° 
(65–97)

Abnormal 
index

< 60° 
(49–78)

 Indication

It may be an indicator of underlying chromo-
somal abnormality (Caffey and Ross 1958; Astley 
1963).

 Techniques

Radiography: AP radiograph of pelvis.

 Full Description of Technique

On the AP radiograph, the iliac angle is formed 
between Hilgenreiner’s line and an oblique line 
joining two points of the ilium, that is, the most 
lateral point of the iliac wing above and the 
supero-lateral margin of the ossified acetabulum 
(Fig. 11.10).

The iliac index is a combination of the iliac 
angle and the acetabular angle of the growing 
hip (the acetabular angle of the growing hip 
being equivalent to the acetabular index). The 

iliac index is the sum of both the iliac angles and 
acetabular values bilaterally divided by 2 
(Fig. 11.11). 

 Reproducibility/Variation

Few studies are available on reproducibility of 
this measurement.

Fig. 11.10 Iliac angle. This a measure of the slope of the 
lateral margin of the iliac bone

Fig. 11.11 AP pelvic radiograph. The iliac index is the 
sum of both the AI and iliac angles bilaterally divided by 2
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 Clinical Relevance/Implications

Astley studied 106 normal children from 0 to 
8  years and 34 children in whom there was a 
clinical question of Down’s syndrome. If the 
iliac index was less than 60, Down’s syndrome 
was considered very possible. If the index mea-
sured more than 78, the child was probably 
normal.

With the advent of ultrasound and more 
sophisticated imaging methods, for assessment 
of Down’s syndrome and other chromosomal dis-
orders, and of course the advances in chromo-
somal analysis, the significance of this index has 
reduced.

 Analysis/Validation of Reference Data

The iliac index, depending on its value, is poten-
tially a contributory finding in chromosomal dis-
orders, but no value is diagnostic.

 Conclusion

Prenatal diagnosis of many chromosomal disor-
ders can now be made, and postnatal chromo-
somal analysis obviates the need to use this index 
for assistance with diagnosis. However, it may be 
an additional observational finding in such 
conditions.
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11.7  Alpha Angle (Graf US Angle)

The Graf angles are drawn relative to the iliac 
line, acetabular roof and labrum, in the true coro-
nal plane.

 Definition

The alpha angle is indicative of the slope of the 
bony acetabulum. This angle is a measure of the 
depth of the acetabulum and is an indicator of 
acetabular coverage as determined on ultrasound 
using the method of Graf (1980, 1984, 1987).

Normal Abnormal
>60° <50°

 Indication

Evaluation of developmental hip dysplasia in 
newborns with clinical suspicion of instability. 
Most agree that in the presence of risk factors, 
US examination is best performed when an 
infant is 4–6  weeks old. Risk factors include 
mainly breech presentation, positive family his-
tory and oligohydramnios, talipes, arthrogrypo-
sis, spinal dysraphism, generalised ligamentous 
laxity, twins and postnatal saddling. The clini-
cally unstable hip must be examined at 1–2 weeks 
of age. Infants with clinically stable hips pre-
senting with a click should be examined at 
2–4 weeks of age.

 Techniques

Ultrasound: Coronal image of the hip.

 Full Description of Technique

The high-frequency linear transducer should be 
placed on the lateral aspect of the hip joint while 
the infant is placed in the lateral decubitus posi-
tion with the thigh flexed by 20° and slightly 

internally rotated. A coronal image of the hip is 
obtained by scanning longitudinally from this lat-
eral approach so that the line of the ilium is paral-
lel to the transducer. The true coronal plane 
shows both the femoral head and the deepest por-
tion of the acetabulum. The basic line is drawn 
parallel to the straight lateral margin of the ilium.

The alpha angle is the angle between a line 
extended from the lateral line of the ilium (the 
iliac line) and a line tangent to the bony acetabu-
lar roof (Fig. 11.12).

 Reproducibility/Variation

Dias et  al. (1993) evaluated interobserver and 
intraobserver agreement with respect to interpre-
tation of static images and found that the alpha 
angle had only a fair degree of reproducibility in 
both inter- and intraobserver comparisons. The 
range of interobserver measurements of the beta 
angle was much wider than the intraobserver 
range. Cheng et al. (1994) found the alpha angle 
to be the most reliable of the static measure-
ments. Bar-On et al. (1998) found intraobserver 
reproducibility to be good but interobserver 
agreement only moderate. Rosendahl et  al. 
(1995) found high intraobserver agreement in 
morphology on a static scan, whereas interob-
server agreement was moderate. However, there 
was moderate interobserver agreement in 
 determining hip stability. It was found that 

Fig. 11.12 The alpha angle, measured on ultrasound, is 
indicative of the slope of the bony acetabulum and is a 
measure of the depth of the acetabulum

α
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interobserver and intraobserver agreement in 
reproducing the scans was poorer than for inter-
preting them. They emphasise the need for sub-
stantial training and close attention to detail in 
order to obtain high interobserver agreement. 
Simon et al. (2004) found a high variability of the 
alpha and beta angles between observers for the 
same sonogram.

 Clinical Relevance/Implications

US is the most widely used method for confirm-
ing a clinically suspected DDH and is the pri-
mary imaging technique for diagnosis and its 
follow-up. US alone cannot be considered a more 
reliable tool compared with physical examina-
tion. The surgical treatment rate did not decrease 
significantly in newborns screened with US com-
pared to those who had clinical examination 
alone, but the non-surgical treatment rate was 
almost double in the US-screened group suggest-
ing variable reliability.

The Graf classification is related to both the 
alpha and the beta angle. The alpha angle should 
be 60° or more. An angle <50° implies deficient 
development of the acetabulum at any age. A 
shallow acetabulum (between 50°and 60°) in a 
baby less than 3  months may simply reflect 

physiological immaturity (Graf type IIa) (Graf 
1984; Millis and Share 1992; Gerscovich 1997a, 
b) but needs to be followed up to ensure normal 
development. A persistently shallow acetabulum 
after 3 months of age is abnormal. Quantitative 
measurements at one point in time are clearly 
important, but equally or even more important 
are the serial changes over time. Calculation of 
the alpha (or beta) angle cannot be made if the 
femoral head is dislocated anteriorly or posteri-
orly as the femoral head and the standard plane 
of the acetabulum are not visualised together 
(Fig. 11.13).

 Analysis/Validation of Reference Data

There is wide variability in the degree of 
interobserver and to a degree of intraobserver 
reproducibility. Of the studies reviewed, no 
major misdiagnoses were made, and the impor-
tant thing is that trends were identified correctly 
even if there was variability in actual figures 
measured. The diagnostic accuracy of US imag-
ing for DDH in the screening population has not 
been investigated thoroughly (Roposch et al 
2006). There is not sufficient evidence to sup-
port or reject a general US screening of new-
borns for DDH.

a

b

Fig. 11.13 US images done in the true coronal plane for calculating Graf’s alpha and beta angles
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 Conclusion

Ultrasound is a satisfactory method for the diag-
nostic evaluation of hip dysplasia and is espe-
cially valuable if done on a serial basis to monitor 
improvement and response to treatment. Close 

attention to detail is necessary together with a 
good basic training in the application and  frequent 
use to maintain skills. It is not yet clear if DDH 
detected by screening US is clinically relevant. 
Further studies on the best strategy for US screen-
ing are needed.
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11.8  Beta Angle (Graf US)

 Definition

The beta angle is the angle formed between a line 
drawn tangent to the lateral aspect of the femoral 
head and the iliac line (Fig. 11.14). It is indicative 
of the degree of fibrocartilaginous roof coverage 
through the labrum.

Normal Immature Abnormal
<55° 55°–77° >77°

An increased beta angle indicates superior 
femoral head displacement and is used in sub-
classifying the dysplasia.

 Indication

Used in the assessment of developmental dyspla-
sia of the hip.

 Techniques

Ultrasound: Coronal image of the hip.

 Full Description of Technique

A coronal image of the hip is obtained by scan-
ning longitudinally from a lateral approach so 
that the line of the ilium is parallel to the trans-

ducer. The true coronal plane shows the femoral 
head and the deepest portion of the 
acetabulum.

The beta angle is the angle between the iliac 
line and a line tangent to the lateral aspect of the 
femoral head. In practice, the beta angle is not as 
frequently used as the alpha angle and the percent 
coverage of the femoral head (Millis and Share 
1992).

 Reproducibility/Variation

See under Sect. 11.7.

 Clinical Relevance/Implications

It is normal when <55°. An angle >77° is usu-
ally associated with subluxation and labral dis-
placement. A value between 55°and 77° is 
associated with an immature hip. The beta angle 
together with the alpha angle contributes to the 
Graf classification of hip morphology and ace-
tabular development (Graf 1984; Gerscovich 
1997a, b).

 Analysis/Validation of Reference Data

The beta angle is not as reproducible as the alpha 
angle. In the different studies, it is not used as 
much as the alpha angle.

 Conclusion

The beta angle is not used to the same degree in 
analytical studies and during ultrasound assess-
ment. It is probably more usual that the alpha 
angle or femoral head coverage will be measured. 
A full assessment will of course include this 
measurement.

β

Fig. 11.14 The beta angle, as measured on ultrasound, is 
indicative of the degree of cartilaginous roof coverage
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11.9  Acetabular Coverage 
of the Femoral Head (US)

 Definition

The relative percentage of coverage of the femo-
ral head by the bony acetabulum (Morin et  al. 
1985).

Normal Abnormal
50–58% coverage <33% coverage

 Indication

Assessment of developmental dysplasia of the 
hip.

 Technique

Ultrasound: Coronal view—longitudinal scan 
from lateral approach.

 Full Description of Technique

The US transducer is positioned on the lateral 
aspect of the flexed hip with the plane parallel to 
the long axis of the body and parallel to the line of 
the ilium. A coronal image of the hip is obtained 
by scanning longitudinally from a lateral approach 
so that the line of the ilium is parallel to the trans-
ducer. The true coronal plane shows the femoral 
head and the deepest portion of the acetabulum. 
The sonographic acetabular coverage of the femo-
ral head is expressed as the percentage of femoral 
head coverage which is the depth between the 
iliac line and the medial aspect of the femoral 
head divided by the maximum diameter of the 
femoral head  ×  100 (Morin et  al. 1985) 
(Fig.  11.15). The technique was introduced by 
Morin and further developed by Terjeson et  al. 
(1989). It is based on the same principle as the 
radiographic migration percentage (MP) 
(Gerscovich 1997a, b). Values are not related to 
the patient’s age.

 Reproducibility/Variation

A study in 1994 (Holen et al. 1994) demonstrated 
moderate interobserver variation in evaluation of 
the femoral head coverage. The 95% confidence 
limit (±2 SDs) was ±8%. A study by Falliner in 
2006 to determine the reproducibility of ultra-
sound measurements using the methods of Graf 
and Terjesen was done. This showed a mean 
alpha angle of 62.4° and mean femoral head cov-
erage (FHC) of 55.4%. Statistical analysis 
showed almost equal reproducibility for alpha 
angle and FHC in the interobserver test but better 
repeatability for Graf’s method (alpha angle) in 
the intraobserver test.

 Clinical Relevance/Implications

There is varied opinion about what is normal. 
Holen et al. (1994) suggested that femoral head 
coverage of more than 50% should be considered 
normal. This is in agreement with Millis and 
Share (1992). However, Morin et al. (1985) sug-
gested 58% or more femoral head coverage to be 
normal, while 33% is an absolute indicator of 
dysplasia. Terjesen (1996) also found this to be a 
rapid and reliable technique for the evaluation of 
hips in children under 2 years.

Fig. 11.15 The acetabular coverage of the femoral head 
as measured on ultrasound is the relative percentage of 
coverage of the femoral head by the bony acetabulum
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 Analysis/Validation of Reference Data

Morin devised this method of assessment as an 
alternative method to the Graf technique as some 
people may find it easier.

 Conclusion

Reproducible and considered by some easier to 
use than alpha and beta measurements in the 
assessment of developmental dysplasia of the 
hip.
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11.10  Femoral Head Displacement 
in DDH (Yamamuro’s 
Distances and Smith’s 
Ratios)

 Definition

Measurements of the lateral and superior dis-
placement of the femoral head.

 Indications

Developmental dysplasia of the hip.

 Technique

Radiography: AP radiograph.

 Full Description of Technique

A series of measurements produce the 
Yamamuro’s distances and Smith’s ratios to 
assess displacement (Yamamuro and Chene 
1975, Smith et al 1968).

 Linear Measurements of Superior 
Femoral Displacement

Normal Values
Yamamuro-A distance. This is the distance in 
mm between the middle point of the proximal 
femoral metaphysis and the Hilgenreiner’s or 
Y-Y line. The range of normal values for infants 
of 1 month to 4 years of age is 7–14 mm.

Hilgenreiner-H distance. This is the distance 
between the highest point of the proximal femo-
ral metaphysis and the Y-Y line. The normal 
value is 8–10 mm.

h/b ratio. This is the ratio of the distance 
between the highest point of the femoral metaph-
ysis and the Y-line and the distance between 
Perkins’ line and a parallel line passing through 
the centre of the sacrum. The normal value for 
infants of 2–5 years of age is 0.10–0.20.

Abnormal Values
h/b ratio: 0 to − 7.

 Linear Measurements of Lateral 
Femoral Displacement

Normal Values
Yamamuro-B distance. This is the distance in 
mm between the middle point of the proximal 
femoral metaphysis and a line, perpendicular to 
the Y-line, which passes through the lateral edge 
of the ischium. The normal value for children of 
1 month to 4 years of age is 5–12 mm.

Hilgenreiner-D distance. This is the distance 
in mm between the inferior bony margin of the 
ilium and the projection on the Y-line of the high-

YY

Smiths Ratios (h/b,c/b)
Yamamuro’s Distances

D

B
AH

b

c

h

Fig. 11.16 Yamamuro’s distances and Smith’s ratio for 
linear (superior/lateral) displacement of the femoral head
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est point of the proximal femoral metaphysis. 
Normal value is 14–16 mm.

c/b ratio. This is the ratio of the distance between 
the medial beak of the proximal femoral metaphysis 
and the centre line and the distance between Perkins’ 
line and the centre line. The normal value for infants 
of 2–5 years of age is 0.60–0.85.

Abnormal Values
c/b ratio > 0.9.

 Reproducibility/Variation

Yamamuro’s measurements for linear displace-
ment of the femoral head are accurate and less 
influenced by femoral rotation.

Smith’s ratios are reliable. The use of a ratio 
reduces the effects of magnification.

 Clinical Relevance/Implications

The measurements are useful to follow patients 
with DDH during treatment for normal develop-
ment of the acetabulum (Fig. 11.16).

 Conclusion

The measurements are a reliable indicator with 
an accurate performance rating between different 
observers.
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11.11  Migration Percentage (MP) 
(Reimer’s Index)

 Definition

This was introduced by Mercer Rang in 1975 
(Reimers 1980, Gerscovich 1997a, b). This indi-
cates the percentage of the femoral head that is 
located lateral to the lateral edge of the acetabu-
lum, i.e. lateral to Perkins’ line. It is based on the 
same principle as the acetabular coverage of the 
femoral head as measured with ultrasound but 
essentially is measured as the percentage ‘uncov-
ered’ femoral head. The remaining percentage 
represents the percentage femoral head coverage.

Normal < 3 years 0%
3–14 years 12% (0–20%)

Subluxation 33–100%

 Indication

Reimer’s index is used to determine the extent of 
subluxation of the hip in children with spasticity. 
It measures the degree of lateral acetabular defi-
ciency. The migration percentage is also used in 
the assessment of subluxation/lateralisation in 
developmental dysplasia.

 Techniques

Radiography: AP radiograph.

 Full Description of Technique

On an AP radiograph, the migration percentage is 
defined by d/D × 100%, where d is the distance 
from the lateral aspect of the femoral head to 
Perkins’ line divided by D, the diameter of the 

femoral head parallel to Hilgenreiner’s line 
(Gerscovich 1997a, b) (Fig. 11.17).

 Reproducibility

Faraj et al. (2004) reporting on inter- and intra- 
measurer error in the assessment of Reimer’s 
(1980) hip migration percentage found no statis-
tical difference between the intra-sessional 
median absolute differences but found inter- 
measurer errors which may be clinically unac-
ceptable. The two measurers however only had 
6  months paediatric orthopaedic experience 
which may have contributed to the relatively sub-
optimal results.

 Clinical Relevance

A migration index of more than 20% is consid-
ered to be abnormal (Moberg et  al. 1999). 
Gerscovich states that normal values for children 

Fig. 11.17 The migration percentage (Reimer’s index) 
indicates the percentage of the femoral head that is located 
lateral to the lateral edge of the acetabulum
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less than 3 years old should be zero and for older 
children 12% (range 0–22%) (1997a, b).

 Analysis/Validity of References

Parrott et al. (2002) believed that the results are 
acceptable in clinical practice provided treatment 
decisions are based on a series of radiographs 

taken at 6 month intervals, methods and training 
are standardised and consistent raters are used.

 Conclusion

A valuable and useful measurement in follow-up of 
patients both pre- and postsurgical intervention.
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11.12  Femoral Head Coverage

 Definition

This is determined by calculating the percentage 
of the femoral head medial to Perkins’ line in 
relation to the width of the femoral head parallel 
to Hilgenreiner’s line (Wiig 2002) (Fig. 11.18). It 
was described by Heyman and Herndon in 1950 
as the acetabulum-head quotient. It is based on 
the same principle as the acetabular coverage of 
the femoral head as measured with ultrasound.

Normal Abnormal
70–80% <70%

 Indication

It is useful in the assessment of the hip in Perthes 
disease and also in the assessment of femoral 
head coverage in hip dysplasia.

 Technique

Radiography: AP radiograph.

 Full Description of Technique

On an AP radiograph, the femoral head coverage 
is the width of the femoral head medial to 
Perkins’ line divided by the width of the femoral 
head × 100 (Fig. 11.18).

 Reproducibility

Femoral head coverage radiographically shows 
small interobserver variability, and there is even 
less variability when examiners are experienced. 

It is probably more reliable than the centre-edge 
angle for inexperienced examiners (Wiig 2002).

 Clinical Relevance

The lower normal limit of femoral head coverage 
is 80% as shown by Wiig (2002), but Heyman 
and Herndon (1950) reported 70% in normal 
hips.

 Validity of References

A relatively reliable and reproducible measure-
ment for assessing femoral head coverage and 
containment.

 Conclusion

Some assessors find this to be an easier measure-
ment to perform than the centre-edge angle.

Fig. 11.18 The femoral head coverage as measured on a 
radiograph

P. N. M. Tyrrell et al.



445

11.13  The Centre-Edge Angle 
(Wiberg’s Angle)

 Definition

The centre-edge angle of Wiberg (1939) is the 
angle between a line drawn from the centre of the 
femoral head to the supero-lateral ossified mar-
gin of the acetabulum and a line drawn from the 
centre of the femoral head perpendicular to 
Hilgenreiner’s line joining the triradiate carti-
lages of the acetabula (Fig. 11.19).

Normal < 5 years Unreliable
5–8 years > 20°
9–12 years > 25°
13–16 years 26°–30°

 Indication

Assessment of developmental dysplasia of the 
hip and other situations where knowledge of ace-
tabular depth is required.

 Technique

Radiography: AP radiograph of pelvis.

 Full Description of Technique

On a well-positioned pelvic radiograph, 
Hilgenreiner’s line (a horizontal line joining the 
triradiate cartilages of both acetabula) is drawn. 
The centre of the femoral head is determined, and 
from this two lines are drawn—one to the lateral 
bony edge of the acetabulum and one perpendic-
ular to Hilgenreiner’s line. The angle formed 
between these two lines is the centre-edge angle.

 Reproducibility/Variation

In Tan’s study (2001) which looked at 30 pelvic 
x-rays of 15 patients with an age range of 
3–36  months (mean 26  months), there was no 
significant difference according to intraobserver 
reliability analysis. However, analysis of interob-
server reliability showed significant differences. 
Differences in interobserver reliability in the very 
young may be due to difficulty in identifying the 
centre point of the unossified femoral head. 
Finding the centre point even in the stage of early 
ossification of the femoral head can be difficult 
(Tan et al. 2001) due to an eccentrically located 
ossific nucleus. Scoles et  al. (1987) recom-
mended that this angle should only be used after 
the age of 4 years, and Broughton suggested after 
5 years (1989). Wiig et al. (2002) showed a low 
interobserver agreement for both normal hips and 
those affected by Perthes disease. They found 
better agreement between more experienced 
examiners when measuring the CE angle in 
patients over the age of 5 years than under it.

 Clinical Relevance/Implications

Useful in older children in evaluating cases of 
minor dysplasia. At 5–8 years, the lowest nor-
mal limit is 19°; from 9 to 12 years the lowest 
limit is 25°, at 13–16  years 26–30° and 

Centre Edge
Angle

H

Fig. 11.19 The centre-edge angle of Wiberg
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17–20 years 26–30° (Tönnis 1976). If the C-E 
angle is low, this may indicate dysplasia. If it is 
abnormally high, this may indicate protrusio 
acetabuli.

 Analysis/Validation of Reference Data

It has been suggested that the centre-edge angle 
should be measured from the lateral most point of 
sclerosis in the roof of the acetabulum in this 
young age group rather than following the origi-
nal method of Wiberg (Ogata et al. 1990). Kim 
et al. evaluated the lateral edge of the acetabulum 
to locate the most accurate marking point on a 
plain radiograph when measuring both the centre- 
edge angle and the acetabular index (Kim et al. 
2000). They found that the most lateral bony 
margin of the acetabular roof on plain radio-
graphs represents the anterolateral portion of the 
acetabulum, whereas the lateral end of the sourcil 
indicates the lateral margin of the superior por-
tion of the acetabulum. In order to reduce the 
margin of intraobserver and interobserver error, it 

is important to indicate clearly which of the mea-
suring points has been used and to remain con-
stant in this when making and comparing 
measurements in individual patients, as there is 
quite a marked difference between the two 
depending on which point has been taken as the 
lateral marker.

Milani et al. (2000) described a technique for 
measuring Wiberg’s angle in infants under the 
age of 3  months using sonographic images of 
their hips. Sonographic images were transferred 
to a computer where the images were analysed, 
and software provided the acetabular cartilagi-
nous roof coverage angle (CRCA) which corre-
sponds to the CEA angle in adults.

 Conclusion

An appropriate measure for assessing femoral 
head coverage but only when measured by expe-
rienced examiners (Wiig 2002) due to difficulty 
in identifying the centre of the femoral head 
when it is incompletely ossified.
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11.14  The Teardrop Distance

 Definition

This is the distance from the lateral margin of the 
teardrop to the medial border of the proximal 
femoral metaphysis (Fig. 11.20).

Normal Abnormal
<11 mm >11 mm
Or >2 mm than contralateral side

 Indication

An indicator of hip joint disease and useful par-
ticularly in the early detection of Perthes disease. 
One of the earliest signs of Perthes disease is a 
widening of the teardrop distance (TDD).

 Technique

Radiography: AP pelvis.

 Full Description of Technique

AP radiograph. It is important that the femora/hips 
are not rotated internally or externally >30°, flexed 
more than 30° or abducted >15°. This is the dis-
tance from the lateral margin of the teardrop to the 
medial border of the proximal femoral metaphysis.

 Reproducibility/Variation

Eyring measured the teardrop distance on 
radiographs of 1070 normal hips of persons 
from 1 to 11 years old. He found the measure-
ments were reproducible within 1 mm and were 
independent of the age of the patient (Eyring 
et al. 1965).

The teardrop distance is effectively measur-
ing the medial joint space. Kaniklides and 
Dimopoulos (1996) suggested that the medial 
margin of the metaphysis and the medial bound-
ary of the acetabulum as landmarks were not 
reliable measuring points for estimating sublux-
ation in Perthes disease as they may be affected 
and deformed due to the disease and they may 
alter due to femoral or pelvic rotation. Katz 
(1969) however found that neither flexion nor 
extension of the pelvis significantly altered the 
teardrop figure, although pelvic rotation caused 
it to broaden.

 Clinical Relevance/Implications

If the teardrop distance is >11 mm or more than 
2 mm greater than that of the opposite hip, this is 
a sensitive indicator of hip joint disease, e.g. 
Perthes in the growing hip. It can also be indica-
tive of the presence of a joint effusion.

 Analysis/Validation of Reference Data

The teardrop does not appear until between 6 
and 24 months of age in a normal hip and later 
in a dislocated hip. It is variable as regards its 
configuration in normals and can be dependent 
on a neutral position without rotation or 
inclination.

 Conclusion

Based on Eyring’s findings in 1070 children, it can 
be a sensitive indicator of early Perthes disease.

Fig. 11.20 The teardrop distance
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11.15  Medial Hip Joint Space

 Definition

This is the distance from the medial aspect of the 
ossification centre of the femoral head at its wid-
est portion, or from the medial aspect of the 
metaphysis when the femoral head is not ossified, 
to the adjacent acetabular wall (Gerscovic 1997) 
(Fig. 11.21).

Normal Abnormal
5–12 mm >12 mm
<1.5 mm between Rt and 
Lt

>1.5 mm between Rt and 
Lt

 Indication

It evaluates for lateral displacement of the femo-
ral head. Abnormality may indicate underlying 
hip pathology: if narrow, arthropathy, and if wid-
ened, possible effusion in children or early sign 
of Perthes disease.

 Technique

Radiography: Measured on the frog lateral view 
(hips abducted and internally rotated).

 Full Description of Technique

Radiography. Well-positioned frog lateral projec-
tion of the hips. Utilising Hilgenreiner’s line, drop 
a perpendicular through the medial aspect/margin 
of the femoral head and through the lateral border 
of the teardrop. The distance between is the 
medial hip joint space measurement (equivalent 
to the teardrop distance of Eyring et al. 1965).

 Reproducibility/Variation

Normal values are age independent and range 
from 5 to 12 mm. The difference between the right 

and left sides should not be more than 1.5  mm 
(Eyring et al. 1965). Kaniklides and Dimopoulos 
(1996) looked at AP radiographs and arthrograms 
of both hips on the same film with the legs in neu-
tral position. The migration percentage (MP) was 
expressed as the fraction of the width of the femo-
ral head extending beyond the acetabular edge. 
Kaniklides measured the medial joint space (MJS) 
from the medial border of the bony femoral head 
or femoral head cartilage on the arthrogram to the 
lateral border of the acetabular teardrop. This con-
trasted with Eyring. Kaniklides stated that the 
medial aspect of the metaphysis could become dis-
torted due to underlying pathological processes 
and distort the metaphyseal beak leading to inac-
curate measurement.

Kaniklides found a high interobserver agree-
ment for both the medial joint Space (MJS) and 
the migration percentage (MP). He looked at 166 
normals and 37 affected hips of patients with uni-
lateral Perthes and 37 contralateral hips and 
therefore 240 in total. The lateral margin of the 
teardrop can be poorly defined in the dysplastic 
hip (Broughton et  al. 1989) which may lead to 
difficulties in measurement.

 Clinical Relevance/Implications

An abnormal medial hip joint space may indicate 
underlying joint disease or insult to the femoral 
head.

Fig. 11.21 The medial hip joint space
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 Analysis/Validation of Reference Data

This can be a difficult measurement to repro-
duce in some disease processes. In some situa-
tions, such as Perthes disease, to assess 
containment, the migration percentage may be 
more valuable.

 Conclusion

May be valuable. If the joint space is widened 
and no obvious evidence of Perthes may indicate 
an effusion and suggest further assessment with 
ultrasound to confirm or further imaging, for 
example, with magnetic resonance imaging.
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11.16  Symphysis Pubis Width

 Definition

The width of the symphysis pubis.

Normal Abnormal
<10 mm >10 mm

 Indication

To identify if abnormally widened. A number of 
conditions are associated with widening of or 
defective ossification of the symphysis pubis.

Due to bone growth and ossification of carti-
lage, the interpubic distance varies with age.

 Technique

Radiography: An abdominal or pelvic radiograph 
can be used. Patel and Chapman (1993) found 
that there was no difference in the measurement 
whether one used a centring point at the level of 
the iliac crests or one 5 cm above the symphysis 
pubis as used in a pelvic radiograph.

The transverse width of the symphysis is mea-
sured to the nearest millimetre at its narrowest 
point (Fig. 11.22).

 Reproducibility

Patel and Chapman (1993) examined 888 radio-
graphs over an age range of birth to 16  years. 
Their findings were in broad agreement with the 
findings of Muecke and Currarino (1968). Ten 
mm as the upper limit of normal agreed with data 
from Heyman and Lundquist (1931). The mean 
width at 16 years is similar to that of Vix and Ryu 
(1971) in their study of 400 adults.

 Clinical Relevance

Separation of the symphysis may be an important 
clue to an underlying condition in the paediatric 
age group. This may be divided into congenital 
and acquired conditions. Congenital disorders 
may be due to defective ossification or with nor-
mal ossification.

 Analysis of Reference data

No significant areas of conflict.

 Conclusion

A simple to perform measurement which, if wid-
ened, is a useful finding in relation to making an 
underlying diagnosis.

Fig. 11.22 The symphysis pubis distance. This is the 
transverse width of the symphysis measured to the nearest 
millimetre at its narrowest point
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11.17  Klein’s Line

 Definition

This is a line drawn along the superior surface 
of the femoral neck. The epiphysis should nor-
mally project superior to it (Fig. 11.23), and the 
line laterally cuts off about 15% of the femoral 
epiphysis (Klein et al. 1951).

 Indication

It is used in assessment of early slipped upper 
femoral epiphysis. In early slipped upper femoral 
epiphysis (SUFE), the epiphysis lies flush or 
level with the line. As slip continues, the epiphy-
sis moves posterior and inferior to it.

 Techniques

Radiography: AP radiograph of the pelvis cen-
tred approximately 1  cm above the symphysis 
pubis. The projection must be produced accu-
rately, and the patella should face forward exactly 
parallel to the x-ray table. If this is not possible 
clinically on the affected side, the pelvis should 
be elevated on the affected side.

 Full Description of Technique

On an AP radiograph, a line is drawn along the 
superior surface of the femoral neck. In the nor-
mal situation, this will extend through the supe-
rior aspect of the epiphysis (the epiphysis should 
normally project superior to it).

 Reproducibility/Variation

Green et al. (2009) measured the head-shaft angle 
of Southwick and the Wilson percent epiphyseal 
displacement and evaluated the interobserver and 
intraobserver reliability and efficacy of these 
methods and also compared with Klein’s line. 
They found that on the basis of the classical defi-
nition of Klein’s line, only 40.3% of slips were 
identified. However, by modifying Klein’s line 
such that they measured the width of epiphysis 
lateral to Klein’s line, they improved sensitivity 
to 79% if a difference of 2 mm between hips indi-
cated a slip.

 Clinical Relevance/Implications

If the epiphysis lies level or inferior to Klein’s 
line, there has been epiphyseal slip.

 Analysis/Validation of Reference Data

Early or mild degrees of slip may be difficult and 
can be overlooked. Clinically if a slipped upper 
femoral epiphysis (SUFE) is suspected and 
Klein’s line appears normal, the head-shaft angle 
of both hips should be measured to better evalu-
ate for possible SUFE.

 Conclusion

Application of Klein’s line can be difficult in 
mild cases of slipped upper femoral epiphysis.

Klein’s Line

Fig. 11.23 Klein’s line should pass through the femoral 
epiphysis laterally. A difference of 2 mm with the contra-
lateral side indicates a slip
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11.18  Femoral Neck-Shaft Angle

 Definition

The angle formed between a line drawn parallel 
to the femoral neck and one drawn parallel to the 
long axis of the femoral shaft (Fig. 11.24).

Normal 3 years 145° Coxa vara < 125°
Adult 128° (125–135) Coxa valga > 135°

 Indication

The amount of a varus deformity can be measured.

 Technique

Radiography: AP radiograph.

 Full Description of Technique

On an AP radiograph of the pelvis with the hips 
in neutral position, a line is drawn along and par-
allel with the femoral neck passing through the 
centre of the femoral head. A second line is drawn 
along and parallel to the femoral shaft. The femo-

ral neck-shaft angle is the angle subtended 
between these two lines (Fig. 11.24).

 Reproducibility/Variation

There is broad individual variation with a wide 
standard deviation in this angle (Tönnis 1976; 
Broughton et al. 1989).

 Clinical Relevance/Implications

This normally measures 145° at 3 years of age, 
decreasing to between 125°and 135°in the adult 
with an average value of 128°.

 Analysis/Validation of Reference Data

There is an intrinsic variability of the measure-
ment between individuals.

 Conclusion

Useful and straightforward measurement in the 
evaluation of varus deformity.

Femoral Neck
Angle

Fig. 11.24 The femoral neck-shaft angle

P. N. M. Tyrrell et al.
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11.19  Epiphyseal-Shaft Angle 
of Southwick

 Definition

This is the angle subtended between a perpen-
dicular line to the epiphyseal line drawn along 
the femoral neck and one drawn along the femo-
ral shaft. It is measured for both sides, and the 
difference between the two is the magnitude of 
slip severity.

 Indication

This is used to describe the radiographic magni-
tude of epiphyseal slip severity in cases of slipped 
upper femoral epiphysis (SUFE).

 Technique

Radiography: The angle is measured on the frog 
lateral radiograph of the pelvis.

 Full Description of Technique

The angle is measured on the frog lateral radio-
graph of the pelvis. A line is drawn between the 
anterior and posterior tips of the epiphysis at the 
physeal plate level. A perpendicular line is 
drawn to this epiphyseal line through the femo-
ral neck.

A line is then drawn along the mid femoral 
shaft.

The epiphyseal-shaft angle is the angle 
formed by the intersection of the perpendicular 
line and the femoral shaft line (Fig. 11.25). It is 
measured for both hips, and the magnitude of 
slip displacement is the angle of the involved hip 
minus the angle of a contralateral normal hip 
(Southwick 1967).

 Reproducibility/Variation

In a study by Green et  al. (2009), five separate 
observers on two separate occasions evaluated 30 
AP and 30 frog lateral radiographs of patients 
with unilateral slipped capital femoral epiphysis 
(SCFE) for head-shaft angle, percent epiphyseal 
displacement and width of epiphysis lateral to 
Klein’s line. Head-shaft angle and percent epiph-
yseal displacement were found to provide a reli-
able means of SCFE diagnosis.

 Clinical Relevance/Implications

Normally the femoral neck axis is at 90° angle to 
the base of the epiphysis dividing into two equal 
halves. In the frog lateral projection, the base of 
the epiphysis is also normally perpendicular to the 
longitudinal femoral neck axis. The femoral head-
shaft angle is used to identify the severity of slip in 
cases of slipped upper femoral epiphysis (SUFE). 
Using the measurement of this angle, a slipped 
upper femoral epiphysis is classified as mild if it 
less than 30°, moderate if it is between 30 and 50° 
and severe if it is more than 50°. If there is bilateral 
slipped upper femoral epiphysis, then 12° can be 
used as the control angle (Loder et al. 1999).

Fig. 11.25 The epiphyseal-shaft angle of Southwick
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 Analysis/Validation of Reference Data

Early or mild degrees of slip may be difficult and 
can be overlooked. Clinically if a slipped upper 
femoral epiphysis (SUFE) is suspected and 
Klein’s line appears normal, the epiphyseal-shaft 
angle of both hips should be measured to better 
evaluate for possible SUFE.

 Conclusion

The head-shaft angle of Southwick is valuable in 
evaluating the degree/severity of epiphyseal slip. 
Although it takes a bit longer to perform than the 
lateral slip angle of Wilson, its results are more 
reliable and reproducible.

P. N. M. Tyrrell et al.
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11.20  Articulo-Trochanteric 
Distance (ATD)

 Definition

The distance between the proximal femoral head 
and the greater trochanters.

 Indications

Monitoring patients with Perthes disease.

 Technique

Radiography: AP Radiograph

 Full Description of Technique

The articulo-trochanteric distance (ATD) is 
measured between two lines perpendicular to 
Perkins’ line: the line through the proximal tip 
of the greater trochanter and that through the 
most proximal point of the femoral head 
(Fig. 11.26).

 Reproducibility/Variation

The level of interobserver agreement is high.

 Clinical Relevance/Implications

The measurement is also applied for assessing 
the proper position of implants in various surgi-
cal procedures.

 Analysis/Validation of Reference Data

Although the data is limited, the ATD showed 
good interobserver agreement with few interob-
server differences.

 Conclusion

The ATD is probably best utilised as a radiologi-
cal measurement criterion in combination with 
other measurements in the follow-up assessment 
of Perthes disease such as CE angle and femoral 
head coverage.

Fig. 11.26 Articulo-trochanteric distance is reduced on 
the right due to ischaemic necrosis
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12.1  Introduction

The requirement for objective measurements of the 
mature pelvis and hip is primarily dictated by three 
major aetiologies: prior events in the paediatric age 
group (acetabular dysplasia, Perthes disease, 
SUFE), developmental conditions that present in 
the young adult (acetabular over- or under-cover-
age, femoroacetabular impingement—FAI) and 
acquired adult hip disorders (post-traumatic, avas-
cular necrosis, osteoarthritis).

Hip dysplasia is a collective term which refers 
to a developmental abnormality of the acetabulum, 
femoral head or both regardless of aetiology. In 
acetabular dysplasia, most of the measurements 
utilised in the paediatric age group become unreli-
able and inappropriate after fusion of the epiphysis, 
although some (acetabular angle, centre-edge 
angle) are still useful, reliable and helpful. An array 
of measurements exists in assessing the adult dys-
plastic hip, and the more useful and practical ones 
are presented in this chapter. Most are based on 
radiographic assessment from the AP view utilising 
important reproducible and reliable landmarks. 
The centre-edge angle is important in assessing the 
superior and lateral femoral head coverage by the 
acetabulum, while the HTE angle assesses the roof 
orientation and coverage as well. The percentage of 
femoral head coverage assesses the congruity of 
the head in the acetabulum, while the acetabular 
depth-to- width index declares the acetabular depth. 
Evidence of dysplasia using these angle measure-
ments on the AP view then requires further assess-
ment of the acetabulum by the faux profile view 
which allows assessment of the anterior acetabular 
coverage using the VCA angle or by axial CT 
assessment which provides sector angles of both 
the anterior and posterior acetabular coverage.

FAI is described as being of two types: mor-
phological acetabular abnormalities (coxa pro-
funda, protrusio acetabuli, acetabular 
retroversion) that predispose to a pincer impinge-
ment and femoral head asphericity (focal or gen-

eralised) leading to cam impingement. However, 
measurements of the entire hip joint are required 
as both types are known to coexist in up to 86% 
of cases. Although measurements for assessing 
the underlying morphological characteristics of 
FAI have been established, it is important at the 
outset that one appreciates the importance of val-
idating that the correct radiographic technique 
has been used as an essential prerequisite.

Measurements of the hip are also required in 
assessing the degree of morphological change 
related to a variety of acquired conditions that 
involve the hip, namely, the joint space. Trauma 
to the acetabulum or femoral head, avascular 
necrosis and primary osteoarthritis are the main 
conditions that lead to joint changes.

As most of the radiographic techniques are 
obtained in the supine position, it is important to 
remember that measurement values based on these 
projections do not necessarily represent the same 
acetabular-femoral relationships on dynamic 
weight-bearing positions. Accuracy and reliability 
factors apply not just to measurements based on 
conventional radiographic appearances but also to 
those based on cross-sectional imaging, namely, 
CT and MRI.  Pelvic symmetry is important to 
minimise radiographic error rates, but it is also 
important to realise that the pelvic tilt introduces 
errors in the measurements not only on conven-
tional radiographs but also in the 2D axial images 
generated by CT and MRI. Software dedicated to 
incorporate the pelvic inclination has been devel-
oped to reduce this source of error, as well as 
resorting to carrying out the required measurement 
parameters from 3D reformatted images. Although 
CT and MRI are as a rule deemed superior to radi-
ography in providing some measurements, there 
are still residual unresolved areas of disagreement 
in the literature. Controversy exists on a number of 
fronts, ranging from the best modality deemed to 
be most reliable, the degree of abnormality related 
to symptom production and the way the measure-
ments are used in clinical/surgical management.

A. Karantanas
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12.2  Lines and Landmarks in Adult 
Pelvic/Hip Measurements

The majority of the tried and tested measure-
ments are made with reference to the radio-
graphic appearances on the AP and cross-lateral 
views. In the assessment of the adult dysplastic 
hip, the AP view of the pelvis is obtained with the 
patient supine, with 15–20° internal rotation of 
the lower limbs to correct the natural femoral 
anteversion, an FFD of 120 cm, with the central 
beam perpendicular to the table centred midway 
between the superior outline of the symphysis 
pubis and a line joining the ASIS’s. Criteria for 
acceptable standards for pelvic radiography are 
applied to cover correct exposure, symmetric 
appearance of the pelvis and a true AP appear-
ance of the femoral necks. Radiographs must 
meet proper validation criteria before they are 
used for measurement estimation: coccygeal 
alignment with the mid-symphysis and a distance 
between the sacrococcygeal joint and the sym-
physis less than 32  mm in men and 47  mm in 
women. Anatomical pelvic and hip landmarks act 
as fixed points allowing reference lines to be 
made from which distances and subtended angles 
can be calculated. On the AP radiograph, the fol-
lowing radiographic lines and landmarks are uti-
lised (Fig. 12.1).

 1. Acetabular sourcil. Appearing as a curved 
eyebrow-shaped dense area of subchondral 
bone, the sourcil cotyloidien is readily identi-
fied on the superior weight-bearing articular 
surface of the acetabulum.

 2. Drifting laterally along the sourcil outline and 
starting from the lateral rim of the acetabulum 
edge (E point), two lines can be traced follow-
ing the anterior and posterior acetabular rims. 
The anterior acetabular rim is less conspicu-
ous and normally lies superior and medial to 
the easily defined posterior acetabular rim, 
which is more vertically orientated lying lateral 
and inferior to the anterior rim. As the acetabu-
lum normally becomes more anteverted from a 
cranial to a caudal direction, the lines should 
diverge from their superolateral starting point 
as they course inferomedially. Along the femo-
ral neck axis from the centre of the femoral 
head, the lines should be about 1.5 cm apart.

 3. The centre of the femoral head (C point) is 
easily defined due to the femoral head’s spheri-
cal shape. Normally the centre of the femoral 
head is along the same horizontal level as the 
superior tip of the ipsilateral greater trochanter. 
The posterior acetabular rim outline normally 
runs through the centre of the femoral head. A 
line joining the centre of both femoral heads, the 
C-C line, is the reference line as the horizontal 

Fig. 12.1 (a, b) Acetabular and femoral head landmarks 
used in hip measurements. The anterior acetabular outline 
(A) normally lies superiorly and medial to the posterior (P) 

acetabular outline 1.5 cm apart at the level of the centre of 
the femoral head. Note that the ilioischial line normally lies 
medial to the medial wall of the acetabulum and teardrop

P
A

C

E

T

I

a b
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to which other oblique lines intersect. A refer-
ence line parallel to the C-C line can be used 
instead drawn between the inferior points of the 
teardrops—horizontal teardrop line—when 
measuring some angles such as sharp’s angle.

 4. Drifting medially towards the medial limit of 
the weight-bearing sourcil (T point), one can 
identify the outline of the nonarticulating false 
acetabulum. The floor of the false acetabulum 
depicts the acetabular fossa and the most 
medial rim of the acetabulum.

 5. The lower end of the medial acetabular rim 
inferiorly becomes contiguous with Kohler’s 
teardrop. The teardrop’s lateral outline repre-
sents the wall of the acetabular fossa and is 
referred to as the acetabular line, while its 
medial outline is the anteroinferior margin of 
the quadrilateral surface. The inferiormost point 
of the acetabulum is the lower limit of the tear-
drop (I point). The teardrop is seen just above 
and lateral to the superolateral outline of the 
obturator foramen. On radiographs the teardrop 
is lateral to the ilioischial line. The wall of the 
acetabular fossa (which represents the medial 
acetabular floor inferiorly and is seen as the 
acetabular line) forms the lateral border of the 
teardrop which is continuous with the medial 
border of the tear drop which represents the cor-
tex of the ischioilial pelvic wall. The acetabular 
fossa therefore normally lies lateral to the iliois-
chial line, and the medial acetabular rim denotes 
the limits of the medial joint space which should 
not be confused with the ilioischial line.

 6. The ilioischial line. The ilioischial line is actu-
ally formed by that portion of the quadrilateral 
plate which is tangential to the central beam 
projected as a line. It extends cranially towards 
the medial outline of the ilium of the pelvic 
brim, while caudally it merges with the medial 
outline of the ischium (Fig. 12.1). The acetabu-
lar line lies lateral to the ilioischial line in men 
by an average of 2 mm, while in women the 
acetabular line is an average of 1 mm medial to 
the ilioischial line. The acetabular line, which is 
the medial wall of the acetabulum, and the 
ilioischial line, which is a portion of the quadri-
lateral plate, are centrally located structures. 
Being centrally located, their interrelationship 
is not significantly affected by minimal degrees 

of rotation. It is this relationship that is mea-
sured in assessing their relative positions to 
establish the diagnosis of coxa profunda (deep 
acetabulum) and protrusio acetabuli. Estimating 
the medial acetabular wall thickness from AP 
radiographs for reaming capacity at hip arthro-
plasty is unreliable. For this purpose, CT is 
needed to measure the smallest quadrilateral 
plate acetabular distance (QPAD) which has a 
mean thickness normally of 1.1 mm, increas-
ing directly proportionally with degree of 
severity up to 8 mm in dysplastic hips.

 7. Hip centre. The hip centre position is deter-
mined by the position of the medial aspect of the 
femoral head relative to the ilioischial line. The 
centre is lateralised if this distance is greater than 
10 mm and not lateralised if its less than 10 mm. 
Lateralised femoral heads are considered to be a 
sign of structural instability or dysplasia.

 8. Skinner’s line. On an AP view of the pelvis, a 
line is drawn through and parallel to the femoral 
shaft axis. A second line (Skinner’s) is then 
drawn tangentially from the tip of the greater 
trochanter perpendicular to the shaft axis. The 
fovea capitis should normally lie at the level or 
above this line (Fig.  12.2). If the fovea lies 
below this line, then this indicates that the femur 
is displaced superiorly in relation to the head 
which is due to a fracture or other causes of 
coxa vara.

Fig. 12.2 Skinner’s line

Skinner’s Line
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12.3  Joint Space Width (JSW): 
Teardrop Distance

Definition

The joint space width (JSW) is the distance from 
the most proximal surface of the femoral head to 
the opposing articular surface of the acetabulum.
The teardrop distance is defined as the distance 
from the lateral margin of the pelvic teardrop to 
the most medial aspect of the femoral head.

Indications

The hip joint space width is used for diagnosis 
and monitoring of osteoarthritis.

The teardrop distance is used for depicting 
joint fluid and early Perthes disease as discussed 
in the paediatric chapter.

Technique

AP radiography (Fig. 12.3).

Full Description of Technique

For follow-up measurement in the same individ-
ual, more than one joint space value is selected.

 SJ: Super joint space is the distance from the 
femoral head subchondral outline to the ace-
tabular sourcil line at 90° from the C-C hori-
zontal line.

 AJ: Axial joint space is the corresponding dis-
tance just lateral to the acetabular fossa 
(medial border of sourcil bony condensation).

 MJ: Medial joint space is the distance along 
the C-C horizontal line through the centre of 
the femoral heads.

Normal JSW
SJS >40 years 4 mm (2–7 mm)

<40 years 4 mm (3–6 mm)
AJS <40 years 4 mm (3–7 mm)

>40 years 4 mm (2–7 mm)
MJS <40 years 8 mm (4–12 mm)

>40 years 8 mm (4–14 mm)
Abnormal JSW
Hip OA is defined according to minimum joint spaces of 
<2.5 mm (“probable” OA) and <1.5 mm (“definite” OA)
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Fig. 12.3 (a, b) Joint space width—teardrop distance
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The teardrop distance is defined as the dis-
tance from the lateral margin of the pelvic tear-
drop to the most medial aspect of the femoral 
head on an AP pelvic radiograph. Measurements 
of the teardrop distance are not influenced by age 
and positioning provided that there is no more 
than 30° internal or external rotation of the femur. 
A teardrop distance widening of 11 mm or more 
or the presence of a teardrop asymmetry of 
2 mm or more, in the absence of degenerative 
joint disease, is consistent with joint fluid in 
adults. In the paediatric age group, a distance 
widening of 2 mm or more is an early indicator of 
Legg- Calve- Perthes disease.

Reproducibility/Variation

The SD for a joint space of 4  mm is less than 
1 mm. There are no significant conflicting mea-
surements in the literature within this range. The 
inter- and intraobserver variation is less than 
4%.The supine position is employed routinely to 
obtain an AP pelvic radiograph. Comparative 
JSW studies in the same patients did not reveal 
any significant measurement differences in the 
supine and weight-bearing positions.

 Clinical Relevance/Implications

Conventional radiographs have been used as the 
primary diagnostic method for hip OA for many 
decades. Asymmetric joint space narrowing is a 
highly reliable sign of OA.

It is a very important parameter in the assess-
ment of hips with femoroacetabular impingement. 

The presence and degree of associated chondral 
damage carries a significant prognostic signifi-
cance. A preoperative hip joint space equal or less 
than 2  mm was found to be predictive of a poor 
clinical outcome in arthroscopic treatment of FAI 
with patients subsequently requiring total hip 
arthroplasty.

 Analysis/Validation of Reference Data

Various studies have challenged the application 
of absolute measurements since a wide JSW vari-
ation exists in the normal values described above, 
ranging from 3 to 8 mm and from 2 to 6 mm at 
the superolateral and superomedial sites, respec-
tively, with an associated right/left asymmetry in 
about 6% of subjects.

In addition, a JSW variability exists because 
of changes induced by the way patients hold 
their legs when the joint is painful. Finally, the 
JSW appears to be related to acetabular anat-
omy, regardless of the presence of OA, and is 
larger in dysplasia (negative correlation with 
CE angle) and smaller in coxa profunda (posi-
tive correlation with HTE angle). Technically 
optimised acquisition of the X-rays is therefore 
important.

Conclusion

The limited ability of the plain radiograph to detect 
osteoarthritis at its early stage limits the usefulness 
of JSW as a diagnostic tool. However, joint space 
narrowing can be considered the most reliable 
marker in the evaluation of the progression of OA.
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12.4  Pelvic Inclination Formula/
Pelvic Symmetry

These important considerations need to be re- 
emphasised, and the readers are recommended 
to familiarise themselves with the coverage 
found in the preceding chapter. Some further 
expansion on the effect of pelvic tilt in the adult 
measurements will be included in the individual 
measurements presented in this section with 
coverage of both radiographic and axial imag-
ing (CT/MRI).

Using the AP view of the pelvis, one can work 
out whether the degree of pelvic inclination is 
acceptable by measuring the distance from the 

superior border of the symphysis pubis to the 
tip of the coccyx which normally should be 
between 1 and 3 cm.

This method is preferred to that proposed by 
Siebenrock et al. who provided measurement val-
ues for acceptable pelvic inclination in men and 
women by measuring the distance from the supe-
rior border of the symphysis pubis to the junction 
of the sacrococcygeal joint. The latter landmark 
is not always easy to identify.

Normal symphysis pubis–sacrococcygeal junction 
distance
Men 32.3 mm
Women 47.3 mm
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12.5  Acetabular Version

Definition

The acetabulum is anteverted when the orienta-
tion of its opening is medial to the sagittal plane 
and retroverted when lateral to the sagittal plane.

Indications

Patients with hip pain and/or early osteoarthritis. 
Preoperative planning for surgical correction of 
the dysplastic hip.

Techniques

Radiography.
CT.
MRI.

Full Description of Technique

The acetabulum is normally anteverted. 
Acetabular anteversion can be first evaluated on 
the AP radiograph. The AP radiograph for this 
purpose needs to be obtained in a standard man-
ner. The patient is supine with the legs internally 
rotated by about 15–20° to adjust for the natural 
femoral anteversion. In this position, only the tip 
of the lesser trochanter is seen to project beyond 
the outline of the medial femoral cortex. The 
centring of the beam is crucial and is different 
from the one employed in obtaining an AP radio-
graph for preoperative planning for a total hip 
replacement which requires a lower centring 
point. The employment of the lines and land-
marks previously introduced in the assessment 
of acetabular morphology for this purpose is 
based on this AP radiograph and not on focal AP 
views of the individual hip. The hip view is 
obtained with a different centring point which is 
not useful or reliable in assessing acetabular ana-
tomical status. In addition the horizontal C-C 
line and  teardrop line cannot be drawn from this 
hip view. Comparative studies have shown that 
the relationship of the acetabular rim line con-
figuration alters on the hip view. The hip view 

produces an increase in the anteversion of the 
anterior wall of the acetabulum. This means that 
the anterior and posterior acetabular lines can 
appear normally related to each other on this 
view masking the presence of abnormal acetabu-
lar morphology. In addition it also falsely 
increases the apparent depth of the acetabulum. 
Lastly an altered FFD can also result in a false 
apparent relationship of the anterior and poste-
rior rim outlines as well.

It is also essential to know the pelvic tilt for 
reliable interpretation of the hip and acetabular 
parameters. Pelvic tilt can have a profound effect 
on the measurements from this AP radiograph. In 
an acceptable AP radiograph, the tip of the coc-
cyx should point to the middle of the symphysis 
pubis. Neutral pelvic tilt around the horizontal 
can be broadly defined if the distance between 
the superior borders of the symphysis pubis to the 
sacrococcygeal junction is 3.2  cm in men and 
4.7 cm in women. Measurement accuracy how-
ever relies on factoring in of the pelvic tilt as pre-
viously described in the paediatric section. A 
shoot-through true lateral pelvic radiograph 
determines the pelvic tilt which normally should 
reveal a 60° pelvic inclination angle between the 
horizontal line and the oblique line joining the 
symphysis pubis superiorly to the sacral promon-
tory. Increased pelvic tilt is seen on the AP view 
as an increased distance between the symphysis 
pubis and the sacrococcygeal joint. This leads to 
an apparent retroversion of the acetabular rim on 
both sides with crossover of the anterior and pos-
terior acetabular lines.

On this AP view, the anterior and posterior 
acetabular rim margins are normally approxi-
mately 1.5 cm apart as measured from the centre 
of the head in a plane vertical to the anterior 
aspect of the acetabular rim (Fig. 12.4). The dis-
tance shown in the figure is lower than the normal 
range. The acetabulum is anteverted if the line of 
the anterior aspect of the rim does not cross the 
line of the posterior aspect of the rim before 
reaching the lateral aspect of the sourcil. 
Conversely it is deemed retroverted if the line of 
the anterior rim does cross the line of the poste-
rior rim before reaching the lateral edge of the 
sourcil. If the posterior rim line runs lateral to the 
femoral head centre, there is posterior acetabular 
wall over-coverage. In acetabular retroversion, 
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there is anterior acetabular wall over-coverage 
which results in an approximation of both the 
acetabular lines with eventual crossover produc-
ing a figure-of-eight configuration. True acetabu-
lar retroversion has a deficient posterior wall 
which is highlighted by the centre of the femoral 
head lying lateral to the posterior aspect of the 
hip. In anterior over-coverage, the hip also exhib-
its a crossover sign, but there is no associated 
posterior wall deficiency.

CT and MRI scans are suitable to draw the lines 
used to measure acetabular version. A line is drawn 
midway between the two halves of the pelvis to 
define the sagittal plane because the scan often cuts 
the hemipelves at different levels or the body is not 
perfectly horizontal. On each side, a parallel line is 
drawn in the sagittal plane, beginning at the poste-
rior margin of the acetabulum. The angle of acetab-
ular anteversion is measured between the line 
corresponding to the sagittal plane and a line drawn 
tangential to the anterior and posterior acetabular 
margins (Fig. 12.5). The normal values for acetabu-
lar anteversion are 15–20°.

Anda et al. suggested that the axial CT slice at 
the femoral head centre is sufficient for measur-
ing acetabular version, but they did not refer this 
to a gold standard (Fig. 12.6). Using this method, 
they objectively calculated the acetabular version 
in males and females as follows:

Males 18.5 ± 4.5°
Females 21.5 ± 5°

Other authors suggest using the most cranial 
axial slice through the femoral head claiming that 
this is more clinically significant and accurate. 
The cranial slice however not uncommonly has 
the drawback of a poorly defined anterior edge of 
the acetabulum promoting inconsistency in mea-
surements (Fig. 12.5).

Fig. 12.5 Axial CT images through the cranial aspect of 
the hip showing anteversion and retroversion

Fig. 12.4 Crossover of the anterior and posterior acetab-
ular outlines in acetabular retroversion. A line drawn from 
the centre of the femoral head along the femoral neck axis 
intersects the posterior rim at A and the anterior rim out-
line at B. The A–B distance is less than normal which 
should be 1.5 cm

A 
B 

CC

Fig. 12.6 Assessment of acetabular anteversion angle on 
cross-sectional imaging
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Reproducibility/Variation

Although there has been controversy on the accu-
racy and reproducibility of the methods used in 
measuring acetabular version, most agree with 
favouring CT over radiography. CT is highly 
reproducible if the technique is standardised. CT 
allows objective assessment of the degree of ace-
tabular retroversion as specific measurements can 
be made. Two critical issues need to be agreed to 
optimise CT—a standard axial level for the mea-
surement and the effect of pelvic tilt. The accu-
racy of CT measurements to a large part relates to 
the points on the acetabulum from which these 
measurements are made. This is complicated by 
the anatomical fact that the acetabulum normally 
becomes more anteverted as one extends from a 
cranial to caudal plane, so that the level at which 
the measurements are made significantly affects 
the resultant values. There is still no universal 
agreement on the axial level at which acetabular 
version is measured.

As explained above, pelvic tilt does alter the 
measurements. Radiographically the relation-
ship of the acetabular walls to each other 
including the presence/absence of the crossover 
sign can be greatly affected by the degree of 
pelvic tilt. CT analysis is also affected by the 
degree of pelvic tilt which means that establish-
ing a measurement in relation to a fixed ana-
tomical landmark is beneficial. Anterior pelvic 
tilt reduces the acetabular anteversion, whereas 
posterior pelvic tilt (an upright pelvic position) 
increases it. A neutral position of the pelvis 
may be obtained by placing the patients in the 
prone position, with the anterior tips of the iliac 
crests and the symphysis pubis resting on the 
table. Care should be taken for scanning the 
pelvis at exactly the same height at both sides.

In a comparative study, 2D CT measurements 
were done at two different axial levels—cranially 
at the level of the top of the femoral head and 

caudally at the equator of the femoral head. The 
measurements were then repeated after pelvic tilt 
correction.

The mean version results were as follows:

Cranial slice 9.3° (SD 6.5) Before pelvic tilt 
correction

15.7° (SD 8.0) After pelvic tilt 
correction

Caudal slice 16.4° (SD 4.2) Before pelvic tilt 
correction

19.0° (SD 5.0) After pelvic tilt 
correction

In a further comparative study between the 
above 2D CT measurements and a method using 
3D CT measurements which automatically cor-
rects for pelvic tilt, the cranial measurements 
after pelvic tilt correction had the best intraclass 
correlation coefficient.

Clinical Relevance/Implications

On cross-sectional imaging (CT or MR), retro-
version can be identified if the anterior rim of the 
acetabulum is lateral to the posterior rim on the 
first axial image that includes the femoral head.

 Analysis/Validation of Reference Data

A number of CT-based studies have shown that 
the acetabular version increases caudally in both 
normal and dysplastic hips. Traditionally, DDH 
was thought to be associated with anteversion of 
the acetabulum. Recently, an association between 
DDH and acetabular retroversion has been 
shown. Therefore, the quantification of the retro-
version is important for treatment planning. In 
addition, various disorders have been  associated 
with retroversion, and therefore quantification of 
retroversion is important in patients with non-
specific hip pain.
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Conclusion

Proper assessment of the standard AP radiograph 
may reliably suggest the presence of a normally 
anteverted acetabulum or the presence of acetab-
ular retroversion, but CT is required to provide 
specific objective measurements. The 2D CT 
axial methods give variable results for acetabular 
version depending on whether pelvic tilt has been 

accounted for and the axial level chosen. 
Acetabular retroversion is a form of acetabular 
dysplasia and is commonly found in patients with 
osteoarthritis, DDH and Legg-Calve-Perthes 
 disease. This condition may result from a trau-
matically induced premature closure of the trira-
diate cartilage in childhood or may be idiopathic. 
Clinically, it can be associated with hip and groin 
pain, clicking and clunking.
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12.6  Acetabular or Sharp’s Angle

This angle is used before and after skeletal matu-
rity and is covered in the previous chapter.
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12.7  Centre-Edge or Wiberg’s 
Angle

Definition

The centre-edge (CE) angle is formed from the 
centre of the femoral head and two lines: a verti-
cal one through the centre of the femoral head 
parallel to the long axis of the body and the other 
to the superolateral rim of the acetabulum.

Indications

This important angle is the starting point for 
assessing the dysplastic hip because an abnormal 
value is diagnostic. The CE angle, originally 
described by Wiberg, evaluates the degree of 
superior and lateral acetabular coverage of the 
femoral head in the frontal plane, in patients with 
suspected DDH, and assesses the outcome after 
reduction.

Technique

AP radiography (Fig. 12.7).

Full Description of Technique

The CE angle is formed by a vertical line through 
the centre of the femoral head and parallel to the 
longitudinal body axis and the line connecting 
the centre of the femoral head with the most lat-
eral point (E) of the acetabular sourcil. The verti-
cal line through the centre of the femoral head 
should be perpendicular to the C-C line joining 
the centres of the femoral heads.

Normal >25°
Dysplasia <20°
Borderline 20–25°
Coxa profunda 39–44°
Protrusio acetabuli >44°

It is important to carefully study the radio-
graphic anatomy of the lateral acetabular margin 
before drawing the oblique line. If the sourcil and 
lateral acetabular rim are conjoined laterally 
(with or without a beak), then the E point is easily 
defined. If there is a gap between the lateral limit 
of the sourcil and lateral edge of the lateral ace-
tabular rim, then the oblique line needs to pass 
through the lateral limit of the sourcil and not the 
E point. The CE angle is a more reliable measure 
of head cover when the lateral limit of the sourcil 
(E2) is chosen as the reference point rather than 
the lateral edge of the acetabulum (E1) when 

Fig. 12.7 Centre-edge angle drawn in classic mode (a) and in refined mode (b)
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these two points do not overlap. This is referred 
to as the refined CE angle or Ogata’s angle. 
When there is an interval separating the lateral 
sourcil limit from the lateral edge of the acetabu-
lum, the most lateral point of the acetabular roof 
on AP radiographs is actually anterior and lateral 
to the most superior part of the acetabulum. It is 
imperative to distinguish between these two lat-
eral acetabular points of reference in these cir-
cumstances, as the most lateral classical reference 
point (E1) will overestimate the head coverage 
(Fig. 12.8).

Reproducibility/Variation

Highly reproducible if applied after the age of 6. 
In descriptive statistics comparing  measurements 
in asymptomatic men and women, significant dif-
ferences were observed. The mean CE angle for 
all patients was 36.3°, with a measurement of 
37.7° (95% CI, 26.9–48.5°) in men and 34.9° 
(95% CI, 23.5–43°) in women.

Clinical Relevance/Implications

The CE angle quantifies the subluxation of the 
femoral head which leads to reduced weight- 
bearing area and focal concentration of compres-
sive stress resulting to accelerated degeneration 
of the articular cartilage and osteoarthritis.

Normal values for CE angles are more than 
20° for ages 3–17 years and more than 25° in 
adults. Values below 20° in adults and below 15° 
in children and adolescents are considered abnor-
mal. Hips with CE angles between 20° and 25° in 
adults and between 15° and 20° in children and 
adolescents are “uncertain” for dysplasia hips. 
The CE angle is associated with the pelvic incli-
nation; a decrease of the CE angle of 2–4° is 
expected if the pelvis tilts about 15° posteriorly.

Values between 39° and 44° correspond to a 
deep acetabulum (coxa profunda), whereas val-
ues over 44° correspond to protrusio acetabuli.

 Analysis/Validation of Reference Data

Ogata et al. observed that a poor acetabular cover 
may develop in some hips which originally had a 
normal CE angle. In these hips, the lateral border 
of bony condensation (E2) did not reach the lat-
eral rim of the acetabular roof (E1). The classic 
CE angle measurements thus may overestimate 
the femoral head coverage, particularly in chil-
dren between 3 and 8 years of age.

Conclusion

The CE angle is one of the most easy and widely 
performed measurements on hip radiographs.

ba

Fig. 12.8 Radiographic measurements of the classic CE angle (a) and refined CE angle (b)
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12.8  Horizontal Toit Externe (HTE) 
or Tonnis Angle

Definition

The horizontal toit externe (HTE) angle assesses 
acetabular inclination and is formed by the hori-
zontal line and the weight-bearing surface of the 
acetabulum. It is also known as the Bombelli’s 
angle of weight-bearing zone.

Indications

The HTE angle is used to evaluate the slope and 
orientation of the acetabular roof in the coronal 
plane, providing information about the superolat-
eral coverage of the femoral head by the bony 
acetabulum.

Techniques

AP radiography (Fig. 12.9).

Full Description of Technique

The HTE angle is measured between a line paral-
lel to the horizontal C-C line joining the centres 

of the femoral heads and an oblique line extend-
ing from the most medial point of the weight-
bearing acetabulum (T), to the lateral acetabular 
margin (E). The weight-bearing portion of the 
acetabulum (sourcil) is demonstrated as a scle-
rotic and arched appearance.

Normal 0 to <10°
Abnormal
Dysplasia >10°
Pincer type FAI <0°
Coxa profunda −5°

Reproducibility/Variation

Highly reproducible.

 Clinical Relevance/Implications

The HTE angle supports further evidence on the 
possible underlying acetabular dysplasia. Its nor-
mal value should be under 10°.

Values over 12° correspond to dysplasia, 
whereas values less than −5° to a deep 
acetabulum.
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Fig. 12.9 (a, b) HTE angle

12 Pelvis/Hip: Adult



474

12.9  ACM Angle (Idelberger- Frank 
Acetabular Angle)

Definition

The ACM angle measures the depth of the 
acetabulum.

Indication

Acetabular dysplasia.

Normal 45° (±3°)
Abnormal >50°

Technique

AP radiography (Fig. 12.10).

Full Description of Technique

The ACM angle is formed by the AC line and the 
MC line. The lettering designations of the radio-
graphic landmarks are specific for this measure-
ment and are as follows: A is the most lateral edge 
of the acetabulum, B is the lowest point of the 
acetabular margin, M represents the midpoint 
between A and B, and C is the point on the bony 
acetabulum intersected by a perpendicular from 
point M. In young children, the point C can be at 
the cartilaginous part. If the value of ACM is 45°, 
the acetabulum can be considered as a hemi-
sphere. The sphericity of the acetabulum decreases 
with increasing ACM values. In the original 
description, the normal values range between 42° 
and 50°. Others showed that in the first 6 years of 
life, values above 45° can be considered normal. 
For newborns, this value can even be as high as 
60°. Beyond 8 years of age though, the data of 
various age groups lies between 40° and 45°.

Fig. 12.10 (a, b) ACM angle
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Reproducibility/Variation

Moderately reproducible because of the poor 
definition of the depth of the acetabulum and to a 
lesser degree of the inferior margin of the acetab-
ulum. More reliable and consistent after puberty 
as landmarks are more readily definable.

 Clinical Relevance/Implications

One of the advantages of this measurement 
method is that the value of this angle is less sensi-
tive to the position of the pelvis.

 Analysis/Validation of Reference Data

Limited data regarding validation in the value of 
this measurement in its application before and 
after puberty.

Conclusion

Useful particularly in the mature pelvis but not 
used widely.
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12.10  Acetabular Depth 
and Acetabular  
Depth-to- Width Index

Definition

Acetabular depth is the measurement of the deep-
est diameter of the acetabulum coverage.

Indications

Acetabular dysplasia.

Technique

AP radiography (Fig. 12.11).

Normal > 9mm
Abnormal < 9mm

 Full Description of Technique

Acetabular depth is defined as the greatest per-
pendicular distance from the acetabular roof to a 
line joining the lateral margin of the acetabular 
roof and the upper corner of the symphysis pubis 
on the same side. An acetabular depth of <9 mm 
suggests acetabular dysplasia.

The depth of the acetabulum can be also evalu-
ated by the acetabular depth-to-width index 
which is estimated by dividing the width (mea-
sured from the lateral acetabular rim to the 
teardrop- apex) by the depth (measured at the most 
medial point of the weight-bearing acetabulum). 
The width line (W) of the acetabulum is measured 
between the E and the I points. Acetabular depth 
(d) is the length of the line from point T (the 
medial end of the sourcil) perpendicular to the 
constructed line depicting W (Fig. 12.12).

Fig. 12.11 Acetabular depth Fig. 12.12 Acetabular depth-to-width index
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The depth-to-width index is calculated by the 
ratio of depth to width (d/W) multiplied by 100 
(Fig.  12.13). Values of the ratio (d/W)  ×  100 
in vivo have been found to be around 60 in adults. 
In Murphy et al.’s study comparing normal and 
dysplastic hips with secondary OA, all of the dys-
plastic hips had an index lower than 39.

Normal index >39 (Average 60)
Abnormal (dysplasia) index <39

Reproducibility/Variation

Moderate reproducibility.

 Clinical Relevance/Implications

Although clinically relevant when <9  mm, the 
acetabular depth measurement has no upper nor-

mal limits. Indeed, a high value may be found in 
abnormal cases, such as coxa profunda and pro-
trusio acetabuli.

 Analysis/Validation of Reference Data

In a comparative study between normal and dys-
plastic hips with osteoarthritis, all normal hips were 
shown to have acetabular index values over 38°.

Conclusion

Reliable discriminator.

Fig. 12.13 Acetabular 
depth-to-width 
radiographic index
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12.11  Anterior Centre-Edge or VCA 
(Vertical-Centre-Anterior) 
Angle of Lequesne and De 
Seze

Definition

The VCA angle measured from the false- profile 
(FP) view is formed by the vertical line through 
the centre of the femoral head and the line con-
necting the centre of the femoral head to the most 
anterior aspect of the acetabulum.

Indications

When an abnormality of the acetabulum seen on 
the AP radiograph signals a deficiency of acetab-
ular roof coverage (abnormal CE angle), a false-
profile view of the pelvis which allows the 
measurement of the VCA angle will evaluate the 
anterior coverage of the acetabulum.

Normal >25° Abnormal <20°

Technique

Radiography—false-profile view (Fig. 12.14).

 Full Description of Technique

The anterior centre-edge angle, or VCA angle, 
is measured on oblique radiographs of the pelvis 
(false-profile view). The view in essence repre-
sents a true lateral view of the abnormal hip. 
Patients are in the standing position with the pel-
vis rotated at an angle of 25° relative to the X-ray 

beam and 65° to the X-ray film cassette. The foot 
closest to the bucky stand is parallel to the X-ray 
film cassette plane (Fig.  12.14). The side to be 
examined is positioned next to the film cassette 
and the central beam centred on its femoral head. 
This radiograph is technically correct if the dis-
tance between the two femoral heads is approxi-
mately the size of one femoral head.

The VCA angle is formed by the vertical line 
(V) through the centre of the femoral head and 
the line connecting the centre of the femoral head 
(C) to the most anterior aspect of the acetabular 
sourcil margin (A). VCA angle values of 25° or 
more are normal, whereas 20–25° is borderline 
and less than 20° abnormal (Fig. 12.15).

Reproducibility/Variation

Highly reproducible if the radiographic view is 
technically correct.

Fig. 12.14 Radiographic technique used in acquiring the 
false-profile view

25°

65°
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 Clinical Relevance/Implications

The false-profile view corresponds to a true lat-
eral view of the hip and allows measurement of 
the anterior/superior coverage by the acetabulum. 
This view is able to demonstrate early degenera-
tive changes which commonly tend to begin at 
the anterior aspect of the joint.

 Analysis/Validation of Reference Data

As indicated previously, values less than 20° cor-
respond to dysplasia. Values between 39° and 
44° correspond to a coxa profunda and more 
than 44° suggest protrusio acetabuli.

Conclusion

Requires good technique to ensure consistently 
reliable measurements. The VCA angle measured 
on the FP view is not identical to the AASA as 
measured on CT which will be discussed in the 
next section. The VCA is measured in the sagittal 
plane demonstrating the anterior/superior cover-
age by the acetabulum, while the AASA is mea-
sured in the horizontal plane demonstrating 
anterior coverage only.

ba

V

A

C

Fig. 12.15 (a, b) VCA angle
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12.12  AASA-PASA-HASA

Definition

The anterior acetabular sector angle (AASA), 
the posterior acetabular sector angle (PASA) 
and the horizontal acetabular sector angle 
(HASA) describe the anterior, posterior and 
global coverage of the femoral head by the 
acetabulum.

Indications

Acetabular dysplasia. Hip dysplasia is usually 
associated with hypoplasia of the anterior ace-
tabulum and reduced femoral head coverage. 
Once an acetabular morphological abnormality 
has been established (abnormal CE angle, etc.) 
on the AP radiograph, further information con-
cerning acetabular coverage is required. The 
VCA angle as described above is a radiographic 
option to provide anterior coverage information 
using the false-profile view. CT lends itself as a 
helpful modality to assess the acetabular 
morphology.

Normal 
values

AASA Males 63 ± 6°
Females 64 ± 6°

PASA Males 102 ± 8°
Females 105 ± 8°

HASA Males 167 ± 11°
Females 169 ± 10°

Technique

CT (Fig. 12.16).

 Full Description of Technique

Anda et  al. described a standardised CT tech-
nique for this purpose. First a scout view of the 
pelvis is obtained. Then axial scans are obtained 
through the centre of both femoral heads. An 
optimal axial section through the centre of the 
femoral heads should be used for measurements. 
The anterior coverage is evaluated by the AASA, 
the posterior coverage by the PASA and the 
global acetabular coverage by the HASA.  The 
HASA value is the sum of AASA and PASA.

Fig. 12.16 AASA-PASA-HASA determinants on cross- sectional imaging
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The angles are drawn from a horizontal C-C 
line through the centre of the femoral heads and 
two oblique lines from the centre of each of the 
heads to the most anterior and posterior point of 
the acetabulum, respectively, of each hip. The 
mean normal values are 63° in men and 64° in 
women for the AASA and around 105° for the 
PASA in both sexes (see normal value range 
above). These values are decreased in patients 
with hip dysplasia (Fig. 12.17).

Reproducibility/Variation

Highly reproducible.

 Clinical Relevance/Implications

Developmental dysplasia results in a decreased 
acetabular support and this is better appreciated 
with CT.

 Analysis/Validation of Reference Data

Accepted technique with a well-described stan-
dard using reliable fixed points and producing 
reproducible values.

Conclusion

A deficiency of the anterior coverage is com-
monly found in patients with hip dysplasia. 
Μeasurement of the PASA is important in neu-
romuscular dysplasia and in cerebral palsy, 
where a significant number of hips show a 
severely deficient posterior acetabulum. The 
PASA is also needed when a Salter osteotomy is 
planned.

Fig. 12.17 AASA and PASA assessment on CT axial image
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12.13  M-Z Distance

Definition

It is the distance in mm between the centre of the 
acetabulum and the centre of the femoral head.

Indications

Developmental dysplasia.

Technique

AP radiography (Fig. 12.18).

Full Description of Technique

MZ is the distance (in mm) between points M 
(centre of acetabulum) and Z (centre of femoral 
head). The critical point for MZ between normal 
and dysplastic hip joints was found to be 
6–8 mm.

Reproducibility/Variation

In children younger than 5 years of age, it is dif-
ficult to define point Z accurately.

Intraobserver and interobserver variations of 
MZ measurement were reported to be 3.3 and 
3.1 mm, respectively, in children and adolescents 
and 3.8 and 5.7 mm, respectively, in adults.

Poor reproducibility is the result of the diffi-
culty in defining both the inferior border of the 
acetabulum and the lateral end (lateral rim or lat-
eral border of bony condensation).

 Clinical Relevance/Implications

The MZ distance has been described to evaluate 
the lack of concentricity between the femoral 
head and acetabulum, but is not widely used.

 Analysis/Validation of Reference Data

Limited data renders validation difficult

Conclusion

Easy to perform if landmarks are well delineated.

Fig. 12.18 M-Z distance
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12.14  Acetabular Head Index 
(AHI): Femoral Head 
Extrusion Index (FHEI)

Definition

The acetabular head index (AHI) refers to the 
proportion of the femoral head covered by the 
acetabulum.
Similarly, the femoral head extrusion index 
(FHEI) refers to the proportion of the uncovered 
femoral head.

Indications

Acetabular dysplasia.
Degree of containment in Perthes disease.

Technique

AP radiography (Fig. 12.19).

 Full Description of Technique

The hip joint congruence is defined as the % of 
the femoral head that is covered by the acetabu-
lum. Three vertical lines are required drawn per-
pendicular to the horizontal C-C line. Line 1 is 
through the most medial part of the joint space, 

line 2 passes through the lateral edge of the ace-
tabulum the E point, while line 3 passes as a tan-
gent through the lateral outline of the femoral 
head. Two horizontal measurements are made 
between these vertical lines. The horizontal dis-
tance A (between lines 1 and 2) is divided by B 
(the horizontal distance between lines 1 and 3). 
The ratio A/B is then multiplied by 100 producing 
the AHI. Normal values of femoral head cover-
age are above 75%. The smaller the index, the 
more dysplastic the hip is (Fig. 12.20).

Fig. 12.19 Femoral head coverage

Femoral Coverage % 

Fig. 12.20 Acetabular head index (a) and femoral head extrusion index (b)

ba
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Normal AHI >75% Normal FHEI <25%
Dysplasia <75% Dysplasia >25%

The FHEI quantifies similarly the degree of 
the femoral head uncovered by the acetabulum 
expressed in percentage. Values of more than 
25% are frequent in acetabular dysplasia.

Reproducibility/Variation

The AHI and FHEI are highly reproducible and 
not significantly affected by pelvic rotation.

 Clinical Relevance/Implications

This is a useful measurement in the follow-up 
assessment of the changes with growth in the 

femoroacetabular relationship. It is particularly 
suited in Perthes disease, acetabular dysplasia 
and outcome assessment following corrective 
surgery.

 Analysis/Validation of Reference Data

CT evaluation to assess congruity can also be 
performed to study the acetabular coverage. 
There is no specific CT measurement to assess 
reliably the femoral head shape/position.

Conclusion

Both measurements are reliable in producing the 
required congruency assessment.
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12.15  Acetabular Depth in Coxa 
Profunda

Definition

Acetabular morphological abnormality produc-
ing a deep-seated acetabulum with generalised 
over-coverage of the femoral head. It is high-
lighted on the AP view by the medial location of 
the floor of the acetabular fossa which touches or 
medially overlaps the ilioischial line.

Indications

Hip pain in the young adult could be due to an 
underlying impingement arising from a focal or 
generalised acetabular over-coverage. In coxa 
profunda, the generalised over-coverage is asso-
ciated with abnormal measurements of previ-
ously described angles, namely:

CE angle >39°
Acetabular index 0 or <0 (−value)

Technique (Fig. 12.21)

An AP radiograph of the pelvis depicts the altered 
acetabular morphology.

 Full Description of Technique

The standard radiographic technique described 
earlier in this chapter to assess acetabular ver-
sion is required. A supine position with legs 
internally rotated by 15–20° is employed with 
the central beam focused midway between the 
ASIS distance at an FFD of 1.2 m. Pelvic sym-
metry is essential. It is stressed once again that a 
focal radiographic view of the hip is contraindi-
cated as it is produces a false assessment of the 
lines and landmarks. This is a well-described 
pitfall as a beam centred on the hip instead of the 
pelvis produces pseudo-coxa profunda features 

and increases the anteversion of the anterior wall 
of the acetabulum.

On this pelvic view, normal acetabular rela-
tionships are highlighted with the ilioischial line 
lying medial to the outline of the acetabular fossa. 
The medial acetabular rim inferiorly is continu-
ous with the teardrop forming its lateral wall.

Both the medial and lateral outlines of the 
teardrop normally lie lateral to the ilioischial line 
(Fig. 12.21). The distance between the ilioischial 
line and the medial acetabular rim is measured 
where the two lines cross the horizontal C-C line 
joining the centres of the femoral heads. The dis-
tance is designated positive when the ilioischial 
line is normally located medially and negative 
when it is abnormally located laterally which is 
what is seen in coxa profunda (and protrusio 
 acetabuli—see later).

Coxa profunda diagnostic criteria for the 
 distance (negative value) between the medial 
acetabular rim and the ilioischial line vary in 
adult men and women:

Men <−3 mm
Women <−6 mm

C

Fig. 12.21 Coxa profunda. In coxa profunda, the head is 
more medial with the acetabular fossa being at or medial 
to the ilioischial line. The measured distance (arrowed) is 
given a negative connotation
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The radiographic outline of the femoral head 
despite its generalised acetabular over-coverage 
still lies lateral to the ilioischial line (Fig. 12.22).

Reproducibility/Variation

Accuracy and reproducibility are good but 
depend on proper radiographic technique and 
clear measurement landmark instructions. The 
measurement criteria in children are different 
with a cut-off of −0.8 mm for boys and −2.7 mm 
for girls (mean = 2 × SD).

 Clinical Relevance/Implications

Coxa profunda is one of the underlying causes of 
the acetabular pincer type of femoroacetabular 
impingement from generalised over-coverage.

 Analysis/Validation of Reference Data

Moderate data supporting validation

Conclusion

Useful and reliable if based on measurements 
applied on good radiographic technique.

Fig. 12.22 Coxa profunda and osteoarthritis
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12.16  Protrusio Acetabuli Distance

Definition

Protrusion distance is the measurement of the 
intrapelvic protrusion of the acetabulum. 
Protrusio acetabuli is present if on the AP view 
the medial aspect of the femoral head lies medial 
to the ilioischial line.

Indications

Measuring the progression of the protrusio ace-
tabuli observed in association with various disor-
ders. This is associated with underlying hormonal 
disorders, usually occurs in females, but is often 
idiopathic and bilateral. Although similar to coxa 
profunda in causing a generalised acetabular 
over-coverage and predisposing to the acetabular 
pincer type of FAI, it is different being progres-
sive and associated with the femoral head outline 
extending medially to cross the ilioischial line.

Technique

AP radiography of the pelvis as described previ-
ously in the coxa profunda section (Fig. 12.23).

Full Description of Technique

The essential evaluation exercise and diagnostic 
criteria are similar to coxa profunda. The iliois-
chial Kohler line begins on the pelvic border of 
the ilium and ends on the medial border of the 
body of the ischium, abutting with the dome of 

Fig. 12.23 Protrusio acetabuli. In protrusio, the femoral 
head is medial to the ilioischial line with the centre of the 
femoral head migrating medial to both the posterior and 
anterior acetabular outlines and intersected by the iliois-
chial line

C
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the acetabulum on its way. If the outline of the 
acetabular dome passes medial to Kohler’s line, a 
protrusion exists and the magnitude is reflected 
by the distance between the medial acetabulum 
and the ilioischial line.

Protrusio is considered to be present if the 
medial wall of the acetabulum extends medial to 
the ilioischial line by 3 mm in males or 6 mm in 
females.

Reproducibility/Variation

This method is highly reproducible but is appli-
cable to serial radiographs of individual patients 
and is not suitable for comparing patients.

Clinical Relevance/Implications

Protrusio acetabuli, also known as arthrokatady-
sis (Greek words arthro  =  joint and katady-
sis = diving), has been defined as a condition in 
which the head of the femur lies further in the 
pelvis than normal (Fig. 12.24).

 Analysis/Validation of Reference Data

Reliable indicator of progression of protru-
sio  acetabuli with time as long as the same 

 radiographic technique is used in follow-up 
radiographs.

Conclusion

Measurement diagnostic and differentiates it 
from coxa profunda.

Fig. 12.24 Protrusio acetabuli and osteoarthritis
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12.17  Acetabular Depth in Pincer- 
Type Femoroacetabular 
Impingement

Definition

Measurement of the deeply situated femoral head.

Indications

Patients who demonstrate on plain radiographs ace-
tabular over-coverage (centre-edge angle of greater 
than 40° or abnormal VCA angle) and/or acetabular 
retroversion (crossover sign). This applies to coxa 
profunda and protrusio acetabuli as well.

Technique

CT.
MRI.

Full Description of Technique

The acetabular depth should be measured on the 
axial oblique image obtained from the coronal 
images, on the image through the centre of the 
femoral neck. The depth of the acetabulum is 
defined as the distance between the centre of the 
femoral head and the line connecting the anterior 
acetabular rim to the posterior acetabular rim. In 
pincer-type impingement, the value is negative 
since the centre of the femoral head lies medial 
to the line connecting the acetabular rim 
(Fig. 12.25).

Reproducibility/Variation

One study showed that in pincer impingement, 
the acetabular depth is about 5 mm.

 Clinical Relevance/Implications

Femoroacetabular impingement results from an 
abnormal contact between the femur and the ace-
tabular rim and has been recently recognised as a 
cause of hip pain in all age groups, possibly 
resulting in the development of early osteoarthri-
tis. In pure pincer-type impingement, the pre-
dominant abnormality is with the morphology of 
the acetabulum resulting in over-coverage, with a 
relatively normal contour of the proximal femur. 
The acetabular over-coverage can be global, as in 
a patient with protrusio acetabuli, or localised, as 
in a patient with acetabular retroversion.

 Analysis/Validation of Reference Data

Limited data does not allow satisfactory 
validation.

Conclusion

Good indicator of the presence of impingement.

Fig. 12.25 Acetabular depth using axial MR assessment
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12.18  Femoral Head Asphericity 
in Cam-Type 
Femoroacetabular 
Impingement: α-Angle/
Anterior Offset/AO Ratio 
Measurements

Definition

Confirmation and quantification of femoral head 
asphericity has four possible measurable param-
eters: the alpha angle, femoral offset or offset 
ratio and triangular index.

The alpha (α) angle is a parameter used to 
quantify the degree of femoral deformity and 
reflects the insufficient anterolateral head-neck 
offset and femoral head asphericity. It is formed 
between the femoral neck axis and a line connect-
ing the head centre with the point of commence-
ment of the asphericity of the head/neck contour 
(Fig. 12.26). The method also evaluates the degree 
of femoral head-neck offset abnormality allowing 
the estimation of the offset ratio as well.

The anterior femoral head-neck offset is 
defined as the difference between the radius of 
the femoral head (R) and the widest part of the 

femoral neck anteriorly at its junction with the 
head (r) (Fig. 12.27). The offset ratio is defined 
as the ratio between the anterior offset and the 
diameter of the femoral head.

The triangular index will be dealt separately 
in the next section.

Indications

The term “pistol grip” or “tilt” deformity 
describes a flattened head/neck junction laterally 
by a bone bump seen on the standard AP radio-
graphs of the hip. The degree of this deformity 
cannot be assessed optimally on the AP view 
which usually underestimates it as there is a sag-
ittal component to the abnormality anterosuperi-
orly, which is not possible to detect/quantify on 
the AP view. Quantification of the degree of “pis-
tol grip” deformity in the proximal femur sugges-
tive of impingement, assessed previously on AP 
radiographs, is therefore needed. A lateral radio-
graph can be used to assess the anatomical rela-
tionship between the femoral head and neck 
anteriorly. MRI is increasingly being used for 
this purpose as it has a number of advantages.

Fig. 12.26 α-angle—normal

a

Fig. 12.27 Anterior femoral head offset—normal
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Normal <55°
Abnormal >55° (cam impingement)

As discussed later on, the alpha angle 
threshold signalling, a head-neck deformity 
may in fact be even lower at about 42°.

Techniques

Radiography—If radiography is the chosen 
modality, it is imperative to assess femoral head 
asphericity on both the AP and lateral radio-
graphs because the head can appear spherical on 
the AP view but be aspherical on the lateral view.
MRI

 Full Description of Technique 
(Fig. 12.26)

Radiography. Mose’s concentric circular tem-
plates can be used as a quick initial assessment of 
the femoral head status whereby asphericity is 
present if the femoral epiphysis is seen to extend 
beyond the margins of the best-fit reference circle 
by more than 2  mm. If the femoral epiphysis 
extends beyond the margins of the reference cir-
cle by less than 2 mm, the head is likely to be 
spherical.

A radiograph can be employed to determine the 
alpha angle and offset ratio. There are however a 
number of possible radiographic techniques that 
can be used. In a comparative study on femoral 
specimens (11 aspherical heads and 10 spherical 
heads) using six radiographic projections to assess 
femoral head/neck asphericity, Meyer et al. found 
that the measured alpha angle varied with the pro-
jections. The Dunn view in 45° or 90° flexion of 
the hip, neutral rotation and 20° abduction or the 
crosstable projection in 15° internal rotation were 
found to be the best  projections. These projections 
minimise the false- negative results. Crosstable lat-
eral radiographs with external rotation in particu-
lar should not be used. The problem is that patients 
with cam impingement have diminished range of 
hip joint movement especially internal rotation 

(<20°) as one of the clinical features, which does 
introduce practical difficulties in obtaining opti-
mally positioned radiographic projections.

The Dunn view can be obtained by flexing the 
symptomatic hip in 45° or 90° with the patient in 
the supine position. The hip is abducted by 20°, 
but there is neutral rotation. With an FFD of 
120 cm, the beam is centred midway between the 
ASIS and symphysis pubis.

The crosstable lateral view requires the patient 
to lie supine with the contralateral hip and knee 
flexed beyond 80°. The symptomatic limb is inter-
nally rotated by 15°, and the X-ray beam is directed 
parallel to the tabletop orientated 45° to the symp-
tomatic limb centred on the femoral head.

The frog lateral view is obtained with the patient 
supine and the affected limb flexed at the knee by 
30–40° and the hip abducted by 45°. The heel of 
the affected limb rests against the medial aspect of 
the contralateral knee. Using an FFD of 102 cm, 
the X-ray beam is centred midway between the 
ASIS and symphysis pubis. Despite initial enthusi-
asm in some quarters, the frog lateral view is not 
regarded as a reliable predictor of the alpha angle in 
FAI.

MRI 1) Oblique angle assessment—The 
α-angle is measured on 2–3-mm-thick oblique 
axial gradient-echo, fat-suppressed PD or T1-W 
MR arthrographic images, planned on the coronal 
MR images. The oblique axial plane is acquired 
parallel to the axis of the femoral neck and passing 
through the centre of the femoral head. This plane, 
which is individual to the patient and chosen on 
the basis of the coronal scout view, corresponds to 
a lateral radiograph with the film cassette parallel 
to the femoral neck (Figs. 12.26 and 12.28).

MRI 2) Multiple radial assessment—The 
maximal α-angle value from multiple radial 
images can be used as an alternative MR method. 
The radial images are obtained using the centre 
of the femoral neck as the axis of rotation. 
Patients with clinically suspected FAI can have 
an underestimated or missed cam abnormality if 
only the oblique axial plane is the basis of assess-
ment. In Rakhra et al.’s comparative study, 54% 
of subjects had an α-angle less than 55° on the 
conventional oblique axial plane image, but 55° 
or more on the radial plane images.
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A 3D isotropic T1-wt spoiled gradient-echo 
(MPRAGE/Turbo-Flash) sequence with water 
excitation (1  mm slice thickness, 25  cm FOV, 
256 × 256 matrix) is obtained, from which 2-mm- 
thick oblique sagittal MPR images are produced 
perpendicular to the long axis of the femoral 
neck. Using the latter plane, 2-mm-thick radial 
MPR images are generated at 15° interval using 
the centre of the femoral head as the centre of 
rotation. The generated images are all orthogonal 
to the head-neck junction. Then a clockface 
nomenclature is employed designating the 
anterior- most head-neck junction as the 3 o’clock 
position, with the 12 o’clock position represent-
ing the superior-most junction. Selected radial 
specific images, four in all, are chosen to evaluate 
the anterosuperior quadrant of the head-neck 
junction corresponding to the 12, 1, 2 and 
3 o’clock positions (Fig. 12.29).

For the α-angle, a best-fit circle is drawn 
around the contour of the femoral head. A line is 
drawn from the centre of the circle outlining the 
femoral head to the point at which the femoral 
head or neck protrudes beyond the confines of 
the circle anteriorly. A second line is constructed 
along the long axis of the femoral neck starting 
from the centre of the femoral head extending 

laterally to the midpoint of the neck at its nar-
rowest point. In the MR radial method, the 
α-angle value varies with the clockface position, 
and the maximal angle is recorded. It is worth 
noting that the radial value at the 3 o’clock posi-
tion is equivalent to the value obtained from the 
image through the middle of the femoral neck 
using the oblique MR image method, and usu-
ally in a cam deformity, the radial values are 
higher at the 2  o’clock vector. An alpha angle 
greater than 50° is abnormal although using a 
threshold of 55° may be more specific to cam 
impingement (Fig. 12.29).

To determine the anterior femoral head- 
neck offset, the endpoints used in determining 
the alpha angle are used. Lines are drawn parallel 
to the longitudinal axis of the femoral neck from 
both anterior points on the femoral head and fem-
oral neck, respectively (Fig.  12.30). The differ-
ence between the perpendicular distances 
between these lines and the femoral neck axis 
creates the anterior head-neck offset (Fig. 12.31).

Normal asymptomatic 
anterior offset

11.6 ± 0.7 mm

Cam impingement anterior 
offset

7.2 ± 0.7 mm

41°

75°
α

α

a b

Fig. 12.28 MRI assessment of α-angle using oblique 2.5 mm fat-suppressed T1-wt TSE axial images. (a) Normal hip 
configuration. (b) A 42-year-old male patient with clinical indication of cam-type femoroacetabular impingement

A. Karantanas



493

The anterior offset ratio can then be calcu-
lated between the anterior offset divided by the 
diameter of the femoral head.

Normal asymptomatic anterior 
offset

0.21 ± 0.03 mm

Cam impingement anterior 
offset

0.13 ± 0.0 mm

Reproducibility/Variation

The α-angle can be underestimated on the radio-
graphic projection if rotation is not controlled.

Τhe α-angle measured on oblique MR images 
exhibits a high degree of intra- and interobserver 
agreement. However, values reporting average 
alpha angles in patients with FAI are higher in 

Fig. 12.30 CAM effect—abnormal α-angle

a

Fig. 12.31 Cam effect—abnormal anterior femoral offset
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Fig. 12.29 α-angle assessment using multiple MR radial images
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some studies (69.7° and 74.0°) compared with 
others that have found the abnormal threshold to 
be 55°. This could reflect the variability in loca-
tion used to make the measurements.

The oblique axial plane optimally images the 
anterior contour of the femoral head-neck junc-
tion. More specifically however, it has been shown 
that the most pronounced femoral head offset is 
seen in the anterosuperior quadrant. For these rea-
sons, there has been a move towards recommend-
ing MR radial images to evaluate the head-neck 
junction over its full circumference as opposed to 
just anteriorly using the oblique axial image 
method. Indeed rates of up to 54% false-negative 
values in FAI have been published when using the 
popular oblique axial plane protocol. As a result, 
the multiple radial plane protocol for its measure-
ment was recently introduced as described above.

Clinical Relevance/Implications

Studies have shown that an elevated α-angle is 
associated with symptomatic impingement. Cam 
impingement refers to a “pistol grip” deformity in 
the contour of the anterior/superior femoral head-
neck junction with the acetabulum being normal. 
Various methods have been described to measure 
the asphericity of the femoral head as well as the 
abnormal offset. These include measurement of 
the α-angle, the epiphyseal extension and the 
amount of femoral head- neck offset. The α-angle 
estimation is the easiest to measure and exhibits a 
high degree of intra- and interobserver agreement.

Impingement by the cam effect from femoral 
asphericity on the anterior acetabular rim induces 
cartilage injury predisposing to early osteoarthri-
tis. Stulberg et al. proposed that the “pistol grip” 
deformity is seen in 40% of hip osteoarthritis.

 Analysis/Validation of Reference Data

The α-angle was originally described as a mea-
surement obtained from the oblique axial MR 
image through the centre of the femoral head. It 
is increasingly applied to conventional radiogra-

phy, but it is not known if applying these defini-
tions across imaging modalities is valid or not. In 
practice most patients with cam impingement 
have alpha angles in excess of 63°. Although the 
crosstable lateral radiograph in 15° internal rota-
tion is the recommended view for assessing the 
alpha angle and AOR radiographically, there are 
no robust quantitative definitions of normal and 
abnormal anatomy based on this projection. 
Despite this, the measurements from this tech-
nique are employed in routine clinical use, and 
the user needs to be aware that a recent UK study 
with validation, good repeatability and measure-
ment reproducibility has shown a wider reference 
interval in normal hips than previously thought. 
These reference intervals indicate that clinically 
and radiographically normal hips may have alpha 
angles and AORs that would be considered 
abnormal if the threshold value of 55° is 
employed. The values on normal asymptomatic 
hips from both genders were combined in Pollard 
et al.’s study, to derive 95% confidence intervals 
for the studied population as follows:

Normal values
Alpha angle 
mean

6–49° (95% reference 
interval 32–62)

Anterior offset 
ratio

0.18–0.20 (95% reference 
interval 0.14–0.24)

Based on but extrapolating from this data of a 
sample from the general population, patients pre-
senting with symptomatic FAI and an α-angle of 
63° or more, or an AOR below 0.14, have proxi-
mal femoral anatomy beyond the reference 
interval.

As the proximal femur has greater offset 
anteromedially than anterolaterally, the α-angle 
increases and the AOR decreases with progres-
sive internal rotation. The measurements from 
the crosstable lateral radiograph in 15° internal 
rotation have been validated (best reliability/
reproducibility) for the purpose of quantifying 
the morphology and cam deformity of the proxi-
mal femur. In Notzli’s article, there was a high 
degree of intra- and interobserver agreement 
using the oblique axial MR method. Divergence 
of observational assessment occurred only in 
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those hips with the largest alpha angles, but 
these were all clearly placed in the abnormal 
range. α-angle threshold values for cam defor-
mities are still not fully agreed ranging between 
50° and 55°.

Given the elliptical shape of the femoral neck, 
it is quite obvious that the oblique axial plane 
images will result in significantly lower α-angle 
measurements than the radial plane images. 
Rakhra et al.’s comparative study showed that the 
radial MR method is more sensitive to the pres-
ence, location and size of the anatomic deformity 
than the oblique axial method which had a false- 
negative rate of 56%.

For the mean AOR in normal asymptomatic 
hips, the values are quite consistent in the litera-
ture ranging between means of 0.15 and 0.19.

Conclusion

α-angle measurement is a reliable means of 
defining femoral head sphericity, is a good pre-
dictor for the risk of anterior FAI and is signifi-
cantly correlated with the extent of cartilage hip 
defects. α-angle assessment using MRI is a fast 
and reliable measure to assess femoral 
asphericity.
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12.19  Femoral Head Asphericity 
in Cam-Type 
Femoroacetabular 
Impingement: Triangular 
Index

Definition

The triangular index is a comparative measure 
between the natural radius of the femoral head (r) 
and the geometric resultant radius (R) calculated 
at the neck-head junction.

Indications

Hip pain in young adult to exclude underlying 
cam impingement.

Technique

AP radiograph (Fig. 12.32).

Full Description of Technique

This measurement technique requires a simple 
geometric calculation using Pythagoras theorem 
for right-angled triangles (a2 + b2 = C2). Firstly 
the centre of the femoral head is located using 
Mose’s circular templates. Then the longitudinal 
axis of the femoral neck is identified by connect-
ing the femoral head centre to the midpoint of 
the narrowest dimensions of the femoral neck. 
The length of the natural radius of the femoral 
head (r) is then marked laterally along the con-
structed longitudinal axis of the femoral neck. 
Along this line, a point corresponding to the 
midpoint (i.e. halfway) of the natural radius is 
marked, and from this point, the perpendicular 
height (H) to the superior border of the head/
neck junction is measured. Using this height (H), 
the corresponding radius (R) is calculated using 
Pythagoras theorem for right-angled triangles 
described above. If the resultant radius (R) at the 
point 0.5r along the axis of the femoral neck, at 
the head/neck junction, exceeds the natural 

Fig. 12.32 Cam effect—triangular index measurement technique (a) with radiographic depiction of the bony bump on 
the AP view (b)
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radius (r) of the femoral head by 2  mm on a 
radiograph with 1.2 magnification, then a hump 
malformation is present indicating the presence 
of head asphericity.

R > r + 2 mm

Reproducibility/Variation

This method produces a reliable and accurate 
assessment of femoral head asphericity which 
can be applied to both AP and lateral 
radiographs.

Clinical Relevance/Implications

It provides a simple and accurate description of 
the bony hump deformity causing the femoral 
head asphericity. The greater R is at the femoral 
head/neck junction compared with the natural 
head radius r, the more severe the hump 
morphology.

 Analysis/Validation of Reference Data

The triangular index is purely geometric in its 
calculation and is based on measurements from 
fixed reference points. It has been found to be 
more reliable than the radiographic estimation of 
the α-angle. Probably this is because the exact 
point at which the radius of the aspherical femo-
ral head deviates from the natural radius and 
increases laterally on a curved surface is not easy 
to define accurately.

Importantly the triangular index is not affected 
by rotation. In a comparative study with α-angle 
measurements on femoral specimens radio-
graphed at different degrees of rotations, the tri-
angular index result did not change unlike the 
alpha angle measurement.

Conclusion

More reliable in assessing the presence and mag-
nitude of femoral head asphericity from conven-
tional radiographs.
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12.20  3D MDCT Quantitative 
Assessment of Cam 
Deformity

The angular measurements that are available to 
detect the cam deformity in femoroacetabular 
impingement currently focus on defining a con-
tour abnormality of the femoral head. These tech-
niques do not provide a quantifiable estimate of 
the deformity (extent, height and spatial orienta-
tion/location) which is increasingly becoming 
relevant as a preoperative map for minimally 
invasive surgical techniques.

Harnessing 3D volumetric-based multidetec-
tor CT technology to acquire the 3D dataset holds 
great promise in quantifying the bony abnormal-
ity accurately. In a large study on 102 dry cadav-
eric femora, this technique identified 49 instances 
of a bony prominence at the head-neck junction 
anterolaterally. The capabilities of this method 
are reflected in the average measured values 
which were:

Average surface area 326 mm2 (SD 
172 mm2)

Average height 3.23 mm (SD 
0.74 mm)

Computed alpha angle of 
normal femora

47.65° 
(38.67–59.81)

Computed alpha angle of 
cam-type femora

67.72° 
(53.04–88.02)

In addition using this method, the 3D alpha 
angle can be calculated using the MR methods 
described previously. Limited studies have 
shown that when acquired accurately using 3D 
through automated computational analysis, the 
alpha angle correlates significantly with the 3D 
MDCT morphological detection method. 
Importantly there is also an acceptable correla-
tion between the computed alpha angle and the 
multiple radial plane estimation but not the 
oblique axial plane estimation of the alpha angle. 
The technique has had to date only limited 
exploration in  vivo and in  vitro, but due to its 
potential, it is briefly included.

The rate of insufficient alpha angle correc-
tions after corrective arthroscopic osteochondro-
plasty surgery in impingement patients is still in 
the order of 24%. This is despite using CT-based 
navigational systems which have an inherent 
accuracy of less than 1 mm. The CT-based proto-
col used in previous studies had major weak-
nesses which included the inability to display the 
amount of bone which needed to be resected. 
Without this information, it is not possible despite 
a very accurate navigational system to improve 
surgical accuracy and outcomes.
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12.21  Femoroacetabular 
Impingement: Beta Angle

Definition

The (β) angle measures the angle between the 
head-neck junction and the acetabular rim with 
the hip in 90° flexion. It is useful in patients 
with FAI irrespective of the underlying FAI 
type.

Indication

FAI independent of aetiology. The increased 
α-angle (>55°) gives information about the sever-
ity of the femoral head-neck pathology, while the 
increased centre-edge angle (>40°) describes 
acetabular over-coverage, but neither are able to 
quantify the status during the impingement 
process.

Technique (Fig. 12.33)

The β-angle is an additional technique allowing 
measurement of the distance between the femoral 
head-neck junction and the acetabular rim with 
the hip in a position promoting impingement. 

This assessment can be measured on images pro-
duced by a special radiographic technique or 
positioning in an open MR scanner.

Radiography. Beta view radiographs are 
obtained with the patient sitting in a chair, with 
the hip in 90° flexion and the femur in 20° abduc-
tion and 0° rotation. The femur needs to be hori-
zontal, and this is checked by ensuring that the 
plane between the greater trochanter and lateral 
condyle is parallel to the ground. The beam is 
angled 15° in the AP direction rendering it tan-
gential to the acetabular plane. It is centred on the 
femoral shaft about 6 cm lateral to the ASIS using 
84  kV.  On the resulting radiograph, the head-
neck junction lies superiorly, with the femoral 
neck perpendicular to the acetabular plane.

MRI. An open MRI system is required for a 
positional study to show the space between the 
anterior femoral neck and the acetabular rim with 
the hip in 90° flexion. When the hip is in 90° flex-
ion, the anterior femoral neck faces cephalad. 
The MRI plane needs to be in the orientation that 
allows measurement of the minimum space 
between the neck and rim at the site of potential 
FAI. As this space can be measured as an angle in 
the plane of motion, it is comparable with the 
clinically measured internal rotation. The patient 
is placed supine, and with the help of a support, 
the hip is placed in 90° of flexion and in neutral 
rotation in the sagittal plane before a flexible 
radiofrequency coil is positioned around the hip.

A coronal scout view passing through the cen-
tre of the hip is used with the hip in 90° flexion to 
determine the plane of acetabular anteversion. 
Then anteroposterior sections through the acetab-
ulum are obtained tilted 90° to the acetabular 
opening. On this basis, 4-mm-thick sections are 
obtained. Using this technique, Wyss et al. found 
that the available space between the rim and fem-
oral neck was consistently smallest in the section 
4  mm anterior to the hip centre. The neck-rim 
relationship is then measured from this scan.

Using the MR image, the anterior limit of 
head congruency can be defined as the point 
where the distance from the centre of the head 
first exceeds the true radius of the cartilage- 
covered head. The lateral bony margin of the 

Fig. 12.33 β-angle combining femoral (C) and acetabu-
lar (D) components of femoral acetabular impingement
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acetabulum is then identified, and lines are drawn 
from the centre of the femoral head to the previ-
ously identified points. The angle formed by 
these lines is called the beta angle. It represents 
the arc of congruent internal rotation available 
with the hip in 90° flexion.

Normal asymptomatic individuals 30 ± 9°
FAI patients 5 ± 9°

Full Description of Technique

To measure the β-angle from the obtained radio-
graph, the method is similar to the one described 
above on the MR image. Briefly three points are 
defined: firstly the centre of the femoral head, 
secondly the point representing the anterior limit 
of head-neck congruency from where the dis-
tance from the bone to the head centre first 
exceeds the radius of the femoral head and thirdly 
the point which is at the superolateral rim of the 
acetabulum. The β-angle is subtended by the 
lines from the head centre to these points, respec-
tively (Fig. 12.33).

Normal beta 
angle

38.7° (95% confidence interval 
36.5–41.0)

FAI beta angle 15.6° (95% confidence interval 
13.3–17.7)

Reproducibility/Variation

There are no significant differences in the mea-
sured β-angle values between men and women in 
either normal or FAI patients.

Excellent inter- and intraobserver correlation 
with a high reliability and reproducibility in both 
normal and FAI patients. This is seen using both 
radiographic and MRI techniques.

 Clinical Relevance/Implication

A radiographically measured beta angle >30° 
is normal and in keeping with symptomatic 
FAI if <29°.

Using both radiographic and MRI-based mea-
surements, the β-angle when compared with clin-
ical examination showed significant correlation 
with range of internal rotation but not degree of 
flexion.

The β-angle can also be used postoperatively, 
and studies have shown improvement in the mea-
surements following arthroscopic osteochondro-
plasty of the head-neck junction. This also correlated 
with clinical improvement of internal rotation.

 Analysis/Validation of Reference Data

The mean β-angle in FAI measured radiographi-
cally is 15.6° compared with a mean β-angle 
 measurement on MRI of 4°. This could be due to 
the inclusion of cartilaginous components of the 
bony bump visualised by MR not seen radio-
graphically. However, it is also possible that it is 
not always possible to extrapolate measurements 
done using two different imaging techniques.

Conclusion

As the measurement is done with the hip at 90° 
flexion, any deformity impinging on joint motion 
is assessed whether it originates from the femo-
ral, acetabular or both sides of the hip joint. It 
also shows that the physical examination with 
specific reference to internal rotation is reliable 
in indicating the presence of FAI.  It provides 
additional objective dynamic dimension in FAI 
patients both preoperatively and postoperatively.
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12.22  Femoral Anteversion 
and McKibbin Instability 
Index

Definition

Femoral anteversion is the angle between the 
transverse axis of the knee joint and the trans-
verse axis of the femoral neck.

Indications

Diagnosis and selection of patients for derota-
tional osteotomies.

Techniques

CT.
MRI.
The subject is covered further in the chapter on 
Long Bone Measurements.

Full Description of Technique

Femoral anteversion is the angle between the 
transverse axis of the knee joint, which is best 
indicated by a line drawn tangential to the maxi-
mum posterior convexity of both femoral con-
dyles, and the transverse axis of the femoral neck. 
The latter line is drawn through the centre of the 
femoral head and along the central axis of the 
femoral neck.

Τhe transverse axis of the knee joint has been 
a topic for discussion. Instead of the posterior 
tangential line, some propose the transcondylar 
axis. The latter is determined by first drawing 
tangents to the anterior and posterior aspects of 
the femoral condyles, and then a line drawn 
bisecting the angle between the two lines repre-
sents the transcondylar axis.

The diacondylar plane proposed by others 
connects two points at the widest flare of the 
condyles.

Since the femoral neck cannot be visualised in 
the transverse plane because of its anterior and 

cephalad orientation, images made at different 
levels can be superimposed to create a summa-
tion image (Fig. 12.34).

Alternatively, the angles of the femoral neck 
and femoral condyles formed with respect to the 
transverse plane are subtracted. However, if the 
femoral condyles are internally rotated on the 
images, the angle of rotation must be added to the 
angle of anteversion.

Normal values 15–20°
Dysplasia >20°

Reproducibility/Variation

Highly reproducible in adults.

 Clinical Relevance/Implications

Precise measurement of femoral anteversion is 
important in the selection of patients for preop-
erative planning of derotational osteotomy of 
the femur.

The McKibbin instability index is based on the 
assumption that the effects of femoral and acetabu-
lar anteversion may be additive or may offset each 
other. The McKibbin instability index is calculated 
as the sum of the angles of femoral and acetabular 
anteversion, with an index of 60 denoting severe 
instability. The normal range for the McKibbin 
instability index is 30–40°. Abnormal values are 
associated with hip pain and osteoarthritis.

Fig. 12.34 Femoral anteversion and McKibbin instabil-
ity index
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Normal McKibbin index 30–40°
Abnormal McKibbin index >40°

 Analysis/Validation of Reference Data

Decreased femoral anteversion is seen in associa-
tion with slipped capital femoral epiphysis, coxa 
vara, deep acetabulum, dysplasia of the hip and 
pistol grip deformity, after derotational varus 
osteotomy in children (when the femoral antever-
sion, which has been reduced to 0°, does not 
remodel), and in patients with previous fractures 
of the femoral shaft. Increased femoral antever-
sion is seen in developmental dysplasia of the 
hip, Legg-Calve-Perthes disease, intoeing gait 
and cerebral palsy.

The measurement on a single image of the 
proximal neck has been reported to underesti-

mate anteversion by about 10° in normal patients. 
This error is greater for images through the proxi-
mal part and less for images that were taken in 
the distal part of the femoral neck. This inaccu-
racy may be explained by the fact that a single 
section through the femoral neck often fails to 
indicate the direction of the axis of the femoral 
neck. The most proximal portion of the inferior 
neck with no head portion on the CT axial slice 
provides the most accurate estimate of the neck 
axis.

Conclusion

It is unclear whether isolated anteversion of the 
femur can be considered a form of hip dysplasia. 
Even though increased anteversion is commonly 
found in hip dysplasia, no relationship has been 
established with the acetabular development.
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12.23  Femoral Neck Shaft Angle 
(NSA) or Centrum-Collum- 
Diaphyseal (CCD) Angle 
of Muller

Definition

The NSA is the angle formed by lines drawn along 
the long axis of the femoral shaft and along the 
axis of the femoral neck passing through the centre 
of the femoral head. It is also known as centrum-
collum-diaphyseal (CCD) angle of Muller.

Indications

Along with the angle of femoral anteversion, the 
NSA is required prior to surgery for correcting 
the dysplastic hip. A coxa valga deformity is the 
usual abnormality in hip dysplasia patients. 
Further indications include detection and preop-
erative planning of femoral fractures and devel-
opmental coxa vara.

Technique (Fig. 12.35)

AP radiography. The appearance of the femoral 
neck radiographically is significantly affected by 
femoral anteversion. To counteract this, the NSA 
is most accurately measured with the legs in 20° 
internal rotation which is the standard in obtain-
ing this radiograph.

 Full Description of Technique

The patient is placed flat on the back with the feet 
pointing medially. The central ray passes through 
a point 1 in. below the centre of the inguinal liga-
ment perpendicular to the plane of the film. An 
angle is formed by the long axes of the femoral 
shaft and neck (see below).

The most reliable method of constructing the 
respective femoral shaft and femoral neck axis 
needs to be employed (Fig.  12.35). Firstly the 
 femoral shaft axis is determined by joining two 

points obtained by bisecting two transverse 
diameters of the proximal subtrochanteric fem-
oral diaphysis. Secondly the centre of the femo-
ral neck is determined. To do this, a circle is first 
drawn around the femoral head outline and the 
centre of the femoral head is located. This circu-
lar arc intersects the femoral neck at two points 
on the superior and inferior femoral neck out-
lines, respectively. A line is then drawn joining 
these two points, and a bisector is created to this 
line. The line joining this line’s midpoint to the 
centre of the femoral head is the femoral neck. 
(Please refer to the Paediatric section for dia-
gram details.)

Normal values 125–135°
Abnormal values Coxa vara, <125°

Coxa valga, >140°

Reproducibility/Variation

Highly reproducible if applied after the age of 6.

Fig. 12.35 Radiographic measurement of femoral neck 
shaft angle
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 Clinical Relevance/Implications

Apart from surgical planning, the study of NSA 
is important to study osteoarthritis in an individ-
ual patient. In addition, the use of a combination 
of femoral BMD and NSA may improve hip frac-
ture risk prediction as the latter is significantly 
higher in patients with hip fractures.

 Analysis/Validation of Reference Data

Using this radiographic method, the NSA mea-
surement is a close approximation of the true 
NSA. The measurement is significantly affected 
by femoral neck anteversion, and attention to the 
correct interpretation of the measurements is 
vital prior to surgical planning. If corrective sur-
gery is being planned, an exact value must be 

obtained using charts (not included) taking into 
account the degree of femoral anteversion.

In congenital coxa vara, the medial contour of 
the femoral neck is often deficient. Alternatively 
the inferior point of femoral neck intersection 
with the circular arc is replaced by obtaining a 
point where a perpendicular to the femoral shaft 
axis intersects the highest point on the inferome-
dial outline of the femoral neck to define the cen-
tre of the femoral neck.

Conclusion

As femoral anteversion significantly affects the 
radiographic projection of the neck shaft angle, 
accurate positioning is a mandatory prerequisite. 
Both angles are required prior to carrying out any 
planning for corrective surgery.
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12.24  Stem Anteversion

Definition

This is the angle between the transverse axis of 
the stem and the transverse axis of the knee joint.

Indications

To assess postoperatively the stem anteversion in 
patients with total hip replacements and hip pain.

Technique (Fig. 12.36)

CT

 Full Description of Technique

The femoral stem axis is defined as the line along 
the anterior and posterior borders of the implant. 
The stem anteversion is evaluated as an angle 
between the posterior condylar axis and the axis 
of the femoral stem at the most proximal portion 
of the inferior neck with no head portion included 
in the image.

Reproducibility/Variation

Highly reproducible.

 Clinical Relevance/Implications

An excess or deficit in the value of stem antever-
sion may influence the range of motion because 
of impingement effects and may be the cause of 
loosening.

 Analysis/Validation of Reference Data

The surgeon’s intraoperative intention using 
visual assessment in placing the stem in an ante-
version of 10–20° is imprecise especially in the 
cementless femoral stem.

Conclusion

This measurement often indicates that the stem 
is often not within the intended range of 
anteversion.

S
α

Fig. 12.36 Stem anteversion angle on cross-sectional 
imaging with superimposition of the femoral stem axis on 
the transcondylar axis of the distal femur (S denotes the 
presence of the stem implant in the proximal femur)
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12.25  Femoral Head: Index 
of Necrotic Extent

Definition

The measurement of the extent of the avascular 
necrotic process in the femoral head.

Indications

Quantification of avascular necrosis of the femo-
ral head.

Techniques

MRI.

Full Description of Technique

A is the necrotic arc angle in the coronal plane, and 
B is the necrotic arc angle in the sagittal plane. The 
index of necrotic extent ([A/180] × [B/180]) × 100 
is derived from the size of subchondral involve-
ment at the midcoronal and midsagittal planes, and 
the modified index of necrotic extent is derived 

from the maximum size of subchondral involve-
ment in both planes (Fig. 12.37).

Reproducibility/Variation

Highly reproducible.

 Clinical Relevance/Implications

The size of the necrotic lesion is important in 
determining whether a subchondral fracture will 
occur.

 Analysis/Validation of Reference Data

There are numerous methods for quantifying the 
extent of osteonecrosis of the femoral head, some 
quite complicated requiring advanced software 
analysis.

Conclusion

There is no consensus regarding which method is 
the most reliable.

Fig. 12.37 Coronal (a) and sagittal (b) T1-wt MR images used in determining the necrotic extent index of the femoral 
head

a b
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12.26  Pelvic Instability: Symphysis 
Pubis Excursion 
on Flamingo Radiographs

Definition

Translation of the symphysis pubis is the total 
excursion measured at the symphysis pubis on 
alternating single-leg-stance radiographs.

Indications

Pelvic pain due to instability from anatomical, 
hormonal, biomechanical, metabolic and endo-
crine causes.

Technique

AP radiography of the pelvis to assess symphysis 
pubis (Fig. 12.38).

Full Description of Technique

Three AP radiographs are required at an FFD of 
0.6 m with the patient standing: dual stance, sin-
gle-leg-stance on the right and single-leg- stance 
on the left. The dual stance film acts as the con-
trol. In every case, the high pubic ramus changed 
from right to left coinciding with the change of 
stance leg.

A vertical reference line is drawn to pass 
through the spinous process of L4 and L5 and the 
tip of the coccyx. Two lines are then drawn per-
pendicular to this line to the most superior aspect 
of the pubic symphysis on the right and left. The 
distance between these lines is equal to the trans-
lation, and the degree of motion can be compared 
with the baseline dual-leg-stance film. The sum 
of the translation from baseline is then added to 
give a total translation in centimetre. Under nor-
mal conditions, there is a difference in the magni-
tude of the translation between men and women 
and nulliparous and multiparous women.

Fig. 12.38 Symphysis pubis excursion with the patient standing on both legs, standing on the right leg and then stand-
ing on the left leg

Weight bearing leftWeight bearing rightStanding
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Normal Physiological Translation of Mean 
Translation at Symphysis Pubis in mm + SD

Men 1.4 ± 1.0 mm Women
Nulliparous 1.6 ± 0.8 mm
Multiparous 3.1 ± 1.5 mm

The increased normal translation in multipa-
rous women is also directly proportional to the 
number of pregnancies.

Abnormal translation in keeping with pel-
vic instability is defined as >0.5 cm of change 
in alignment between the views.

Reproducibility/Variation

There is excellent interobserver correlation 
highlighting the repeatability of this method of 
measurement.

 Clinical Relevance/Implications

During single-leg-stance, strong shearing forces 
act on the symphysis pubis in two opposite verti-
cal directions simultaneously and create the shift 
seen in pelvic relaxation. The diagnosis of pelvic 

instability is made on the basis of the difference 
in the heights of the symphyseal bodies on the 
two AP single-leg-stance radiographs. The mea-
surements are made from the top of the symphy-
seal bodies with respect to the perpendicular 
plumbline from the sacrum. The vertical differ-
ence in height between the two points is mea-
sured in centimetre, and the values from both 
radiographs are added together to provide a total 
translation value.

 Analysis/Validation of Reference Data

Previously Chamberlain had concluded that the 
upper limit of normal physiological range is 
2 mm.

Conclusion

Normally up to 0.5 cm of physiological motion 
can take place at the symphysis pubis in asymp-
tomatic individuals as seen on alternating single-
leg-stance AP radiographs.
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12.27  MRI Pelvimetry

Definition

Pelvimetry is the evaluation of the relative sizes of 
the fetal head (Fig. 12.39) and the maternal pelvis.

A positive cephalopelvic disproportion index 
is present if the narrowest pelvic diameter (either 
the sagittal diameter of the inlet or the transverse 
diameter of the midpelvis) is less than 9 mm 
wider than the fetal biparietal diameter.

Indications

To select women with potential difficulties in 
vaginal delivery.

Technique

MRI.

Full Description of Technique

MRI pelvimetry has replaced radiographic and 
CT pelvimetry due to the ability for multiplanar 
imaging and the lack of ionising radiation. MRI 
pelvimetry is applied on midsagittal, transverse 
and oblique sections of the pelvis.

Axial Image
Interspinous (bispinous, midpelvic) diameter: 

This is the most important measurement as it is 
usually the narrowest point of the midpelvis, where 
obstructive labour most often occurs. The measure-
ment is made at the level where the ischial spines 
are best visualised. This level is usually within 
1–2 cm of the femoral head fovea (Fig. 12.40).

Intertuberous diameter: This is the widest dis-
tance between the ischial tuberosities (Fig. 12.41).

Midsagittal Image
Anterior-posterior inlet diameter (obstetric 

conjugate): This measurement is the distance Fig. 12.39 MR pelvimetry—biparietal diameter

Fig. 12.40 MR 
pelvimetry—
interspinous distance
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from the posterior-superior aspect of the 
pubic symphysis to the most anterior aspect of the 
first sacral vertebral body (sacral promontory).

Sagittal outlet: This is the distance from the 
bottom of the inner cortex of the symphysis to the 
end of the sacrum (Fig. 12.42).

Oblique Coronal Image
The oblique section is performed in a plane 

through the superior pubic symphysis and the 

promontorium. The transverse inlet diameter is 
the largest transverse distance of the pelvis. A 
line is drawn through the widest area of the pelvis 
between the arcuate lines of the iliac bones 
(Fig. 12.43).

Reproducibility/Variation

The intertuberous diameter is the most difficult 
to define. Moderate difficulty in definition dem-
onstrates the sagittal outlet. All other parameters 
are highly reproducible.

Fig. 12.41 MR 
pelvimetry—
intertuberous distance

Fig. 12.43 MR pelvimetry transverse diameter

Fig. 12.42 MR pelvimetry—sagittal outlet/obstetric 
conjugate distances
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 Clinical Relevance/Implications

A small maternal pelvis is a contraindication for 
vaginal delivery of a fetus in breech presentation 
because of the potential difficulty in delivering 
the fetal head.

A pelvis too small for safe vaginal delivery 
has been defined as one measuring less than 
12  cm in the widest transverse inlet diameter, 
11 cm in the anterior-posterior inlet diameter or 
10 cm in the interspinous diameter.

 Analysis/Validation of Reference Data

While most investigators agree that pelvimetry 
will not alter the conduct of labour in a vertex 
presentation, it may reveal small-sized pelvis in 
breech presentation which if associated with 

hyperextension of the fetal head may result in 
increased risk of cervical cord damage and is an 
indication for caesarean section. MRI implies no 
radiation but does not show a significant improve-
ment over previously described pelvimetric 
techniques.

Conclusion

MRI is the modality of choice for assessing the 
maternal pelvis.
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12.28  Ischiofemoral Space: 
Quadratus Femoris Space

Definition

The ischiofemoral space (IFs) lies between the 
ischial tuberosity and the lesser trochanter.

The quadratus femoris space (QFs) contains 
the quadratus femoris muscle (QFm), and it lies 
between the hamstring tendons and the lesser 
trochanter.

Indications

The abnormally narrowed IFs and QFs are related 
to the ischiofemoral impingement syndrome 
(IFIs) which is clinically demonstrated with hip 
pain. The QFm shows on MRI abnormal mor-
phology and/or signal intensity.

Techniques

CT/MRI.
Axial images.
Axial T1-wt images.

 Full Description of Technique

The following spaces should be assessed on thin 
section axial images whether with CT or 
MRI. MRI should be performed with high-field 
scanners (1.5–3.0 T) and a phased array coil.

Ischiofemoral space (IFs): The smallest dis-
tance between the lateral cortex of the ischial 
tuberosity and the medial cortex of the lesser 
trochanter.

Quadratus femoris space (QFs): The smallest 
space for passage of the quadratus femoris mus-
cle (QFm) bordered by the superolateral surface 
of the hamstring tendons and the posteromedial 
surface of the iliopsoas tendon or lesser trochan-
ter (Fig. 12.44). Axial T1-W MR images are the 
preferred ones for measurements (Fig. 12.45).

Reproducibility/Variation

No currently available data exist on the reproduc-
ibility of the above measurements.

In one cadaveric study, the mean IFs was 
23.5 ± 4.7 mm and the mean QFs 20.4 ± 5.6 mm. 
In the same study, 52% of the hips showed abnor-
malities within the QF muscle.

In a MRI study, the IFs was found 23 ± 8 mm 
in controls vs 13 ± 5 mm in patients. The QFs 
was, respectively, found 12 ± 4 mm vs 7 ± 3 mm 
(lower leg in internal rotation).

In another MRI study of symptomatic patients 
examined with the lower leg in neutral position, 
IFs was found 12.9 mm and the QFs 6.7 mm on 
the average.

 Clinical Relevance/Implications

Patients with IFIs present with chronic pain in the 
groin or buttock. The pain may radiate to the lower 
extremity due to the proximity of the QFm to the 
sciatic nerve. The symptomatic patients with nar-
rowed IFs and QFs show on MRI oedema, partial 
tear and fatty infiltration of the QFm and oedema 
and partial tears of the hamstring tendons. CT scan-
ning can show the narrowed space but is not capa-
ble of depicting the QFm abnormalities.

Normal IFs >20 mm
Abnormal IFs <20 mm

Ischium

QFM

LTF

A
B

Fig. 12.44 Diagram depicting measurement points for 
IFs and QFs estimation
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Fig. 12.45 MRI T1 axial image showing IFs and QFs distances
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13.1  Introduction

The knee is a pivot condylar joint (trocho- 
ginglymus) formed by the articulation of the dis-
tal femur and proximal tibia. The tibiofemoral 
joint is divided into medial and lateral tibiofemo-
ral joints. It is an essential joint involved in gait. 
In this chapter paediatric aspects are emphasised 
first separate from adult considerations. The ossi-
fication centres of the distal femur and proximal 
tibial physis are usually present at birth, but in 
some cases the latter can appear within the first 
2 months. The proximal tibial physis fuses with 
the tibial shaft at 18 years. An accessory physis 
forms the tibial tuberosity.

In newborns and children <1 year of age, there is 
normally a pronounced varus angulation. This usu-

ally corrects at 18–24 months of age usually after 
walking for about 6 months. Then by the age of 2–3, 
a pronounced normal valgus angulation is seen (10–
15°) which diminishes with age ending with a mild 
valgus (7–8°) by the age of 7 which is the adult knee 
position (Figs. 13.1 and 13.2). There should not be 
a varus angulation >2 years of age which occurs in 
Blount’s disease (tibia vara). The femorotibial angle 
confirms the varus position of the knee. The 
metaphyseal-diaphyseal angle (MDA) is however 
more reliable and accurate (Fig. 13.3). It is the angle 
between the line drawn parallel to the top of the 
proximal tibial metaphysis and the line drawn per-
pendicular to the tibial shaft long axis. Six month 
follow up radiographs are needed to differentiate 
physiological bowing -9° +- 3.9° from Blount’s dis-
ease which usually has an MDA angle >11°.

Fig. 13.1 AP CT scanogram of a child with hemihyper-
trophy and overgrowth of the left lower limb.  Individual 
long bone  measurements are demonstrated on the right 
lower limb and whole lower limb measurements on the 
left side.  Both measurements are performed on both sides 

and compared to identify the difference in limb lengths 
and the segment of most significant length discrepancy.  
The whole limb measurement line is also used for assess-
ing the mechanical axis deviation

C. Miller et al.
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a bFig. 13.2 Femorotibial 
angle.  Angle between the 
anatomical axis  of the 
femur and tibia (a), and the 
angle between the 
anatomical and mechanical 
axis of femur and tibia (b)

13 Knee



520

The knee joint has static and dynamic stabilis-
ers. Static stabilisers include the geometry of the 
tibiofemoral joint, capsule, cruciate ligaments 
and collateral ligaments. The muscles and tendon 
are the dynamic stabilisers of the knee joint 
(Kakarlapudi and Bickerstaff 2000).

After paediatric considerations, we describe 
the normal radiological measurements of the tib-
iofemoral joints and the soft tissues of the tibio-
femoral joint in an adult. An understanding of the 
normal tibiofemoral measurements and align-
ment is essential to identify an abnormality.

MDA

a b

FTA

Fig. 13.3 Femorotibial angle (FTA) (a). Angle between 
the anatomical axis of femur and tibia. Metaphyseal- 
diaphyseal angle (MDA) (b). On an AP standing radio-
graph of the leg centred over the knees. A line is drawn 
perpendicular to the longitudinal axis of the tibia. Another 
line is drawn through the two beaks of the metaphysis to 
determine the transverse axis of the tibial metaphysis. The 
meta-diaphyseal angle is the angle bisected by these two 
lines

C. Miller et al.
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13.2 Leg Length Measurement

Definition

Limb length discrepancy is defined as a signifi-
cant difference between lengths of the lower 
limbs. This can be caused by a number of factors, 
some of which causes a functional shortening 
and others a structural shortening.

Indications

Assessment of degree of shortening of lower 
limbs to consider surgical correction.

Techniques

Radiography and CT.

Full Description of Technique(s)

Limb length discrepancy is commonly assessed 
by standing radiographs or supine CT scano-
gram technique. In the former, an AP projection 
of the whole lower limb is obtained centring the 
beam at the patella. If there is a marked discrep-
ancy between the limb lengths, a block can be 
placed under the shorter limb to avoid marked 
pelvic tilt. The entire length of the lower limb 
can then be measured from the highest point of 
the femoral head to the lowest point on the distal 
tibial articular surface. A difference of more 
than 1  cm is considered significant. This line 
can also be used to assess the mechanical axis of 
the lower limb. In normal children, the mechani-
cal axis should pass through the middle of the 
knee joint or just medial to the midline. If there 
is significant deviation from this position, this 
can imply abnormal loading forces which are 
significant if surgical correction is being consid-
ered. If there is significant limb length discrep-
ancy, then individual bone lengths can be 

measured to identify the segment where the dis-
crepancy is most marked. The femur is mea-
sured from the top of the femoral head to the 
distal most point on the medial femoral condyle. 
The tibia is measured from the highest point on 
the proximal articular surface to the distal tibial 
articular surface.

CT scanogram technique requires the patient 
to lie supine on the gantry table with feet parallel. 
An AP scout view is obtained. A lateral scout can 
be used if there is significant angulation or bow-
ing of the limb in the sagittal plane. Measurements 
are similar to those described with the AP radio-
graphic method.

Reproducibility/Variation

Huurman et al. demonstrated with in vitro speci-
mens that the accuracy and interobserver vari-
ability of measuring limb lengths with both 
techniques were very similar with less than 3 mm 
difference in lengths from the actual specimen 
compared to both techniques. However, if the 
limbs were angled in the vertical plane, there was 
a significantly lower accuracy with the radio-
graphic technique. Hence the CT scanogram may 
be a preferable technique if there is significant 
flexion or extension deformity. In addition, Porat 
et  al. showed that there can be a significant 
 ionising radiation dose reduction with the CT 
scanogram technique compared to standing 
radiographs.

Clinical Relevance/Implications

Limb length discrepancy can cause significant 
abnormalities of posture and gait. Assessment of 
limb length discrepancy can be done with clinical 
measurements, but they have been shown to have 
poor reliability and reproducibility. Radiographic or 
CT scanogram techniques are now standard in the 
assessment of limb length discrepancy (Fig. 13.1).

13 Knee
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13.3  Metaphyseal-Diaphyseal 
Angle

Definition

This represents the angle between the proximal 
tibial metaphysis and the tibial shaft.

Indications

This measurement is used in the assessment of 
genu varum. An angle greater than 11° is indica-
tive of, but not diagnostic of tibia vara (Blount’s 
disease).

Technique

Radiography.

Full Description of Technique

AP standing radiographs are performed of the leg 
with centering over the knees. A line is drawn 
through the transverse plane of the proximal tib-
ial metaphysis (between the distal most ossified 
peaks of the medial and lateral beaks of the tibial 
metaphysis). A second line is drawn perpendicu-
lar to the long axis of the tibia. The angle created 

between these two lines is the metaphyseal-
diaphyseal angle (Fig. 13.3).

Reproducibility/Variation

107 patients were analysed in the study. Patients 
with congenital or traumatic causes of bowing 
were excluded. A total of 48 patients were fol-
lowed up over a 36-month period. No changes 
were found between the use of supine or standing 
radiographs. Patients were classified as having 
physiological bowing if after 18 months there 
was >10° of varus bowing. Tibia vara was diag-
nosed on the basis of lucency, sclerosis or frag-
mentation of the medial proximal tibial 
metaphysis.

 Clinical Relevance/Implications

An angle of more than 11° was associated with 
later development of tibia vara on radiographs. 
The average angle for those with physiological 
bowing was 5.1°, whereas this figure was 16.4° 
for those with tibia vara. The determination of 
this angle can therefore be helpful in early diag-
nosis of bow leg deformity and stratify the need 
for surgical intervention (Fig. 13.3).

C. Miller et al.
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13.4  Tibial Torsion

 Definition

It was first described by Le Damany in 1903 as 
twisting of the tibia about its longitudinal axis 
resulting in a change of alignment of the planes 
of motion of the proximal (knee) and distal 
(ankle) articulations. There are normal stages of 
torsion described during development. In utero 
there is medial torsion secondary to restricted 
movement, which becomes neutral after birth due 
to derotation. Over the next few years as walking 
develops, there is gradual external torsion.

Normal measurements for tibial torsion for 
the different modalities range from a mean of 
40.5° in children to 41.7° in adults. A positive 
angle denotes external rotation and a negative 
value denotes internal rotation.

Indications

To select patients for derotation osteotomy

 Technique

 CT and MRI

The same imaging planes and techniques can be 
used for both modalities.

The patient lies supine with the legs extended 
along the z-axis of the scanner. Imaging is taken 
in the axial, unangled plane. Slices are acquired 
just below the knee and above the ankle. Two 
lines of reference are drawn: one proximal and 
one distal. The method described by Jend et al. is 
used (Schneider and Laubenberger 1997). The 

proximal line is drawn at a slice just above the 
fibula head at a tangent dorsal to the tibial ridges. 
The distal line is taken at a slice just above the 
ankle. A circle is drawn to include the fibular 
notch but exclude the medial malleolus. The cen-
tre of the fibular notch is determined, and a line 
through this point and the centre of the circle is 
drawn. The tibial torsion angle is the angle 
between these two lines.

 Clinical Relevance

It has been shown that there is an increased 
prevalence of knee osteoarthritis and arthropa-
thies associated with abnormal torsion. 
Measuring torsion is also important in surgical 
planning in such cases as chondromalacia patel-
lae and equinovarus (Schneider and 
Laubenberger 1997).

 Reproducibility/Variation

Studies have shown statistically significant rela-
tionship between anatomical and ultrasound 
measurements (on dry bone). The planes used for 
measurements in US and CT/MRI differ, and 
therefore the range of normal values varies 
between these modalities (Schneider and 
Laubenberger 1997; Joseph et al. 1987; Krishna 
et al. 1991; Jend and Heller 1981). For this rea-
son ultrasound has gone out of favour as an imag-
ing modality.

MRI measurements have been shown to be 
analogous to CT measurements but are influ-
enced by the imaging plane chosen. The CT 
method will generally produce smaller angles to 
the bicondylar plane than the angle of the poste-
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rior tibial surface. Further detailed coverage is 
found in Chap. 17.

The tibial torsion will vary with growth. In the 
article by Kristiansen et al 2001 at 4 years of age 
it averages 28° (range 20-37°), increasing by one 
degree per year up to the age of 10 when the tor-
sion will normally be around 34°. After 10 years 
of age to skeletal maturity the range would be 
expected to be 34-38°. However other earlier 
articles Staheli et al 1972 and Ritter et al 1976 
have shown lesser normal values with growth as 
follows:

Birth - 1 year  4-7°; 2-8 years  9-11°; and 9-13 
years  12-14° (Staheli et al).

Birth  4° +/- 5; 6 months 6° +/- 2; 1 year  10° 
+/- 2; 2 years  11° +/- 3.

 Analysis/Validation of Reference Data

 The CT method will generally produce smaller 
angles to the bicondylar plane than the angle of 
the posterior tibial surface.

Conclusion

The use of non-ionising forms of radiation 
rather than CT is favoured in the paediatric pop-
ulation and MRI has been shown to be a suitable 
method.

C. Miller et al.
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13.5 Tibiofemoral Angle

Definition

The angle subtended between the longitudinal 
axis of the femur and tibia (Fig. 13.3).

Indications

To assess genu valgum and genu varum.

Technique

AP standing radiography.

Full Description of Technique

AP standing radiographs are performed of the leg 
with centring over the knees. A line is drawn 
along the longitudinal axis of the femur and tibia 
midway between the femoral and tibial diaphysis 
respectively. The angle between these two lines 
at the knee joint forms the tibiofemoral angle.

Reproducibility/Variation

A study from Finland performed 1480 examina-
tions of the tibiofemoral angle both clinically and 
radiologically. The clinical findings correlated 

directly with those of the radiographic analysis. 
Determining the longitudinal axis of the femur in 
infants however can be difficult and best esti-
mates can be made. This does not present a prob-
lem in older children.

 Clinical Relevance/Implications

The terms genu valgum and varum describe the 
relationship of the tibia with respect to the femur. 
Genu valgum indicates abduction of the tibia at 
the knee joint and varum, adduction. From birth 
and through childhood, alignment progresses 
from a position of varum to valgum and returns to 
neutral in adolescence. At 3 years of age when 
the child is walking, the average angle of valgus 
is 11° which reduces to 6° by age of 13. In adults 
a mild varus is normally seen (Salenius and 
Vannkka 1975).

Conclusion

Knowledge of the normal developmental varia-
tions in the tibiofemoral angle avoids unneces-
sary treatment and helps to identify those who 
require further management.

13 Knee
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13.6  Anatomical Landmarks

The medial and lateral femoral condyles articu-
late with the medial and lateral tibial condyles, 
respectively, to form the medial and lateral tib-
iofemoral joint. These can be evaluated on 
radiographs (AP, lateral, notch view), MRI and 
CT. The measurement of the medial and lateral 
femoral condyles is variable depending on the 
ethnicity and gender; however, there is no statis-
tically significant difference between right and 
left in the same individual. The bicondylar 

width of distal femur is larger in males (8.8 cm, 
approx.) than females (7.8  cm, approx.). The 
depth of the medial femoral condyle is 6.1 cm 
and that of the lateral femoral condyle is 5.8 cm. 
These are slightly shallower in females than 
males, measuring 5.5 and 6.1  cm. The mean 
intercondylar width is 2.2  cm in males and 
1.8  cm in females. The depth of the notch is 
2.6  cm (approx.) (Terzidis et  al. 2012). 
Patellofemoral landmarks are not included in 
the assessment of knee as they are fully dealt 
with in Chap. 14.

C. Miller et al.
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13.7  The Alignment: Mechanical 
and Anatomical Axis

The alignment can be assessed on a frontal knee 
radiograph or full-length frontal radiograph view 
of the lower limb. It has been shown that the mea-
surements from these two radiographs are com-
parable. The radiograph is obtained in a 
weight-bearing position with the feet in mild 
external rotation. The angle between the feet is 
approximately 15°. The cassette is in intimate 
contact with the posterior aspect of the extended 
knee with the radiograph source centred an inch 
inferior to the lower pole of patella. The mechan-
ical femoral axis is measured by marking a centre 
point between the tibial spines and measuring the 
angle between the centre point to the femoral 
head and centre point to the midpoint between 
the medial and lateral cortices of the distal tibia at 
the level of ankle joint (tibial plafond) (Figs. 13.1, 
13.2 and 13.3).

The femoral anatomical axis can be assessed 
by several methods: Moreland, Paley and 
Coventry’s method. Moreland’s method involves 
bisecting the proximal and distal shaft of the 
femur extending to join the midpoint of the distal 
femur 10 cm proximal to the knee joint. Paley’s 
method involves extending the line formed by 
joining the midpoints of the proximal and distal 
diaphysis of the femora (Paley 2002). This is fur-
ther expanded in Chap. 17.

The tibial anatomical axis is formed by join-
ing the midpoint of the tibial plateau and the mid-
point of the diaphysis 20  cm distally. This can 
also be formed by joining the midpoints of the 
proximal and distal diaphysis. These axes are 
formed on an AP radiograph. Tibial angle (beta) 
is formed between the tibial anatomical axis and 
the tangential line to the tibial articular surface.

The tibial and anatomical axis can also be 
measured on the lateral radiographs. Lateral tib-
ial axis can be formed by several methods. These 
include anterior proximal tibial cortex, posterior 
tibial cortex and proximal tibial anatomical axis. 
These are measured 5–15 cm distal to the knee. 
This can also be formed by joining the midpoints 
of the shaft of the tibia 10 cm distal to the knee 
and 10 cm proximal to the ankle joint.

The femoral anatomical axis on the lateral 
radiograph is formed by joining the midpoint of 
the shaft 5 and 10  cm proximal to the knee 
joint.

The normal tibiofemoral angle is 180° with a 
variation of approximately 5°. Genu varum has a 
tibiofemoral angle of less than 180°, and if the 
angle is more than 180°, it is genu valgum (Paley 
2002; Colebatch et  al. 2009). The mechanical 
axis (load bearing axis) is formed by joining the 
centre of the femoral head to the midpoint of the 
tibial plafond. The condylar plateau angle is the 
angle between the articular surface of the distal 
femur and the articular surface of the proximal 
tibia. The angle is formed medially in genu val-
gum and laterally in genu varum. The condylar 
hip angle is between the tangential line to the dis-
tal femoral condyles and the mechanical axis of 
the femur. Plateau ankle angle is between the 
tibial mechanical axis and the tangent to the artic-
ular surface of the tibia (Fig. 13.3). The femoral 
shaft axis is formed by drawing a line through the 
centre of the femoral shaft. The midpoint of the 
femoral condyle notch forms the point for assess-
ment of the femoral axis and midpoint of the tib-
ial spine is used for the tibial axis (Cooke et al. 
2007). The angle between the mechanical axis of 
the femur and tangential line to the distal aspect 
of medial and lateral femoral condyle is 81°, and 
the angle between the tangent of the distal femur 
and the mechanical axis is 90°.

There should not be more than 5 mm of tibial 
condyle lateral to line drawn vertically from the 
lateral edge of the lateral femoral condyle 
(Fig. 13.4). If there is more than 5 mm of tibial 
condyle lateral to the vertical line along the lat-
eral edge of the lateral femoral condyle, one 
should suspect a tibial plateau fracture that results 
in lateral bowing/displacement of the lateral cor-
tex of the lateral femoral condyle.

The normal tibial joint angle is 3° of varus and 
normal femoral joint angle is 3° of valgus. The angle 
between the femoral anatomical axis and mechani-
cal axis of femur is approximately 6°. The normal 
values of the other angles are listed below (Fig. 13.2).

Medial proximal tibial angle—angle between 
the tibial anatomical axis and tangent to the articular 
surface of tibia—is 88°. Lateral distal femoral 

13 Knee
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angle—angle between the femoral mechanical axis 
and tangent to distal condyle of the femur—is 88°.

Whiteside-condylar angle is the angle between 
the Whiteside line and a line drawn tangential to 

the posterior edge of medial and lateral femoral 
condyles. The average measurement is 95°.

Whiteside line is formed by joining the deepest 
part of the trochlea to the centre of the posterior 
intercondylar notch. Transepicondylar line is 
formed by joining the most prominent points of the 
lateral and medial femoral condyles. The angle 
between this and Whiteside line is Whiteside-
epicondylar angle. The mean angle is 90° (Fig. 13.5).

Clinically this is essential to preserve during a 
total knee replacement. There is a significant differ-
ence between the left and right side of Whiteside-
epicondylar and Whiteside-condylar angles. There 
is also slight variation based on ethnicity. These 
measurements have been shown to be reproducible 
by several studies including Paley (2002).

W

W-EP

W-PC

L

P

C

E

PCA

P

Fig. 13.5 Whiteside line (WL) is drawn joining the deep-
est part of the trochlea to the centre of intercondylar notch. 
EP is the epicondylar line. PC—line drawn along the pos-
terior point of lateral and medial femoral condyles. 
WEP—Whiteside-epicondylar angle. WPC—Whiteside 
posterior condylar angle. PCA—Posterior condylar angle 
between the condylar line and epicondylar axis

b

a

Fig. 13.4 Tibial offset. The distance between the vertical 
line along the lateral edge of the lateral femoral condyle 
(a) and lateral tibial condyle (b)

C. Miller et al.
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13.8  Joint Space Width 
Measurement

 Definition/Technique

This is measured on weight-bearing radiographs 
on AP and lateral views. This is the distance 
between the tangential lines to the articular 
 surface of the distal femoral condyle and proxi-
mal tibia (Ravaud et al. 1996). A detailed method 
of assessing this is described. A tangential line is 
drawn along the articular surfaces of the medial 
and lateral femoral condyles. Further lines are 
drawn tangential to the deepest part of the articu-
lar surface of medial and lateral tibial articular 
surfaces. The deepest point of the intercondylar 
notch is identified. Lines are drawn perpendicular 
to the tibial and femoral tangential lines from the 
deepest point of the intercondylar notch. The dis-
tance between the femoral and tibial lines at this 
level is measured, and this is shown to be a reli-
able method in measuring joint space width 
(Bing-chen et al. 2011). The joint space width on 
radiographs has been shown to have good corre-
lation with sum of the articular cartilage of the 
femoral condyle and tibial condyles (Buckland-
Wright et al. 1995).

 Clinical Relevance

This is helpful in evaluation of the degree of 
degenerative change and also in planning for 
total knee replacement. Average joint space 
width of the knee is 4.6 mm (Bing-chen et  al. 
2011). The average medial joint space width is 

4  mm and that for the lateral joint is 6  mm. 
There is an average joint space loss of 0.13 mm 
per year. Measurement of the joint space width 
is a reliable and cost- effective method of assess-
ing the grade of degenerative change. Rytter 
classified the degeneration into grade 0 (nor-
mal), grade 1 (25% decreased), grade 2 (50% 
decrease) and grade 3 (severe narrowing) (Rytter 
et al. 2009).

 Reproducibility

This is affected by position of the knee, rotation 
of the foot, weight bearing, non-weight bearing 
and X-ray source inclination. Weight-bearing 
radiographs are more accurate in assessing the 
joint space width in contrast to non-weight- 
bearing radiographs. Rosberg and colleagues 
had suggested performing weight-bearing 
anteroposterior radiographs of the knee in 45° 
of flexion to accurately measure the joint space 
width in comparison to extension anteroposte-
rior radiographs. Kotani and coworkers had 
shown better assessment of joint width with 20° 
of flexion (Kotani et al. 2005). Bing-chen et al. 
had shown a reliable method of measuring joint 
space width with 35° of flexion (Bing-chen 
et al. 2011). Buckland and colleagues had shown 
that the joint space width in the centre of the 
joint on weight-bearing radiograph is smaller 
than the sum of the articular cartilages 
(Buckland-Wright et  al. 1995). Evaluation of 
joint space width of medial tibiofemoral joint on 
radiographs is more reliable than the lateral tib-
iofemoral joint space.

13 Knee
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Fig. 13.6 Joint width. Measured at centre point between 
the tibial spine and edge of the tibial condyles

This can also be measured on coronal and sag-
ittal MR images. This can also be measured on 
ultrasound. The joint space width can be assessed 
on weight-bearing radiographs, which has been 
shown to be reproducible. This can also be 
assessed on fluoroscopy with comparable results. 
This is measured as the distance between the 
bony margin of the femoral condyle and corre-
sponding tibial condyle. This is measured at the 
midpoint of the distance between the tibial spine 
and edge of the tibial condyle (Fig. 13.6).

C. Miller et al.
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13.9  Articular Cartilage

The normal cartilage thickness is 2.2  mm. The 
mean cartilage thickness of the medial femoral 
condyle is 2.1–2.4 mm, and for the lateral femo-
ral condylar articular cartilage, it is 1.9–2.3 mm 
(Ravaud et  al. 1996; Beattie et  al. 2008; Anas 
et al. 2013). The cartilage thickness on the right is 
slightly thicker than the left (2.1–2.4 mm vs. 1.9–
2.1 mm for lateral femoral condyle, 1.9−2.3 mm 
vs. 2.1  mm for medial femoral condyle) (Kilic 
et al. 2014). The average medial joint space width 
is 4 mm and that for the lateral joint is 6 mm. The 
average cartilage thickness of the femoral con-
dyles ranges from 1.6 to 2.6 mm. The articular 
cartilage of the proximal tibia is thinner (1.5–
2.5 mm) in the area, which is covered by menis-
cus that on the area which not covered by 
meniscus (2–2.9  mm). These values have been 
based on cadaveric studies with similar results on 
ultrasound and MRI.

 Technique

This is measured on coronal and sagittal MR 
images as well as on high-resolution ultrasound.

 Clinical Relevance

The articular cartilage can be reliably measured 
with good intra-class correlation with high- 
resolution ultrasound as demonstrated on a 
cadaveric study (Naredo et al. 2009). Cartilage is 
thicker in boys than girls and decreases with age 
(Spannow 2010). Measurement of articular carti-
lage thickness enables one to assess the degree of 
degeneration and aids in management of the 
patient especially in surgical planning.

 Reproducibility

The measurement of articular cartilage is reliably 
measured on ultrasound and MRI (Kilic et al. 2014; 
Naredo et al. 2009; Spannow 2010). Measurement 
on MRI is most accurate with an error of approxi-
mately 10% in comparison to direct measurement 
(Shepherd and Seedhom 1999).

13 Knee
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13.10  Intercondylar Notch

The intercondylar notch is narrow distally and 
widens proximally being widest in its midpor-
tion. It measures 1.8 cm and is wider in its mid-
portion measuring 2.3  cm (Koukoubis et  al. 
1997). Morphoanatomy of the notch is dependent 
of age, sex, height and weight (Botchu et  al. 
2013).

 Technique

Notch index can be measured on MRI and radio-
graphs (Fig. 13.7). The measurement on MRI is 
superior to radiographs. Intercondylar notch ratio 
is the ratio between the width of the notch and 
intercondylar width. Normal ratio is less than 
0.27 (Botchu et  al. 2013; Herzog et  al. 1994; 
Al-Saeed et al. 2013).

 Clinical Relevance

Women have a smaller notch (18 mm) than men 
(21  mm) (Koukoubis et  al. 1997; Stijak et  al. 
2009; Murshed et  al. 2005). A narrow notch is 
defined as ratio less than 0.26 (Al-Saeed et  al. 
2013). Narrow notch is associated with a smaller 
ACL (Dienst et  al. 2007). Narrow notch, i.e. 
notch index of less than 0.2, has been shown to be 
associated with ACL rupture. Patients with a nar-
row intercondylar notch have increased incidence 

of cyclops lesions in patients with post-ACL 
reconstruction (Fujii et al. 2014).

 Reproducibility

Evaluation of notch index on radiographs depends 
on the technique and projection of the radiograph. 
Intercondylar notch and notch index can be reli-
ably measured on MRI (Botchu et al. 2013).

Fig. 13.7 Notch index. Ratio between the width of the 
notch (a) to the intercondylar width of distal femur (b)

C. Miller et al.



533

13.11  Lateral Femoral Sulcus

 Definition

The lateral femoral sulcus is a normal anatomical 
coronal oblique smooth groove on the femoral 
articular surface lateral to the most anterior aspect 
of the intercondylar notch (Cobby and Schweitzer 
1992; Sanders and Folio 2007).

 Technique

Measurements are taken from a lateral knee 
radiograph. A line is drawn at a tangent to the 
junction of the sulcal depression with the lateral 
femoral condyle. The depth is taken as the per-
pendicular line between the base of the sulcus 
and this tangent (Fig. 13.8).

 Clinical Relevance

A depth of 1.5  mm represents measurement of 
three standard deviations above the mean, and a 
sulcus depth greater than this is usually associ-
ated with ligamentous injuries especially rupture 
of the ACL. This is usually smooth; however, an 
irregular sulcus with depth of greater than 2 mm 
is defined as a deep lateral femoral sulcus. The 
deep femoral sulcus corresponds to impaction of 
the lateral femoral condyle against the posterolat-
eral aspect of the proximal tibia (Cobby and 
Schweitzer 1992; Sanders and Folio 2007).

 Reproducibility

This might be a challenge to identify on a lateral 
radiograph. On MR sagittal images, this can be 
quite easy to identify. In the group of patients 
with confirmed normal ACL (n = 62), the mean 
depth of the sulcus was 0.45 mm. In those with 
confirmed ACL tears, the mean depth was 
0.89 mm (n = 41) (Cobby and Schweitzer 1992). 
Where the sulcus is shallow, this method of mea-
surement can be inaccurate as the depth itself is 
obscured by the lines drawn.

A

B

Fig. 13.8 Lateral femoral sulcus is measured by drawing 
a tangential line along the articular surface of the lateral 
femoral condyle and measuring the perpendicular dis-
tance to the deepest point of the sulcus
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13.12  Posterior Tibial Slope

This is normal anatomical posterior inclination of 
the proximal tibia. This is variable depending on 
the ethnicity.

 Technique

It can be measured on sagittal MR images or on lat-
eral radiographs and ranges from 0 to 18°. It is mea-
sured between the proximal tibial anatomical axis 
and articular surface of the proximal tibia. It can also 
be measured reliably between the tibial shaft ana-
tomical axis or posterior tibial cortex and articular 
surface of the proximal tibia. The normal posterior 
tibial slope is 5–6° (Haddad et al. 2012) (Fig. 13.9).

 Clinical Relevance

The tibial slope is similar between the medial 
and lateral tibial slopes. The posterior tibial 
slope is higher in females (6°) to males (5°). It 

is an essential component in planning of total 
knee replacement (Haddad et  al. 2012) 
(Fig. 13.10).

 Reproducibility

It can be more accurately measured on MR than 
radiographs, but there is relatively good correla-
tion in the measurements using both modalities. 
Kindly refer to Chap. 17 for further detailed 
analysis.

Fig. 13.9 Posterior tibial slope. Angle between the tibial 
anatomical axis (a) and horizontal line along the tibial 
 plateau (b)

Fig. 13.10 Posterior tibial slope. Angle between the tib-
ial anatomical axis (a) and horizontal line along the tibial 
component (b)
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13.13  Posterior Condylar Offset 
Ratio (PCOR)

Definition

The posterior condylar offset (PCO) is defined by 
Bellemans et al. (2002) as the maximal thickness 
of the posterior condyle projecting posteriorly to 
the tangent of the posterior cortex of the distal 
femoral shaft on a true lateral radiograph. The 
mean PCO is 29.01 mm (SD 2.04 mm) for males 
and 27.19  mm (SD 2.15  mm) for females. This 
concept was introduced as a variable which could 
have an important role in function and range of 
knee flexion following total knee arthroplasty with 
PCL retention. To avoid variation due to magnifi-
cation, the concept of a ratio was used in Bellemans 
et al.’s measurements, by using the diameter of the 
femoral diaphysis 10 cm proximal to the femoral 
articular surface. It is the ratio between the diam-
eter of the femoral diaphysis and the distance 
between the posterior cortex of the femur and pos-
terior condyle of the distal femur.

A new posterior condylar offset ratio was 
recently proposed by Johal et al. (2012) defined 
as the ‘maximal thickness of the posterior con-
dyle projecting posteriorly to a straight line 
drawn as the extension of the posterior femoral 
shaft cortex, divided by the maximal thickness of 
the posterior condyle projecting posterior to a 
straight line drawn as the extension of the ante-
rior femoral shaft cortex on a true lateral radio-
graph of the distal quarter of the femur’. Normal 
PCOR is 0.44, which is reproducible. PCOR is 
0.47 in TKR (Johal et al. 2012).

The ratio measurements preoperatively do 
not take into account the articular cartilage 
thickness of the distal femur which is 2–3 mm 
thick which makes it difficult to compare with 
ratio measurements postoperatively. This is why 
the PCOR on preoperative radiographs is 0.44 
and on postoperative radiographs it is 0.47. If 
the preoperative ratio measurements are adjusted 
to include the cartilage thickness, the ratio 
would approximate 0.47.

Bellemans et al. showed that for every milli-
metre lost in PCO following total knee arthro-

plasty compared with preoperative values, 6.1° of 
knee flexion was lost. A reduction of 3  mm or 
more of PCO had around 30° less flexion 
postoperatively.

 Technique

This can be reliably measured on true lateral 
radiographs or sagittal MR images using either 
Bellemans et  al. or Johal et  al.’s method. The 
transverse diameter of the femoral diaphysis and 
the maximum diameter of the distal femur at the 
level of femoral condyle are measured. PCO is 
the ratio between these two diameters (Figs. 13.11 
and 13.12).

Fig. 13.11 Posterior femoral condylar offset. Ratio 
between the distance between the vertical line along the 
posterior aspect of the femoral cortex and vertical line 
along the posterior femoral condyle (b) to the distance 
between the anterior femoral cortex and posterior condy-
lar line (a)
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 Clinical Relevance

Restoration of posterior condylar offset is impor-
tant in TKR providing a good range of movement 
and flexion stability. This is useful objective cri-
teria for assessment of TKR.  It’s important to 
restore this especially in PCL retaining 
TKR. There is 12° decrease in flexion for every 
2 mm decrease in posterior condylar offset (Johal 
et al. 2012).

 Reproducibility

Clement and colleagues had shown good intra- 
and interobserver reliability in measurement of 
PCO on radiographs with kappa ranging from 
0.84 to 0.94 (Clement et al. 2014).

Fig. 13.12 Posterior femoral condylar offset. Ratio 
between the distance between the vertical line along the 
posterior aspect of the femoral cortex and vertical line 
along the posterior femoral component (b) to the distance 
between the anterior femoral cortex and posterior condy-
lar line (a)
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13.14  Tibial Translation

Definition

This is defined as anterior translation of tibia with 
respect to femur in patients with ACL rupture and 
is analogous to anterior drawer sign.

 Technique

This can be measured on lateral radiographs or 
sagittal MR sequences. On sagittal MRI images, 
this is assessed at the level of mid-lateral femoral 
condyle. Vertical lines are drawn along the poste-
rior aspect of femoral condyle and posterior 
proximal tibia. The normal distance between the 
two lines is less than 5 mm (Fig. 13.13). The line 
drawn along the posterior edge of posterior aspect 
of proximal tibia on sagittal MR images does not 

intersect the posterior horn of lateral meniscus 
(Beldame et al. 2011) (Fig. 13.14).

 Clinical Relevance

In patients with ACL rupture, there is anterior 
translation of the tibia in relation to femur of 
more than 7 mm, and the vertical line along the 
posterior edge of the proximal tibia on the sagit-
tal MRI intersects the posterior horn of lateral 
meniscus.

 Reproducibility

This can be reliably measured on radiographs or 
sagittal MR image. Beldame et al. had reported 
an intra-class correlation of 0.96 with an error of 
0.19 mm (Beldame et al. 2011).

Fig. 13.13 Tibial translation. Distance between the verti-
cal line drawn along the posterior aspect of the proximal 
tibia (a) and posterior aspect of the distal femur (b)

Fig. 13.14 Lateral meniscal coverage. Vertical line 
drawn along the posterior edge of the proximal tibia does 
not intersect the posterior horn of lateral meniscus
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13.15  Menisci

There are two C-shaped menisci (medial menis-
cus and lateral meniscus) in the medial and lateral 
tibiofemoral joint, respectively, which deepen the 
articular surface and act as a static stabiliser. The 
width and thickness of the menisci are measured 
on coronal and sagittal MR sequences (Fig. 13.15). 
The posterior horn of medial meniscus is thickest 
(6.9 mm) with the mid-body measuring 5.2 mm 
and the anterior horn 6.3 mm. The body and pos-
terior horns of the lateral meniscus are thicker 
measuring 6.4 and 7  mm, whereas the anterior 
horn measures 4.8  mm. The lateral meniscus is 
wider in anterior (10 mm) and posterior (13 mm) 
parts than the body (7 mm). The width of medial 
meniscus is 10, 7.8 and 13 mm in anterior, body 
and posterior horn (Dhananjaya 2014).

The height and width of medial meniscus is 
5.3 and 7.7 mm at the anterior horn, 5 and 7.3 mm 
in the body and 5.5 and 11.7 mm in the posterior 
horn. The width and height of lateral meniscus is 
8.8 and 4.3  mm in the anterior horn, 8.3 and 
4.9 mm in the body and 9.7 and 5.3 mm in the 
posterior horn (Erbagci et al. 2004). The medial 

meniscus covers 50% of the tibial plateau, and 
the lateral meniscus covers 70% of the lateral 
tibial plateau.

 Technique

This is measured on MR images. A ratio of the 
width and thickness of the medial and lateral 
meniscus can be measured. A ratio of 0.32 of the 
lateral meniscus helps one to diagnose complete 
and incomplete discoid meniscus and ratio of 
0.40 for medial meniscus (Choi et al. 2013). The 
volume of the meniscus can be assessed by MRI 
(Araki et al. 1994).

 Clinical Relevance

The thickness and width of the menisci are vari-
able and is influenced by ethnic origin 
(Dhananjaya 2014). The thicker portion of menis-
cus is prone to injuries, which is attributed to the 
relative increased exposure to forces by the fem-
oral and tibial condyles.

The morphology and measurement of the 
meniscus enables one to predict the areas that are 
more prone to tears. Assessing the volume of the 
meniscus on MRI helps one to assess for menis-
cal tears and degeneration (Araki et  al. 1994). 
This has also shown to assist in planning of 
arthroscopic surgeries.

If the lateral meniscal tissue is 15 mm wide, 
i.e. seen on three consecutive 5 mm slices, it is 
considered to be discoid. In discoid meniscus, 
one can see meniscal tissue within the intercon-
dylar notch. Discoid meniscus is further classi-
fied into complete, incomplete and Wrisberg 
type. A ring type of discoid meniscus has also 
been described which has a normal posterior 
tibial attachment (Monllau et  al. 1998). One 
needs to identify this, and this is associated with 
an increased incidence of meniscal tears (Fox 
2007). Discoid meniscus is associated with other 
anomalies, which include hypoplasia of lateral 
femoral condyle, fibular anomalies, muscular 
anomalies and abnormal shape of lateral 
malleolus.

Fig. 13.15 Sagittal MR showing measurement of the 
width (a) and height (b) of the meniscus
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 Reproducibility

The meniscal morphology and measurements 
are comparable on MRI in comparison to cadav-
eric studies. Measurements on MRI have been 
shown to be reliable (Prodromos et  al. 2007). 
The meniscal measurements are similar on both 
sides, and this has been utilised in meniscal 
transplantation (Prodromos et  al. 2007). The 
interobserver variability in the measurement of 

meniscal size on MRI has been shown to be 
within acceptable limits (Siorpaes et  al. 2012). 
Discoid meniscus can be identified on MRI and 
high-resolution ultrasound. On ultrasound, there 
is absence of triangular configuration of menis-
cus, and meniscus is thickened in discoid menis-
cus. Meniscal size is dependent on the BMI, 
height and sex. Women have a smaller meniscus 
than men; larger menisci are seen in people with 
high BMI (Stone et al. 2007).
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13.16  Meniscal Extrusion

Definition

The edge of the meniscus is normally along the 
edge of tibial condyle. If the meniscus extends 
beyond the edge of the tibial condyle, it is consid-
ered to be extruded. A medial meniscal displace-
ment of more than 3  mm is defined as major 
meniscal extrusion, and displacement of less than 
3 mm is minor meniscal extrusion (Costa et al. 
2004; Rennie and Finlay 2006). A displacement 
of the lateral meniscus of 1 mm beyond the lat-
eral edge of the tibial condyle is considered a 
meniscal extrusion (Fox 2007).

 Technique

This is measured on coronal images and is the 
distance between vertical lines along the edge of 
tibial condyle and the edge of the meniscus.

 Clinical Relevance

Costa et al. had shown significant association of 
major meniscal extrusion with meniscal degen-
eration, complex tears as well as tears of the 
root of the meniscus (Costa et  al. 2004). The 
degree and extent of tears is significantly associ-
ated with type of meniscal extrusion, i.e. major 
or minor meniscal extrusion. This can also be 
associated with ACL tear (Rennie and Finlay 
2006).

 Reproducibility

This has been shown to be reproducible with 
low interobserver variation in a study by 
Siorpaes et  al. (2012). The variation can be 
reduced further by measuring meniscus extru-
sion on the central five coronal slices across the 
tibial surface.
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13.17  Medial Collateral Ligament

MCL is a static stabiliser and consists of a super-
ficial and deep component extending from the 
medial femoral condyle to medial tibial condyle 
(Phisitkul et al. 2006). The average distance of 
the superficial MCL from its femoral origin to 
joint line is 3.2 cm and from the joint line to the 
tibial attachment is 6.2 cm with the total length 
being 10 cm. It is thicker in the central portion 
(17  mm) and of equal size in its proximal and 
distal parts measuring 10 mm. The deep portion 
of MCL has two components, meniscofemoral 
and meniscotibial ligament. The meniscofemoral 
ligament  measures 20 mm and the meniscotibial 
7  mm. MCL is almost vertical at its femoral 
attachment making an angle of 1° with the femo-
ral axis and courses posteriorly making an angle 
of 18° within the tibial axis (Liu et  al. 2010; 
Otake et al. 2007).

 Technique

This is measured on coronal and sagittal MR 
images.

 Clinical Relevance

An understanding of the anatomy is essential to 
enable appropriate treatment of MCL injury and 
in surgical planning of MCL reconstruction.

 Reproducibility

The measurements of the MCL on MRI are com-
parable to the measurement on cadavers (Lai 
et al. 2011).
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13.18  Lateral Collateral Ligament

LCL extends from the lateral epicondyle of the 
femur inserting onto the fibular head. The LCL is 
11 mm thick, 4.1 mm wide and 5.3 cm long and 
is a static stabiliser. The angle between the LCL 
and femoral axis is 18°, and the angle between 
the fibular attachment and the posterior tibial axis 
is 11°. The angle between the LCL and popliteus 
is 41° (Otake et al. 2007).

 Technique

This is measured on coronal and sagittal MR 
images. It can also be measured by high- 
resolution ultrasound (Lai et al. 2011).

 Clinical Relevance

This is useful in surgical planning of reconstruc-
tion of lateral collateral ligament (Costa et  al. 
2004; Rui-shan 2011).

 Reproducibility

LCL measurements can be reliably measured on 
MRI and ultrasound (Otake et al. 2007; Lai et al. 
2011). The measurements are comparable 
between cadavers, MRI and ultrasound. The 
measurements are dependent on person’s 
BMI. The thickness of the LCL decreases with 
varus stress.
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13.19  ACL

Definition

ACL is a static stabiliser extending from the ante-
rior part of the proximal tibia inserting to the 
medial aspect of the lateral femoral condyle. It is 
38 mm in length and has a width of 11 mm. ACL 
has two bands, anteromedial measuring 7 mm in 
width and the posterolateral band measures 6 mm. 
It is parallel to Blumensaat’s line. The length of the 
anteromedial band in the sagittal plane is 37 mm 
and a width of 5 mm on coronal and sagittal plane. 
The length of posterolateral band is 20 mm on sag-
ittal images, width of 4.5  mm on sagittal and 
3.8  mm on coronal images (Cohen et  al. 2009). 
The angle between the ACL and Blumensaat’s line 
is 1.6°. The angle between the ACL and the proxi-
mal tibia is 55° in sagittal images and 62° on coro-
nal view in an adult (Kweon et al. 2013).

 Technique

A line is drawn through the ACL. The intersect-
ing angle between this and Blumensaat line and 
the intersection between the ACL and proximal 
tibial articular surface are measured (Fig. 13.16).

 Clinical Relevance

These angles enable one to assess ACL. ACL is 
thickened with loss of normal orientation and dis-
ruption of normal angle in ACL injuries. The ana-
tomical measurements also enable one to identify 
damage to one or both bundles of ACL (Cohen 
et al. 2009).

 Reproducibility

The ACL angles are variable and are dependent 
on the age and sex. These change significantly 
with age (Kim et al. 2008). The measurement of 
ACL on MRI has been shown to be reliable with 
interobserver variability of 0.75–0.85 on sagittal 
sequences (Cohen et al. 2009).

Fig. 13.16 Blumensaat’s angle. The intersecting angle 
between the ACL and Blumensaat line
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 ACL Angle

Definition

This is the angle between the tangent to the ante-
rior aspect of the distal portion of the ACL and 
the tangent to the anterior aspect of the intercon-
dylar eminence (Fig. 13.17). ACL has an average 
cross-sectional area of 54 mm2 at the site of inter-
section with the PCL. The cross-sectional area of 
ACL and ACL notch index is smaller in females 
than males. ACL notch index is the ratio of the 
cross-sectional area of the notch to the cross- 
sectional area of the ACL (Dienst et  al. 2007; 
Harmon and Ireland 2000).

 Technique

The intersection of the tangential lines described 
above is drawn on a midsagittal MR image of the 
knee. The cross-sectional area of ACL is calcu-
lated on MRI (Fig. 13.17).

 Clinical Relevance

There is minimal overlap between the normal and 
abnormal values; hence the ACL angle can be a 
useful quantitative measure when assessing for 
ACL integrity (Gentili and Seeger 1994; Mellado 
et al. 2004; Murao et al. 1998).

 Reproducibility

A recent study showed a 100% sensitivity and 
100% specificity when a threshold value of 45° 
was used. Previous studies showed a slightly 
reduced sensitivity and specificity with this cut- 
off, but these were still above 90%.

 Blumensaat’s Angle

This is the angle between the tangent to the ante-
rior aspect of the distal portion of the ACL and 
the tangent to the intercondylar roof (Gentili and 
Seeger 1994; Mellado et al. 2004) (Fig. 13.16).

 Technique

The intersection of the tangential lines described 
above is drawn on a midsagittal MRI image of 
the knee. A hand held goniometer can be used to 
measure the angle. Normal value is <15°.

 Clinical Relevance

The Blumensaat angle is usually a negative value 
with increasing values above zero in abnormal 
instances. There is more overlap between the nor-
mal and abnormal values than with the ACL 
angle and is therefore a slightly less useful mea-
sure when assessing for ACL tears (Murao et al. 
1998).

 Reproducibility

Recent study showed a 90% sensitivity and 98% 
specificity when a threshold value of 0° was used. 
Previous studies have used a different cut-off 
value of 9°. In the paediatric population, a cut-off 
value of 10° yielded a sensitivity of 94% and sen-
sitivity of 96% (Murao et al. 1998).

Fig. 13.17 ACL angle. The intersecting angle between 
the ACL and proximal tibial articular surface
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13.20  PCL

Definition

The posterior cruciate ligament extends from the 
posterior aspect of proximal tibia to the lateral 
aspect of the medial femoral condyle and has a pos-
teromedial and anterolateral band. It is 38 mm in 
length and 18  mm wide. The PCL angle formed 
between the femoral and tibial parts of the PCL is 
123° (Fig. 13.18). This is decreased (less than 106°) 
in pathological conditions (Kweon et al. 2013).

 Technique

A line drawn through the posterior cruciate liga-
ment should touch/traverse the distal femur 
(Fig.  13.19). In ACL rupture there is abnormal 
contour of the PCL (buckling), and the line 
doesn’t intersect the distal femur.

 Clinical Relevance

When the ACL is not well demonstrated on stan-
dard imaging, then the use of the PCL index as 
one of the indirect signs of ACL rupture is recom-
mended. This angle is decreased in ACL rupture.

 Reproducibility

This has been shown to be reliable indicator in 
ACL rupture (Manaster et al. 2013).

 PCL Index

PCL index is an objective indicator of the arc/
orientation of the PCL.

 Technique

Position the knee in a knee coil with full exten-
sion and 15° of external rotation. Measurements 
are performed from sagittal sequences. The 
shortest distance between the femoral and tibial 
attachment of the PCL is identified as x, and 
maximum distance between this and PCL is y. 
Ratio of these two lines, i.e. x and y, is PCL 
index (Liu and Osti 1994; Siwinski 1998) 
(Fig. 13.20).

 Clinical Relevance

When the ACL is not well demonstrated on standard 
imaging, then the use of the PCL index as one of the 
indirect signs of ACL rupture is recommended.

 Reproducibility

The PCL index is reduced in cases of ACL injury. 
PCL index of 5 is normal. An index value of 
around 2.8 is seen in full-thickness tear of the 
ACL and PCL index of 3.1  in partial thickness 
tear of the ACL. These have been shown to have 
a specificity of 90% and sensitivity of 94% (Liu 
and Osti 1994; Siwinski 1998).

Fig. 13.18 PCL angle. Angle between the tibial and fem-
oral component of PCL
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Fig. 13.19 PCL orientation. Line drawn along the tibial 
component of the PCL should intersect the distal femur

YX

Fig. 13.20 PCL index. Ratio of the x (shortest distance of 
PCL) and y (distance between x and PCL)
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13.21  Nerves

 Technique

The cross-sectional area of the sciatic nerve can 
be assessed on MR axial images (Fig. 13.21). The 
coronal and sagittal images help one to analyse 
the sciatic nerve as well. The mean width of the 
sciatic nerve at the lower border of the piriformis 
is 19 mm (Brooks et al. 2011). The average cross- 
sectional area of the sciatic nerve in the distal 
thigh is 52.6 mm2, common peroneal nerve in the 
popliteal fossa is 11.7 mm2 and tibial nerve has a 
cross-sectional area of 35 mm2 (Cartwright et al. 
2008, 2013).

 Clinical Relevance

The cross-sectional area of sciatic nerve is 
increased in chronic inflammatory demyelinating 
polyneuropathy (67 mm2) and slightly increased 
in inherited neuropathy (46.5  mm2) (Sinclair 
et al. 2011).

 Reproducibility

It has been shown that cross-sectional area of the 
sciatic nerve can be reliably assessed on ultra-
sound and MR. There is side to side variation in 
the cross-sectional area of 9–18 mm2 of the sci-
atic, tibial and common peroneal nerves. These 
have been shown to be directly proportional to 
the weight and BMI. However, the cross- sectional 
area is not significantly affected by height or age 
(Cartwright et al. 2008, 2013).

a b c

Fig. 13.21 (a–c) Nerves of knee. Axial images of the knee showing the branches of the sciatic nerve
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13.22  TKR Measurements

As in the native knee, anatomical alignment can 
be assessed on frontal knee radiographs.

 Technique

The alpha angle is the angle between the anatom-
ical axis of femur and a line drawn perpendicular 
to the femoral condyle. The beta angle is the 
angle between the tibial component and the tibial 
anatomical axis. The neo-joint space is the verti-
cal height measured between the proximal tibial 
component and the cranial margin of the tibial 
tubercle or the tip of the head of the fibula. 
Rotation of the tibial component is measured 
between the posterior edges of the tibial compo-
nent to the posterior tibial axis. Femoral compo-
nent rotation is assessed by calculating the angle 
between the posterior aspect of the femoral com-
ponent and the axis of the femoral condyle. 
Posterior condyle offset is measured between the 
line drawn along the posterior femoral cortex and 
posterior aspect of the femoral component on lat-
eral radiograph (Paley 2002; Sarmah et al. 2012) 
(Figs. 13.10, 13.12, 13.22).

 Clinical Relevance

This is variable depending on the type of implant 
(Sarmah et  al. 2012). This in conjunction with 
posterior tibial slope effects the range of move-
ment of the TKR.

 Reproducibility

The measurements of axis and angles of the knee 
mentioned above can be measured reliably on 
radiographs (Paley 2002).

Fig. 13.22 Tibial plateau angle. Angle is the intersection 
between the tibial anatomical axis and the horizontal line 
parallel to the tibial component of the TKR
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14.1  Anatomical/Functional 
Considerations

 Introduction

Patellofemoral pain syndrome is a common 
complaint which comprises a group of patholo-
gies relating to the patellofemoral joint. It is the 
leading cause of knee pain in patients younger 
than 45 years. This group includes patients with 
patellofemoral instability in which the static or 
dynamic relationship between the patella and 
femoral trochlea is abnormal resulting in patella 
subluxation or dislocation. The radiological 
evaluation of patellofemoral instability has 
received considerable attention in the scientific 
literature, and this will be the focus of this chap-
ter. However, it should be recognised that the 
correlation between imaging findings and symp-
toms is often variable (MacIntyre et  al. 2006), 
and patients with patellofemoral symptoms may 
be found to have radiological measurements 
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within normal ranges, whilst asymptomatic sub-
jects may sometimes be shown to have abnormal 
measurements of patellofemoral relationships 
(Elias and White 2004).

This may in part be due to the fact that imag-
ing of patellofemoral relationships is commonly 
performed in the supine resting knee, whilst fail-
ure occurs in the weightbearing active knee. Thus 
dynamic imaging techniques which allow the 
measurement of patellofemoral relationships 
during weightbearing are increasingly advocated. 
However, this discrepancy between symptoms 
and measurements may also reflect the fact that 
patients with patellofemoral pain syndrome form 
a heterogeneous group, some of whom undoubt-
edly have abnormalities of patellofemoral rela-
tionships, whilst others may have a variety of 
poorly understood pain-generating mechanisms, 
not necessarily manifesting in patellofemoral 
malalignment. Interpretation of the scientific lit-
erature is hindered by the common use of patient 
groups with patellofemoral pain syndrome with 
little focus on differentiation between those with 
a true instability and those without. This is partly 
because of a lack of a consensus definition of 
patellar instability, but the implicit assumption 
that all patients with patellofemoral pain syn-
drome have underlying patellofemoral instability 
to a greater or lesser degree is now being chal-
lenged (Wilson 2007).

Patellofemoral alignment refers to the static 
relationship between the patella and the troch-
lear groove at a given degree of knee flexion. 
Patellofemoral tracking refers to the dynamic, 
varying patellofemoral alignment that occurs 
during knee motion. Malalignment and mal-
tracking, therefore, describe abnormalities in 
static or dynamic patellofemoral relationships, 
respectively, which may result in cartilage wear, 
ligamentous strain or patellar dislocation, and 
there may be associated pain, apprehension or 
giving way.

 Determinants of Patellofemoral 
Alignment

Patellofemoral articular surface anatomy is one 
determinant of patellofemoral alignment. The 

patella is a sesamoid bone, and its articular carti-
lage is the thickest in the body measuring 4–6 mm 
in young healthy adults. The superior 75% of the 
retropatellar surface articulates with the femoral 
trochlear sulcus. Furthermore, the retropatellar 
articular surface consists of a wide concave lat-
eral facet and a narrower convex medial facet, 
which are separated by a central ridge or keel. A 
small odd facet is variably present at the medial 
margin. A hypoplastic medial facet has been 
shown to be associated with patellar maltracking 
disorders. The patella articulates with the troch-
lear groove which is formed of the anterior femo-
ral condyles. The lateral femoral condyle has a 
greater AP dimension than the medial condyle 
which helps to counter lateral translation of the 
patella. At full knee extension, the patella lies 
superior to the trochlear cartilage. As the knee 
flexes to around 30, the patella begins to engage 
with the trochlea. Between 30 and 90 degrees of 
flexion, the inferior and then superior patellar 
cartilage articulate with the trochlea. Beyond 120 
of flexion, contact between the articular surfaces 
reduces.

During normal weightbearing activity, patellar 
position is determined by a complex, dynamic 
interplay of various passive and active patellar 
stabilisers. The depth of the trochlear groove is 
important in maintaining patellofemoral align-
ment, at mid range of motion of the knee; other 
structures become more important particularly 
towards full extension. The Q angle is measured 
clinically as the angle between a line joining the 
anterior superior iliac spine to the centre of the 
patella and a line joining the centre of the patella 
to the tibial tuberosity. This provides an indirect 
measurement of the valgus translational stress on 
the patella during quadriceps contraction, and an 
increased Q angle has been associated with patel-
lofemoral pain (Insall et al. 1976). Some authors 
have disputed this association (Fairbank et  al. 
1984), possibly because unstable patellae may be 
laterally displaced in the supine resting knee, 
thus artificially reducing the Q angle. Therefore 
the Q angle may be better measured at 30 degrees 
of knee flexion at which point the patella and 
trochlea are engaged preventing lateral displace-
ment (Fithian et  al. 1995). In any case, the Q 
angle is affected by hip anteversion, knee valgus 

D. A. Elias



555

and the relative positions of the trochlea and tib-
ial tuberosity, reflecting the effects of overall 
lower limb bony alignment on patellofemoral 
relationships (Sanfridsson et al. 2001; Lin et al. 
2008).

A number of soft tissue structures also main-
tain patellofemoral alignment. The passive stabi-
lisers include the patellar ligament and the medial 
and lateral patellar retinacula.

The patellofemoral ligament is a fascial thick-
ening of the deep layer of the medial patellar 
retinaculum which has been shown to be the 
major passive restraint preventing medial patel-
lar dislocation (Conlan et al. 1993). It originates 
from the medial femur between the medial epi-
condyle and the adductor tubercle and runs just 
deep to the inferior fibres of vastus medialis to 
insert on the superior two thirds of the medial 
patellar margin. The active stabilisers of the 
patella consist of the four quadriceps muscles. 
The inferior portions of vastus medialis and late-
ralis form discrete muscles known as vastus 
medialis obliquus and vastus lateralis obliquus, 
respectively. These have horizontally orientated 
fibres which function as active medial and lateral 
patellar restraints.

 Factors Affecting Measurements 
of Patellofemoral Tracking

Measurement Technique
Patellar motion is complex but can be described 
as translational motion along three perpendicular 
axes and rotation about three perpendicular axes 
(Bull et al. 2002) (Fig. 14.1). Katchburian et al., 
following an extensive review of the literature, 
advocate that ideal description of patellar posi-
tion should be relative to the femoral long axis 
and to the centre of the femoral groove 
(Katchburian et al. 2003) although these may not 
be practicably dependent on the measurement 
system. In general, the use of the posterior femo-
ral condyles as a reference line on axial imaging 
is preferable to the use of the anterior condyles, 
as the shape and position of the anterior condyles 
are much more variable especially in trochlear 
dysplasia. However, different authors have used 
the anterior condyles (Kujala et al. 1989a), poste-

rior condyles (Brossmann et  al. 1993; Powers 
et al. 1998), whole femur (Nagamine et al. 1995; 
Sakai et al. 1996) or even tibia (Stein et al. 1993) 
as a reference point, complicating comparison 
between different studies.

Clearly the accuracy and reproducibility of a 
measurement technique are also of importance in 
determining its value. The significance of this is 
affected by the expected size of a clinically rele-
vant change in measurement. Small changes in 
many of the measurements described below may 
have significant effects on loading of the patello-
femoral joint and therefore on knee pain and car-
tilage wear. As an example, CT measurement of 
tibial tuberosity-trochlear groove distance (TT- 
TG) has been shown to vary by a mean of 3.2 mm 
(range 0–13  mm) in consecutive studies on the 
same patient (Lustig et  al. 2007). In the same 
study, tibial tubercle transfer, which is commonly 
used in the treatment of patellofemoral maltrack-
ing, was shown to medialise the tubercle by 
8.6 mm on average, a value which lies within the 
95% confidence intervals for the variability of the 
measurement.

A number of authors have questioned the 
value of using quantitative measurements of 
patellar alignment at all, particularly for kine-
matic magnetic resonance imaging (MRI) studies 
in which only relatively low-resolution images 
are usually available because of the limited time 
available for acquisition of each image 
(O’Donnell et  al. 2005). Instead a subjective 
assessment of patellofemoral tilt and displace-
ment can be made, preferably using a set of 
images combined as a cine loop, from a dynamic 
study of knee flexion/extension. This approach 
has obvious advantages in speed of study evalua-
tion and also obviates the common difficulty in 
quantitative studies that specific bony landmarks 
required for a particular measurement may often 
not be identifiable on a single image.

Type of Motion
Irrespective of the type of measurement system 
used, the approach of measuring patellofemoral 
relationships at a fixed degree of static knee flex-
ion clearly has limited relevance to the ambulant 
situation, even where several static measure-
ments are performed at various knee flexion 
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angles. The patella position in the relaxed supine 
knee at a given knee flexion angle may be an 
unreliable estimate of its position at the same 

flexion angle during walking. This is because of 
the effect of weightbearing and quadriceps con-
traction on patellar position. Quadriceps loading 

Rotations

Lateral

Cranio-caudal Lateral tilt

FlexionAnterior

A

M

A

Medio-lateral

ML

P

L

P

Translations

Fig. 14.1 Directions of motion which may be used to describe patellar tracking (Adapted from Katchburian et al. 2003)
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has been advocated in supine or prone studies to 
better replicate the ambulant situation, but a static 
load will have very different effects on the nature 
of quadriceps activity to the changing loads dur-
ing walking. In particular, vastus medialis activ-
ity, critical for dynamic control of patellar 
tracking, may vary or even be inhibited in symp-
tomatic knees. Additionally, femorotibial rota-
tional alignment, which affects the Q angle and 
therefore the lateral pull on the patella, will vary 
between the supine resting knee and the ambula-
tory knee. Therefore, although practicality has 
dictated that many studies are performed on the 
supine or prone resting knee, the applicability of 
findings to the weightbearing ambulatory state 
should always be questioned. Some have consid-
ered arthroscopic studies of patellar tracking to 
be a gold standard, but the absence of weight-
bearing and quadriceps activation in arthroscopic 
studies means that similar concerns apply 
(Brossmann et al. 1994). Additionally, measure-
ments of patellar tilt and lateral displacement 
have been shown to be affected by the presence 
of a knee effusion, further questioning the reli-
ability of arthroscopic assessment (Brossmann 
et al. 1996).

 Imaging Techniques

Conventional Radiography
The standard radiographic series for assessment 
of patellofemoral relationships includes an AP, a 
lateral and an axial view. The AP view of the knee 
is of limited value in the assessment of the patel-
lofemoral joint, the lateral view is particularly 
useful in determining the vertical position of the 
patella, whilst the axial view is especially useful 
as it provides details of the patellofemoral rela-
tionships and morphology in the horizontal plane. 
Dysplasia of the femoral trochlea is readily 
appreciated in the axial plane, although severe 
trochlear dysplasia does produce the “lateral 
trochlear sign” on the lateral  projection. On the 
lateral view, the subchondral outline of the nor-
mal trochlea is seen as a dense white line parallel 
and congruous with the subchondral outline of 
the lateral femoral condyle. It is continuous with 

Blumensaat’s intercondylar line posteriorly and 
merges with the anterior cortex of the distal 
femur above the level of the trochlea. The inter-
section or “crossing over” of these two lines indi-
cates severe trochlear dysplasia and is 
quantitatively expressed by measuring the ventral 
prominence or trochlear bump (Dejour et  al. 
1994). The measurement of ventral prominence 
reflects the depth insufficiency of the trochlear 
groove and is related to patellar instability 
(Fig. 14.2).

A variety of methods of performing the 
axial view have been described (Fig.  14.3). 
Most commonly the axial view is performed 
with the patient supine with 30–45 degrees of 
knee flexion (Davies et  al. 2004). In order to 
produce a more physiological assessment, a 
standing axial view has been advocated, but 
this requires a specially designed knee support 
(Egund and Ryd 2002). Stress axial views have 
been advocated in which a device is used to 
apply a constant lateral or medial displacing 
force on the patella, whilst the radiograph is 
performed (Teige et al. 1996). The axial radio-
graph has limited value however in the assess-
ment of patellofemoral alignment as it 
generally requires knee flexion of at least 30 
degrees, and therefore alignment during the 
critical early part of knee flexion cannot be 
studied (Fig. 14.4) (Walker et al. 1993). A fur-
ther limitation of the axial radiograph, with 
respect to measurement of patellofemoral 
alignment, is that the posterior femoral con-
dyles, which generally provide the most reli-
able reference plane for many measurements, 
are not visualised.

Ultrasound
Ultrasound has been used for the assessment of 
patellar alignment in children (Nietosvaara and 
Aalto 1993).

Transverse images allow assessment of the 
trochlear groove and patellofemoral relation-
ships, whilst sagittal images allow measurement 
of patellar height. However, even when assessed 
by experienced musculoskeletal radiologists, 
there is poor reliability and validity compared 
with MRI and CT in patellar instability cohorts 
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(Toms et al. 2009). This is probably related to the 
small field of view provided by ultrasound probes 
resulting in difficulties in reliably orientating the 
patella to the bony femoral condylar landmarks.

Computed Tomography
Studies have demonstrated that in many patients 
with patellofemoral maltracking and pain, patel-
lar subluxation occurs in the extended knee but 
resolves by around 30 degrees of flexion as the 
patellar begins to engage with the trochlear 
groove, and therefore cross-sectional examina-

tion of patellofemoral alignment has advantages 
over axial radiography since early flexion can be 
readily examined (Walker et al. 1993; Inoue et al. 
1988; Kujala et  al. 1989a). Conversely asymp-
tomatic subjects often show some patellar sub-
luxation or tilt in full extension. Therefore 
imaging at between 5 and 30 degrees of flexion is 
of most value in distinguishing between normal 
and abnormal alignment and tracking (Fig. 14.4). 
A passive supine CT examination may be per-
formed with the knee at 0, 10, 20 and 30 degrees 
of  flexion. For a patient with an equal leg and 
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Fig. 14.2 Ventral 
prominence. (a) Normal 
parallel relationship of 
the anterior aspect of the 
lateral condyle (C) and 
subchondral outline of 
the trochlea (T) which is 
continuous with 
Blumensaat’s line (B). 
(b) Crossover sign 
highlighting the 
intersection of the two 
lines along the anterior 
condylar contour 
producing a ventral 
prominence

a

c d e

b

Fig. 14.3 Radiographic techniques for the axial radio-
graph of the patella. Prone axial radiographs (a) are per-
formed with knee flexion 90 and therefore are insensitive 
for subluxation in most patients with maltracking, where 
subluxation tends to occur in the early part of flexion. 
Supine axial radiographs may be performed with the knee 
flexed at 20 (b) (Laurin et  al. 1979) or flexed at 45 (c) 

(Merchant et al. 1974). The Merchant technique may be 
performed with the beam direction reversed (d), eliminat-
ing the need for a special cassette holder. A weightbearing 
axial view (e) has been described which requires a spe-
cially designed knee support, but this may provide a more 
physiological assessment (Egund and Ryd 2002) (Figure 
reproduced from Elias and White (2004))
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thigh length of 450 mm, this requires raising the 
knee by 0, 40, 80 and 115 mm from the table top 
(Whitehouse 2002). This can be achieved with a 
balloon placed under the knee and inflated to 
each level. Alternatively, devices are available 
which allow passive placement of the knee in 
various fixed flexion angles. At each position 
axial images are performed through the patello-
femoral joints.

Rapid techniques capable of capturing CT 
images during active knee motion have been 
developed in order to evaluate patellofemoral 
relationships more physiologically. This was 
originally performed with electron beam imaging 
(Stanford et al. 1988). More recently, helical CT 
has been used to perform a continuous 10 s expo-
sure with a stationary table (Dupuy et al. 1997; 
Muhle et  al. 1999a, b). Repeated mid-trochlear 

Fig. 14.4 Conventional axial radiographs (top) show seem-
ingly well-located patellae as the radiographs are obtained at 
a minimum of 30 degrees of flexion. In reality there is severe 
patellar instability which is unmasked when CT (middle) or 

MRI (bottom) axial imaging is obtained at 5 degrees of flex-
ion. Note the associated severe osteoarthrosis and also the 
bilateral fragments avulsed from the medial patellar margin 
related to previous lateral patellar dislocations
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axial images are acquired during active knee flex-
ion and extension with the thigh strapped to the 
table. A weighted boot may be used to increase 
quadriceps loading.

Evaluation of subluxation and tilt on axial 
static and dynamic CT imaging may be per-
formed qualitatively preferably with the use of a 
cine loop for dynamic studies. Alternatively 
quantitative measures described below may be 
applied at various degrees of knee flexion.

Magnetic Resonance Imaging
MRI examinations may be performed supine or 
prone. Prone examinations require appropriate 
padding with a hole for the patella or a table cut 
out such that the patella will not be artificially 
displaced by the table. The use of a restraining 
device which prevents femoral displacement and 
rotation whilst allowing free patellar and tibial 
motion is ideal. Generally the body coil rather 
than a dedicated knee coil is used so that both 
knees may be examined together and to allow as 
much knee flexion as possible within the bore of 
a closed magnet. Fast imaging sequences such as 
spoiled gradient recalled acquisition in the steady 
state (GRASS) have been used to perform axial 
images through the mid-trochlea during active 
motion (Shellock et  al. 1992). Imaging may be 
triggered manually or with motion sensitive 
detectors (Muhle et al. 1995). Supine MRI stud-
ies comparing measures of patellofemoral align-
ment in patients with and without clinical patellar 
instability have shown accentuated differences 
between study groups where knee flexion and 

extension are active and continuous, as compared 
with images taken at different degrees of static 
knee flexion (Brossmann et al. 1993; Muhle et al. 
1995). In prone studies, a special quadriceps 
loading device has been shown to accentuate dif-
ferences in patellofemoral tracking between 
symptomatic and asymptomatic knees (Shellock 
et al. 1993). This may be because of the impor-
tance of quadriceps dysfunction in patellofemo-
ral maltracking, a factor excluded in passive 
studies.

A simple, inexpensive technique for perform-
ing active supine loaded dynamic MRI patellar 
tracking studies has been described (McNally 
2001). The knees are supported on a foam cush-
ion which allows approximately 30 degrees of 
flexion. The knees are loosely constrained by 
strapping them together, and an inflated ball is 
placed between the patient’s ankles and the upper 
wall of the magnet bore. When the active study 
begins, the ball valve is released allowing the ball 
to deflate, and the patient is asked to slowly 
extend against the resistance of the deflating ball.

Recently open MRI has been used to evaluate 
patellofemoral tracking during active flexion and 
extension with subjects nearly fully weightbear-
ing and almost erect but only supported by a 
backrest to stabilise the subject within the scan-
ner (Draper et  al. 2008). This system was suc-
cessfully used to measure lateral displacement 
and axial plane tilt of the patella, and this tech-
nique therefore shows promise as a method for 
quantitative evaluation of patellofemoral tracking 
in a near physiological setting.
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14.2  Trochlear Anatomy: Sulcus 
Angle (Trochlear Angle)

Definition

The angle between the medial and lateral femoral 
trochlear facets
Normal <145°
Abnormal >145°

Indications

Patellofemoral maltracking
Trochlear dysplasia

Techniques

Axial knee radiograph
Transverse image of the mid-trochlear 
groove—US
Transverse image of the mid-trochlear 
groove—CT
Transverse image of the mid-trochlear 
groove—MRI
MRI is proven to be better than axial radiography in 
characterising trochlear sulcus morphology as the 
measurement on a skyline radiograph only assesses 
the lower part of the trochlear sulcus which is not 
truly a representative of trochlear anatomy.

Full Description of Technique

On the axial knee radiograph, the angle is mea-
sured between a line joining the deepest point of 
the intercondylar sulcus and the summit of the 

lateral femoral condyle and a line joining the 
deepest point of the intercondylar sulcus and the 
summit of the medial femoral condyle (Fig. 14.5).

On CT and MRI, measurement techniques 
have varied. The sulcus angle is most commonly 
measured at 10–20 of knee flexion. Axial slice 
thickness varies on different CT and MRI studies, 
and there is a lack of clarity in the literature as to 
which axial slice should be chosen for sulcus 
angle measurement. With thinner axial sections, 
the trochlear morphology is seen to vary from the 
proximal to the distal slices.

Recent articles have described the use of the 
image showing “the best anatomic representation 
of the trochlear groove” (Alemparte et al. 2007), 
“the proximal” or “distal” trochlea (Fucentese 
et al. 2007) and the level where the femoral epi-
condyles were most widely separated on the 
medial to lateral axis (Toms et  al. 2009), whilst 
earlier studies have not described how a slice was 
chosen (Davies et al. 2000; Kujala et al. 1989b). 
Walker et  al. (1993) performed 4-mm-thick CT 
slices through the knees at 10 of flexion. The 
authors comment that with consecutive axial slices 
progressing inferiorly through the trochlea, the 
trochlea deepens and then the bony cortices begin 
to blur and broaden as the anterior surface passes 
backwards towards the condyles. They chose the 
most inferior image on which the anterior cortices 
remain sharp (i.e. vertically orientated) to measure 
the sulcus angle. This technique is logical but may 
be more difficult to apply with modern multislice 
scanners with often submillimetre resolution. 
Studies have also varied on whether landmarks are 
defined from the subchondral bone or the overly-
ing cartilage surface (Toms et al. 2009). Whilst the 
subchondral bone may be more reliably identified, 
the cartilage surface may be of greater clinical rel-
evance in determining patellofemoral instability.

On ultrasound the sulcus angle has been mea-
sured in children with the knee in 10 of flexion on 
a transverse scan just below the level of the patel-
lar apex (Nietosvaara and Aalto 1993).

Reproducibility/Variation

Axial radiographic measurement of the sulcus 
angle has been shown to have a good reliability 
with intra- and interobserver intraclass  correlation 

ML

Fig. 14.5 Measurement of sulcus angle on an axial radio-
graph of the knee
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coefficients of 0.94 and 0.92, respectively (Davies 
et al. 2000). However others have argued that mea-
surement may not be so reproducible where the 
lateral trochlea has a rounded anterior tip, result-
ing in difficulty in placing measurement lines 
(Walker et al. 1993). For cross-sectional imaging 
techniques, some studies have reported reasonable 
intra- and interobserver variabilities (Kujala et al. 
1989b; Toms et al. 2009), whilst others have sug-
gested measurement is unreliable because of vari-
ability of trochlear shape with axial slice (Koskiken 
et al. 1993). In one CT study, intra- and interob-
server variabilities were poor for measurement of 
the sulcus angle in 0 of knee flexion, whilst inter- 
and intraobserver correlations were above 80% for 
measurement of the sulcus angle at 20 of knee 
flexion (Delgado- Martinez et  al. 2000). A more 
recent study has suggested good reliability of CT, 
US and MRI measurements of the sulcus angle 
using the subchondral bone surface for landmarks 
(Toms et al. 2009). Where the cartilage surface is 
used for landmarks, CT and MR measurements 
were reliable, but US measurements were not.

Normal values for the sulcus angle as mea-
sured on axial radiographs are given as 138 (SD 
6) (Merchant et  al. 1974) or 140.4 (SD 5.2) 
(Davies et al. 2000). Merchant et al. (1974) found 
no significant change in trochlear shape through 
a range of beam to femur angles of 15–75.

Clinical Relevance/Implications

Trochlear dysplasia, as defined by an abnormally 
increased sulcus angle, has been shown to corre-
late with other features of extensor mechanism 
dysplasia. In one study of 137 knees with pain 
and instability, a normal sulcus angle was shown 

to be predictive of normal patellar alignment as 
measured by other radiographic parameters 
(Davies et al. 2000). The authors suggest, there-
fore, that the sulcus angle could represent a good 
initial screening tool, which, if abnormal, should 
be supplemented by assessment of other param-
eters of patellofemoral tracking.

The sulcus angle measured with low-field 
MRI was found to be the strongest discriminator 
of several indices of patellofemoral alignment 
between female patients with recurrent patellar 
dislocation and controls (Kujala et  al. 1989b). 
Increasing sulcus angle has also been shown to 
correlate with increasing pain and functional 
impairment, as well as with increased areas of 
cartilage loss and bone marrow lesions in the 
patellofemoral joint (Kalichman et al. 2007b).

Analysis/Validation of Reference Data

Variation exists as to the values of this angle 
depending on the imaging technique employed, 
with a lack of reliable reference database limiting 
the evidence for appropriate validation.

Conclusion

The sulcus angle is a useful correlate of patello-
femoral dysfunction and may be measured on 
axial views and with cross-sectional imaging tech-
niques. However because of variation in trochlear 
shape along its superoinferior extent, there is a 
lack of reproducibility of the measurement with 
CT and MRI and a lack of consensus in the litera-
ture on the ideal measurement technique. It may 
be more reliably measured on CT studies at 20 of 
knee flexion, rather than at 0 of knee flexion.
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14.3  Trochlear Anatomy: Lateral 
Trochlear Inclination

Definition

The angle between a line along the lateral troch-
lear facet and a line joining the posterior borders 
of the medial and lateral femoral condyles
Normal >11°
Abnormal <11°

Indications

Patellofemoral maltracking
Trochlear dysplasia

Techniques

Axial image through trochlea utilising CT or MRI

Full Description of Technique

On MRI, the most superior axial image demon-
strating a cartilaginous trochlea is chosen for 
measurement (Fig. 14.6). A line is drawn on this 
image tangential to the subchondral bone of the 
lateral trochlea facet, and the angle is measured 
between this and a line tangential to the subchon-
dral bone of the posterior aspect of the femoral 
condyles (Carrillon et al. 2000).

Reproducibility/Variation

Using the MRI technique defined above, good 
interobserver variability was reported for this 
measurement (Carrillon et al. 2000).

Clinical Relevance/Implications

The use of a threshold of 11 resulted in a sensitiv-
ity of 93% and a specificity of 87% for the iden-
tification of patients with previous patella 
dislocation as compared to controls (Carrillon 
et al. 2000).

Analysis/Validation of Reference Data

By comparison with the sulcus angle, measure-
ment of lateral patellar inclination has the advan-
tage of using the posterior condyles as a reference 
line for the measurement, and this is likely to show 
less variability in dysplastic knees than the medial 
trochlear facet. Additionally, performance of the 
measurement at the most proximal axial slice with 
a trochlear cartilage covering allows assessment of 
the critical superior trochlear groove which is 
likely to be most sensitive for dysplasia and patel-
lar instability. However, the use of the posterior 
condylar reference line prevents this measurement 
from being used on axial radiographs as the poste-
rior condyles are not visualised.

Conclusion

Lateral trochlear inclination may be a preferable 
measurement to sulcus angle for use in MRI 
studies.

Fig. 14.6 Measurement of lateral trochlear inclination on 
an axial MR image of the knee at the most superior level 
that demonstrates trochlear cartilage
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14.4  Trochlear Anatomy: Trochlear 
Groove Depth

Definition

This is the perpendicular distance in the antero-
posterior plane from the deepest point of the fem-
oral trochlea to the plane defining the most 
anterior limit of the femoral condyles.
Normal value >5 mm
Hypoplasia 3–5 mm
Dysplasia <3 mm

Indications

Patellofemoral maltracking
Trochlear dysplasia

Techniques

True lateral radiograph
Axial CT image through the trochlea—CT
Axial MR image through the trochlea—MRI

Full Description of Techniques

On a true lateral radiograph of the knee 
(Fig.  14.7), trochlear groove depth is measured 
1 cm distal to its upper limit by measuring the AP 

distance from the anterior summit of the anterior- 
most femoral condyle to the trochlear floor at this 
level (Murray et al. 1999).

A variety of methods for measuring trochlear 
depth have been proposed on cross-sectional stud-
ies (Pfirrmann et  al. 2000; Martinez et  al. 1983; 
Kujala et al. 1989a, b; Walker et al. 1993; Delgado-
Martinez et al. 2000). Pfirrmann et al. (2000) com-
pared measurements at different trochlear levels on 
axial MRI and found that trochlear depth measured 
on the axial image 3  cm above the femorotibial 
joint line was most discriminatory between patients 
with and without trochlear dysplasia. They advo-
cate measuring all distances relative to and perpen-
dicular to a line joining the posterior femoral 
condyles. The trochlear depth is calculated as 
(height of lateral femoral condylar summit + height 
of medial femoral condylar summit)/2 − (height of 
deepest point of trochlear groove). This measure-
ment is applicable to CT and MRI (Fig. 14.8).

An alternative method for measurement of 
trochlear depth involves drawing a reference line 
between the tips of anterior femoral condyles. 
The perpendicular distance from this line to the 
depth of the trochlear groove is measured (Endo 
et  al. 2007, Walker et  al. 1993). This measure-
ment is applicable to axial radiographs as well as 
CT, MRI and US. Since this method relies on the 
position of the anterior tip of the medial femoral 
condyle for the reference line, it may be less reli-
able than methods using the posterior condyles.

M

Trochlear Groove
Depth
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(A+ B)
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Fig. 14.8 Measurement of trochlear groove depth on CT 
or MRI. Measurements are taken on an axial image 3 cm 
above the femorotibial joint. Trochlear groove depth is 
calculated as (A + B)/2 − C

Fig. 14.7 Measurement of trochlear groove depth on the 
lateral radiograph of the knee
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Reproducibility/Variation

Measurement of the trochlear depth on a lateral 
radiograph is very sensitive to slight rotation 
from the true lateral. A study of cadaveric femora 
showed that as little as 5 of rotation could pro-
duce a false-positive or false-negative diagnosis 
of trochlear dysplasia (Koeter et  al. 2006). 
Ideally, therefore, fluoroscopy should be used to 
ensure that the posterior borders of the femoral 
condyles precisely overlap, for this measurement 
to be performed reliably. Trochlear measure-
ments can vary due to size differences, the proxi-
mal extent of the trochlear cartilage and if the 
trochlear cartilage versus bone is referenced for 
measurements.

It is important to use bony landmarks to avoid 
the variation introduced by cartilage thickness 
(Van Huyssteen et al. 2006).

Clinical Relevance/Implications

The trochlear depth at the proximal trochlea is a 
potentially important anatomical determinant of 
patellofemoral instability.

In one study, lateral femoral condyle wedge 
osteotomy performed in patients with patellar 
instability and trochlear dysplasia identified on 
lateral radiographs had no postoperative instabil-
ity with improved pain and function scores con-
firming the importance of trochlear depth (Koeter 
et al. 2007a, b).

In one MR study, femoral sulcus depth index 
(calculated as twice the trochlear depth 
described by Pfirrmann et al. above) was found 
to be the most discriminatory of multiple mea-
surements in distinguishing between knees with 
previous dislocation and controls (Kujala et al. 
1989a, b). Pfirrmann et al. reported a sensitivity 
of 100% and specificity of 96% in diagnosing 
trochlear dysplasia if the trochlear sulcus mea-
sures 3 mm or less at 3 cm above the tibiofemo-
ral joint.

Analysis/Validation of Reference Data

As limited data in the literature is available, it is 
not possible to conclusively validate the various 
methods that can be employed in its assessment. 
Very importantly, the method using measure-
ments made from lateral radiographs is the most 
problematic.

Conclusion

The depth of the proximal trochlea is a poten-
tially important correlate of patellar stability. 
The usefulness of this measurement on lateral 
radiographs is however limited by its potential 
sensitivity to slight rotation, and fluoroscopy 
should be used to avoid this. Trochlear depth 
measurement on MRI seems to correlate well 
with instability, but there is little data on 
reproducibility.
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14.5  Trochlear Anatomy: Lateral: 
Medial Trochlea Facet Ratio

Definition

The ratio of the width of the lateral trochlear 
facet to the width of the medial trochlear facet
Normal <1.7
Abnormal >1.7

Indications

Patellofemoral maltracking
Techniques
Axial radiograph of the knee
Axial image of the trochlea—CT
Axial image of the trochlea—MRI

Full Description of Technique

On an axial radiograph of the knee, the ratio 
between the widths of the lateral and medial 
trochlear facets is measured (Beaconsfield et al. 
1994). A ratio of 1.7 (lateral/medial facet width) 
is considered dysplastic (Fig. 14.9).

In one MRI study, the authors recommend 
measuring this parameter on an axial image 3 cm 
above the femorotibial joint line (Pfirrmann et al. 
2000). At this level, a threshold ratio of 0.4 
(medial/lateral facet width) was found to have a 
sensitivity of 100% and a specificity of 96% for 
the diagnosis of trochlear dysplasia compared 
with controls, with dysplastic knees having a 
relatively smaller medial facet.

Reproducibility/Variation

Note that in some articles, the ratio is presented 
differently as medial/lateral instead of lateral/
medial which can cause some confusion.

Clinical Relevance/Implications

As discussed in previous measurements in this 
section concerning the effects and associations of 
trochlear dysplasia to patellar instability and 
anterior knee pain

Analysis/Validation of Reference Data

There is insufficient reference data to provide a 
validation assessment.

Conclusion

Lateral/medial trochlear facet ratio is a recognised 
measure of trochlear dysplasia, but little data is avail-
able regarding its reproducibility and clinical utility.
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Fig. 14.9 Measurement of lateral/medial trochlear facet 
ratio on an axial radiograph of the knee. Ratio is a/b sen-
sitivity of 100% and a specificity of 96% for the diagnosis 
of trochlear dysplasia compared with controls, with dys-
plastic knees having a relatively smaller medial facet
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14.6  Axial Plane Patellar 
Displacement: Congruence 
Angle

Definition

The angle between the bisected sulcus angle 
(see above) and the central ridge (keel) of the 
patella
Normal −6 (SD 11)
Abnormal >+16

Indications

Patellofemoral maltracking

Techniques

Axial knee radiograph
Axial CT section through the mid-patella and 
trochlea
Axial MRI section through the mid-patella and 
trochlea

Full Description of Techniques

The sulcus angle (see above) is measured and 
bisected through the deepest point of the inter-
condylar sulcus to produce a reference line. The 
congruence angle is the angle between the refer-
ence line and a line joining the deepest point of 
the intercondylar sulcus with the lowest point on 
the articular ridge of the patella (keel) which 
divides the medial and lateral facets (Merchant 
et al. 1974). If the patellar articular ridge lies lat-
eral to the reference line, the congruence angle is 
designated positive. Where the patellar ridge lies 
medial to the reference line, the congruence angle 
is negative.

The congruence angle may be measured on 
axial radiographs of the knee (Fig. 14.10). The 
angle may similarly be measured at varying 
degrees of flexion on CT or MRI, with or with-
out quadriceps contraction. On CT and MRI, 
the mid- patella is often not visualised on the 
same axial image as the deepest point of the 
trochlear groove, particularly when the knee is 
relatively extended. In this situation, the sulcus 

angle will need to be measured on the image 
where the trochlear groove is deepest and, 
either by superimposition of images or prefer-
ably by copying of measurements between dif-
ferent images on a workstation, the measured 
sulcus angle will need to be transferred to the 
mid-patella image.

Reproducibility/Variation

In Merchant’s original description of the con-
gruence angle, the authors found a mean angle 
in normals of −6 (SD 11) and a mean angle of 
+23 in patients with recurrent patellar disloca-
tion (Merchant et al. 1974). However, in studies 
of patients with patellar tracking disorders, but 
not necessarily recurrent patellar dislocations, 
the sensitivity of the congruence angle mea-
sured on axial radiographs has been questioned 
for patients who have lesser degrees of instabil-
ity (Inoue et al. 1988; Aglietti et al. 1983).

In a CT study of normal knees at 15 of flexion 
with relaxed quadriceps, the authors found a very 
wide range of congruence angle measurements 
(mean = +5; range −28 to +38) (Alemparte et al. 
2007). Another CT study of normal knees in full 
extension also showed a wide range of positive 
congruence angle measurements (27–43) 
(Reikeras and Hoiseth 1990).
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Fig. 14.10 Measurement of the congruence angle on an 
axial radiograph of the knee. First, the sulcus angle is 
measured (AB/BC) and bisected to form a reference line 
(BE). The line BD is drawn from the deepest point of the 
interarticular sulcus of the trochlea to the deepest point of 
the interarticular ridge of the patella. The congruence 
angle is measured between BD and BE
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In a CT study, between 0 and 20 of knee flex-
ion, moderate interobserver reliability was 
found in congruence angle measurements, but in 
around 5% of cases, it could not be measured 
due to uncertain reference points, and the 
authors concluded that it was “not reliable” 
(Delgado- Martinez et  al. 2000). Other authors 
have commented that identification of the deep-
est point of the intercondylar groove on CT 
studies of patients with significant subluxation 
may be problematic (Inoue et  al. 1988). In an 
MRI study of patients with recurrent disloca-
tion, the mean congruence angle fell in both 
patients and controls as knee flexion increased 
from 0 to 30 degrees (Kujala et  al. 1989a, b). 
However, at each level of flexion up to 30 
degrees, patella dislocators showed a higher 
mean congruence angle.

Clinical Relevance/Implications

Similar relevance and implications addressed 
previously concerning patellar instability and 
anterior knee pain

Analysis/Validation of Reference Data

There is a wide variation using different imaging 
techniques in the normal/abnormal values found 
in the literature which results in weak validation 
support.

Conclusion

The congruence angle has been well described as 
a measure of patellofemoral shift and may be 
used with axial radiographs, CT and 
MRI. However, it has a wide variability in normal 
knees, especially near to full extension, and stud-
ies have increasingly questioned the reliability of 
this technique.
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14.7  Axial Plane Patellar 
Displacement: Lateral 
Patellar Displacement

Definition

Lateral displacement of the patella relative to the 
trochlea
Normal <2 mm
Abnormal >2 mm

Indications

Patellofemoral maltracking

Techniques

Axial radiograph/CT/MRI

Full Description of Techniques

On an axial radiograph, lateral patellar displace-
ment is measured by drawing a tangential line 
joining the anterior summits of the medial and 
lateral femoral condyles and dropping a perpen-
dicular to this at the level of the summit of the 
medial condyle (Fig. 14.11). The distance from 
this line to the medial margin of the patella is 
measured and given a positive value when the 
medial patella border lies lateral to the medial 
femoral condylar summit (Laurin et al. 1979).

Axial linear patellar displacement can also be 
measured on axial radiographs using perpendicu-
lar reference points. The method was devised as 

the replacement method for the conventional 
congruence angle estimation when difficulties 
were encountered in its measurement on digital 
radiographs due to angle superimposition (Urch 
et al. 2009). The linear displacement is obtained 
by first drawing a reference line tangential to the 
most anterior summits of the medial and lateral 
trochlear facets. A second line is drawn from the 
depth of the sulcus and passed perpendicularly 
through the reference line. A third line is then 
drawn from the keel of the patella perpendicular 
to the reference line. The distance between the 
two perpendicular lines’ intersections on the ref-
erence line is the linear displacement measure-
ment (Fig. 14.12).

On CT and MR imaging, lateral patellar dis-
placement may be measured using a trochlear 
reference line through the most anterior point of 
the medial femoral condyle and running perpen-
dicular to a line joining the posterior femoral 
condyles (Muhle et  al. 1999b). Lateral patellar 
displacement is measured as the distance from 
the trochlear reference line to the medial border 
of the patella (Fig.  14.13). The authors do not 
specify how to choose the axial image on which 
measurements should be made. This measure-
ment has also been used for quantification in 
kinematic studies (Brossmann et al. 1993).
Normal value <2 mm
Mild 2–5 mm
Moderate 5–10 mm
Severe >10 mm

ML

Fig. 14.12 The reference tangent line joining the anterior 
condylar summits is intersected by two perpendicular 
lines from the depth of the sulcus and patellar ridge. The 
intervening space is the required measurement

ML

Fig. 14.11 Measurement of lateral patellar displacement 
on the axial radiograph of the knee
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In a more recently described method using CT 
and MRI, lateral patellar displacement can be 
measured relative to the trochlear apex as follows 
(Wittstein et  al. 2006): the axial slice with the 
greatest AP diameter of the femoral condyles is 
chosen, and on this image, a line is drawn joining 
the posterior cortex of the femoral condyles (pos-
terior condylar line). A reference line perpendicu-
lar to this is drawn through the apex of the femoral 
trochlea on the same image. These lines are then 
copied to the axial image which contains the wid-
est transverse diameter of the patella. Lateral 
patellar displacement is measured as the distance 
from the patellar apex to the transferred reference 
line through the trochlear apex (Fig. 14.14).

In a fourth technique, the axial image is cho-
sen with the widest transverse patella diameter 
(Grelsamer et al. 1998). Two reference lines are 
drawn, one through the medial and one through 
the lateral trochlear summits, both perpendicular 
to the posterior condylar line. The distance is 
then measured from the medial reference line to 
the medial patellar border and from the lateral 
reference line to the lateral patellar border. For 
each measurement, a positive value is assigned 
where the patellar border lies lateral to the troch-
lear reference line (Fig. 14.15). The mean value 

ML

LPD (mm)

Fig. 14.13 Measurement of lateral patellar displacement 
on CT or MR imaging measured relative to the summit of 
the medial femoral condyle

ML

Fig. 14.14 Measurement of lateral patellar displacement 
on CT or MR imaging measured relative to the trochlea apex

L1 M1

y

L2 M2

+ 2mm - 2mm

ML

Fig. 14.15 Measurement of lateral patellar displacement 
on CT or MR imaging measured relative to the summits of 
both the medial and lateral femoral condyles. All lines are 
drawn perpendicular to the posterior condylar line (Y). M1 
and L1 are reference lines through the summits of the 
medial and lateral femoral condyles, respectively, whilst 
M2 and L2 are drawn through the medial and lateral patel-
lar margins, respectively. The distances M2–M1 and L2–L1 
are calculated such that a positive value is given where the 
patellar line is lateral to its corresponding trochlear refer-
ence line. The lateral patellar displacement is taken as the 
mean of the two measurements (0 mm in this example)
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of the two measurements is termed the medial or 
lateral displacement (MLD).

In a more sophisticated approach, one group has 
used high-resolution MR images of the knee to gen-
erate a coordinate system from subject- specific 
bone models of the patella, femur and tibia 
(MacIntyre et al. 2006). The models were used to 
register bony landmarks on low- resolution MR 
images performed at different supine loaded knee 
flexion angles in patients with and without patello-
femoral pain and clinical malalignment. The authors 
found widely overlapping measurements for all 
planes of rotational and translational motion of the 
patella, with only lateral translation at 19 degrees of 
knee flexion found to be marginally significantly 
increased in patients with patellofemoral pain and 
clinical malalignment compared with controls.

A preliminary study has evaluated US measure-
ment of lateral displacement (Herrington et  al. 
2006). The measurement is performed with the 
knee flexed at 20. In the axial plane, the transducer 
is aligned with the lateral edge of the superior bor-
der of the patella, and the distance between the 
bony margin of the lateral patella and the anterior 
margin of the lateral femoral condyle is measured.

Reproducibility/Variation

The primary disadvantage of measurement of 
lateral patellar displacement on the axial radio-
graph is that displacement is measured at flex-
ion angles at which lateral displacement may 
be abolished in all but the most unstable knees.

A further disadvantage of linear displacement 
measurements, obtained on axial radiographs, is the 
magnification effect on the measurement, which 
means that unlike the congruence angle measure-
ment (which is unaffected by magnification), they 
are not true values. They require to be compared 
clinically with the noninjured knee. The intraob-
server reliability, however, is usually high and above 
r2 = 0.90 (Urch et al. 2009) for all measurements.

In cross-sectional imaging evaluation, lateral 
patellar displacement may have advantages over 
congruence angle as a measure of mediolateral 
patellar shift because it does not require prior 
measurement of the sulcus angle which may not 
be present on the mid-patellar slice. This may be 
a particular advantage in kinematic studies, 

where relatively low-resolution images, with few 
slices only, are available at each flexion angle. In 
such studies, accurate measurement of the sulcus 
angle may be unrealistic.

Clinical Relevance/Implications

As previously discussed, the displacement is an 
indication and a measure of patellar instability and 
related to patellofemoral symptoms. It should be 
remembered that the presence of a joint effusion in 
itself can cause and enhance patellar subluxation.

Analysis/Validation of Reference Data

Each of the various techniques given for cross- 
sectional imaging evaluation of lateral patellar 
displacement has strengths and weaknesses. 
Methods using a single axial image on which all 
measurement lines are drawn may be more 
straightforward to perform but present difficul-
ties in extended knees, particularly in the pres-
ence of patella alta, when the patella may lie well 
superior to the trochlear landmarks.

Techniques using the central ridge (keel) of 
the patella as a landmark suffer from the fact that 
the central ridge may appear broad and therefore 
difficult to define in some patellar types and also 
the cartilage surface over the central ridge may 
not silhouette the bony contour leading to poten-
tial inaccuracy (Grelsamer et  al. 1998). 
Additionally, the central ridge may be difficult to 
precisely identify on low-resolution images 
available from some kinematic MR techniques. 
On the other hand, techniques using the medial 
or lateral borders of the patella as landmarks 
may be difficult to apply where those borders are 
irregular, perhaps because of osteochondral 
injury following a previous patellar dislocation.

Conclusion

Lateral patellar displacement is a valuable mea-
sure of mediolateral patellar position and has 
been successfully applied to axial radiographs 
and cross-sectional imaging for both static and 
kinematic studies. A variety of different methods 
for measuring lateral displacement on cross- 
sectional studies are described.
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14.8  Axial Plane Patellar 
Displacement: Bisect Offset

Definition

The percentage of the patellar width which lies 
lateral to the apex of the trochlear sulcus

Indications

Patellofemoral maltracking

Techniques

Axial image through the mid-patella—CT
Axial image through the mid-patella—MRI

Full Description of Technique

A line is drawn along the posterior femoral con-
dyles, and a perpendicular reference line is 
dropped through this at the level of the deepest 
point of the trochlear sulcus. A line is drawn 
across the widest mediolateral width of the 
patella. The bisect offset is the percentage of the 

patellar width line which lies lateral to the mid- 
trochlear reference line (Fig. 14.16).

An alternative method for measuring a similar 
parameter is to draw a line joining the anterior 
summits of the femoral condyles and, from this, 
to drop a perpendicular reference line from the 
summit of the lateral condyle. The reference line 
crosses a line drawn along the widest width of the 
patella. The “lateral shift” is calculated as the 
percentage of the patellar width line which lies 
lateral to the reference line (Delgado-Martinez 
et al. 1996).

Reproducibility/Variation

The bisect offset provides an alternative 
method of measuring mediolateral patellar 
position in CT and MRI studies. This technique 
has been used particularly in kinematic studies, 
with both non-weightbearing supine (Muhle 
et  al. 1999b; Brossmann et  al. 1993; Dupuy 
et  al. 1997) and erect weightbearing systems 
(Draper et  al. 2008). One recent study has 
found good intra- and interobserver reliabili-
ties for bisect offset measurement on static 
knee MRI with extended knees (Kalichman 
et al. 2007b).

The effect of quadriceps contraction and 
degree of knee flexion on bisect offset was 
recently assessed in subjects without patellofem-
oral pathology (Laugharne et al 2016). The 
authors demonstrated that quadriceps activation 
in extended knees produced a statistically signifi-
cantly increased, and abnormal bisect offset, but 
this normalised at 30 degrees knee flexion. 
Quadriceps activation can sometimes occur 
involuntarily in anxious patients, and the authors 
found that 30 degree knee flexion prevented 
quadriceps activation having an effect on the 
bisect offset measurement.

Clinical Relevance/Implications

In an MRI study of patients with knee osteoar-
thritis, increasing bisect offset was shown to be 
correlated with increasing cartilage loss and bone 
marrow lesions in the lateral patellofemoral com-
partment (Kalichman et al. 2007a, b). In a recent 

ML B
A
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B

Bisect Offset

x 100

Fig. 14.16 Bisect offset as measured on axial CT or MR 
images of the knee. A reference line, perpendicular to the 
posterior intercondylar line, is drawn through the deepest 
point of the trochlear sulcus, and the distance from the 
reference line to the lateral margin of the patella (B) is 
expressed as a percentage of the maximum mediolateral 
patella width (A). Bisect Offset = B/A × 100
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study, bisect offset measured in erect weightbear-
ing knees using an open MRI system showed sig-
nificantly increased lateral patellar translation in 
patients with patellofemoral pain compared with 
controls and a reduction in lateral patellar trans-
lation whilst wearing a patellar brace or sleeve 
(Draper et al. 2008).

Analysis/Validation of Reference Data

The bisect offset is an alternative method for 
measuring mediolateral patellar position. This 
technique has been particularly favoured in 
kinematic studies. This is probably because 
image resolution tends to be low and the use of 

lateral patellar displacement requires the mea-
surement of very small distances unless the 
patella is very far displaced. For the bisect off-
set, measurement lines have a reasonable length 
even for normal patellar positions, and, in the-
ory, the bisect offset may be expected to have a 
relatively better reproducibility for near-normal 
patellar positions.

Conclusion

Bisect offset is a useful method for measuring 
mediolateral patellar position and is probably 
especially useful in relatively low-resolution 
kinematic studies.
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14.9  Axial Plane Rotation of the 
Patella: Lateral 
Patellofemoral Angle

Definition

Axial plane rotation of the lateral patella facet 
defines lateral patellar tilt.
Normal PFA >8° opening laterally
Abnormal PFA <8° or angle opening medially

Indications

Patellofemoral maltracking. Abnormal patellar 
tilt is more frequently symptomatic than isolated 
lateralisation. Abnormal tilt without lateral trans-
lation is known as excessive lateral pressure syn-
drome (ELPS). In cases of severe ELPS, the 
patella may indeed be medially subluxed due to 
the tightness of the lateral retinaculum.

Techniques

Axial radiograph of the knee
Axial image through the mid-patella—CT
Axial image through the mid-patella—MRI

Full Description of Techniques

The lateral patellofemoral angle measurement 
was originally described on axial knee radio-
graphs at 20 of knee flexion (Laurin et al. 1978). 
This was defined as the angle between a line 
drawn tangential to the lateral patellar facet and a 

line joining the anterior summits of the medial 
and lateral femoral condyles (Fig. 14.17).

On CT and MRI studies, the lateral patello-
femoral angle may be measured similarly to 
Laurin’s description, with reference to a line 
across the anterior summits of the femoral con-
dyles, or alternatively it may be measured with 
reference to a line across the posterior condyles 
(Schutzer et al. 1986; Wittstein et al. 2006). It is 
measured at the level of the patellar midpoint as 
referenced on sagittal imaging (Fig. 14.18).

Reproducibility/Variation

The originators of the lateral patellofemoral angle 
measurement found that on axial radiographs, the lat-
eral patellofemoral angle opened laterally in 97% of 
normal knees (Fig. 14.19) and was parallel in 3%, 

ML

Fig. 14.18 Measurement of the lateral patellofemoral 
angle on axial CT or MR imaging of the knee

ML

A

B

Fig. 14.19 Normal patellofemoral angle opening laterally 

ML

Fig. 14.17 Measurement of the lateral patellofemoral 
angle on the axial knee radiograph
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whilst in patients with recurrent patellar subluxation, 
the angle was parallel in 80% and opened medially in 
20% (Laurin et al. 1979) (Fig. 14.20). By contrast in 
a study of 137 knees with symptoms of anterior pain 
or instability, 97% of knees had a lateral patellofemo-
ral angle which opened laterally (normal) on axial 
radiographs taken at 25 of knee flexion (Davies et al. 
2000). This discrepancy may relate to the different 
patient groups. In Laurin’s study, the patients had 
recurrent patellar subluxations and therefore may be 
significantly more likely to have a gross tracking 
abnormality than in Davies’ study in patients with 
“symptoms of knee pain or instability”. In a more 
recent study of 30 asymptomatic volunteers, the 95% 
confidence interval for the lateral patellofemoral 
angle measured on axial knee radiographs at 30° of 
knee flexion was 8–25° (Alemparte et al. 2007).

In a CT study of lateral patellofemoral angle 
measured relative to the posterior femoral con-
dyles, the authors found a lateral tilt of <7 degrees 
to be abnormal (Schutzer et al. 1986). In a differ-
ent CT study of 43 normal adults in supine exten-
sion, the normal range for the lateral patellofemoral 
angle was found to be 11–26° (Reikeras and 
Hoiseth 1990). In a more recent study of CT scans 
of 30 normal volunteers at 15° of knee flexion 
without loading, the 95% confidence interval for 
the lateral patellofemoral angle was −6 to +23° 
where the tips of the anterior femoral condyles 
were used as a reference line and +1 to +29° where 
the posterior condyles were used as a reference 

line (Alemparte et  al. 2007). The authors found 
good interobserver reliability for both measure-
ments, but commend the use of posterior condyles 
as a reference as this gives a likely threshold of 
approximately 0° between normal and abnormal.

In a CT study of multiple parameters of patel-
lofemoral alignment and trochlear dysplasia, the 
lateral patellofemoral angle, using the anterior 
summits of the femoral condyles as the reference 
line, was found to be the most reliable overall in 
terms of inter- and intraobserver correlation 
(Delgado-Martinez et  al. 2000). Interobserver 
correlation was slightly poorer when using the 
posterior condyles as a reference line.

However the authors do not state how images 
were chosen for measurement, and it may be that 
all measurements were done on a single axial 
slice, which may have included the mid-patella 
but may not have shown the posterior condyles 
well. Results for this parameter could potentially 
be improved therefore, if the image with the larg-
est condylar AP width is used to place the poste-
rior condylar line, and this line is then transferred 
(on a workstation) to the appropriate mid-patellar 
image for identifying the lateral facet.

Clinical Relevance/Implications

Lateral patellofemoral angle with respect to the 
posterior femoral condyles has also been used 
successfully in kinematic MRI studies to demon-
strate differences in patellar tracking in patients 
with clinical patellar instability versus controls 
(Brossmann et  al. 1993; Muhle et  al. 1999b). 
Measurement of the lateral patellofemoral angle, 
relative to the posterior femoral condyles, on 
supine motion that triggered dynamic MRI 
 studies has been shown to correlate well with a 
semiquantitative assessment of patellar tilt on 
arthroscopic examination (Brossmann et  al. 
1994). A static MRI study of knees in relaxed 
extension used the anterior condyles as a refer-
ence line and showed a decreased lateral patello-
femoral angle in patients with anterior knee pain 
clinically suspected to be due to malalignment 
compared with controls (Wittstein et  al. 2006). 
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Fig. 14.20 Abnormal patellofemoral angle opening 
medially
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An MRI study of knee osteoarthritis showed that 
decreasing lateral patellofemoral angle was cor-
related with increasing lateral patellofemoral 
compartment cartilage loss and bone marrow 
lesions (Kalichman et al. 2007b).

Analysis/Validation of Reference Data

A potential drawback to the use of the lateral 
patellofemoral angle is its dependence on the 
shape of the lateral patellar facet which may vary, 
especially in patients with maltracking. 
Furthermore, unlike the patellar tilt angle (below), 

it does not directly correlate with the clinical 
evaluation of tilt which identifies the position of 
the whole bone. Additionally, the measurement is 
somewhat counterintuitive in that the value of the 
lateral patellofemoral angle reduces as clinical 
tilt increases.

Conclusion

The lateral patellofemoral angle has been shown 
to be a useful measure of axial plane patellar 
rotation for both axial radiographs and cross- 
sectional imaging.
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14.10  Axial Plane Rotation of the 
Patella: Patellar Tilt Angle

Definition

The angle between a line drawn along the widest 
mediolateral equatorial width of the patella and 
the reference line passing along the anterior sum-
mits of the femoral condyles
Normal 2 degrees +/– 2 degrees
Abnormal >5°

Indications

Patellofemoral maltracking

Techniques

Axial radiograph
Axial mid-patella image—CT
Axial mid-patella image—MRI

Full Description of Technique

The patellar tilt angle, measured on the axial radio-
graph of the knee, is defined as the angle between a 
line drawn along the widest mediolateral width of 
the patella and a reference line. The reference line 
may be taken as the horizontal (provided that the 
film is taken with the foot in the anatomical para-
sagittal plane and the film cassette is parallel to the 
floor) (Grelsamer et al. 1993). The reference line 
may alternatively be taken as a line joining the 
anterior summits of the femoral condyles 
(Fig. 14.21).

On CT and MRI studies, the patellar tilt may 
be measured similarly with reference to a line 
across the anterior summits of the femoral con-
dyles (Sasaki and Yagi 1986), or alternatively it 
may be measured with reference to a line across 
the posterior condyles (Fig.  14.22) (Fulkerson 
et al. 1987; Grelsamer et al. 2008).

Reproducibility/Variation

For axial radiographic evaluation, the use of the 
horizontal, as a reference line, avoids the use of 
the anterior femoral condyles which may be dys-

plastic in unstable knees but potentially 
 introduces significant measurement error if the 
radiographic technique is not optimal.

In a CT study, patellar tilt angle, measured with 
respect to a reference line between the anterior 
summits of the femoral condyles, showed good 
intra- and interobserver correlations, although it 
did not perform quite as well as the lateral patel-
lofemoral angle (Delgado-Martinez et  al. 2000). 
More recently, a CT study of 30 normal volunteers, 
in 15 of knee flexion without loading, showed good 
interobserver reliability for measurement of the tilt 
angle using the posterior condyles as the reference 
line (Alemparte et al. 2007). The authors found the 
95% confidence interval for a normal measurement 
of patellar tilt to be −22° to −1° (where a negative 
angle implies medial opening). In a CT study of 
patients with patellofemoral pain, measurements 
of patellar tilt using three different reference lines 

ML

Fig. 14.21 Measurement of the patellar tilt angle on 
the axial radiograph of the knee

ML

Fig. 14.22 Measurement of the lateral patellofemoral 
angle on axial CT or MR imaging of the knee
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were correlated with measurements of femoral and 
tibial rotation (Lin et al. 2008). The authors found 
that measurements of patellar tilt using the horizon-
tal plane (as per Grelsamer et al. 1993) or using the 
posterior femoral condyles (as per Fulkerson et al. 
1987) varied with femoral and tibial rotation. Where 
a line across the anterior femoral condyles was used 
(as per Sasaki and Yagi 1986), the patella tilt mea-
surement was independent of femoral or tibial rota-
tion measurements.

Clinical Relevance/Implications

In a recent study, MRI which measured the patel-
lar tilt angle, with the posterior femoral condyles 
as a reference line, was found to correlate well 
with clinically measured patellar tilt, and the 
authors recommended using an MR tilt angle of 
10 degrees as the upper limit of normal (Grelsamer 
et  al. 2008). A surgical study has shown that 
medial patellofemoral ligament reconstruction 
significantly improved both clinical symptoms 
and patellar tilt in patients with previous patellar 
dislocation (Schottle et  al. 2005). In a recent 
study utilising an erect weightbearing open MRI 
system, patients with patellofemoral pain were 

shown to have an increased patellar tilt angle 
compared with controls, and the tilt reduced with 
the use of a brace (Draper et al. 2008).

Analysis/Validation of Reference Data

The patellar tilt angle has some potential advan-
tages over the lateral patellofemoral angle as a 
measure of axial plane patellar rotation. First, it 
does not rely on the morphology of the lateral 
patellar facet which may be dysplastic in patients 
with patellar instability. Second, it is akin to the 
measure of clinical tilt, and its value increases 
with increasing clinical tilt.

A potential drawback is that identification of 
the medial and lateral patellar borders may be 
problematic particularly in patients who may 
have had retinacular injury at the patellar attach-
ment or in patients with medial patellar impac-
tion defects due to previous patellar dislocation.

Conclusion

The patellar tilt angle is a useful measure of axial 
plane patellar rotation and has been used in pas-
sive and dynamic studies.
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14.11  Superoinferior 
Displacement of the Patella: 
Patellar Height: 
Patellotibial Measurements

Patella alta is a frequent finding on examination 
of patients with patellar instability. There are four 
main patellotibial measurements which indirectly 
assess the  patellofemoral relationships and bio-
mechanics (Philips et al. 2010): the Insall-Salvati 
ratio, Caton- Deschamps index, Grelsamer-
Meadows (modified Insall-Salvati) index and 
Blackburne-Peel index.

Definitions

Insall-Salvati ratio. The ratio of patellar ligament 
length to maximal diagonal patellar length

Caton-Deschamps index. The ratio of the dis-
tance between the inferior margin of the articular 
surface of the patella and the anterosuperior angle 
of the tibia and the length of the patellar articular 
surface

Grelsamer-Meadows index. The ratio of the 
distance between the inferior margin of the patel-
lar articular surface to the tibial tubercle and the 
length of the patellar articular surface

Blackburne-Peel index. The ratio of the dis-
tance between the inferior margin of the patellar 
articular surface and the anterior extension of the 
tibial plateau line and the length of the patellar 
articular surface

Indications

Patellofemoral maltracking/anterior knee pain

Techniques

Lateral radiograph of the knee
Sagittal MR image through the patellar ligament 
and patella

Full Description of Techniques

Insall-Salvati Ratio
On a lateral radiograph performed with the 
knee in semiflexion, the patellar ligament is 
measured along its posterior margin from its 

origin at the inferior patellar pole to its inser-
tion at the tibial tubercle (Fig. 14.23). There is 
usually a clearly defined notch at the tibial 
tuberosity representing the insertion point 
which may be used. The patellar length is then 
measured as the longest diagonal length of the 
patella on the lateral view. The Insall-Salvati 
ratio is defined as the ratio of the patellar liga-
ment length to the patella length (Insall and 
Salvati 1971). Traditionally, two standard devi-
ations above or below normal lead to a diagno-
sis of patella alta or baja, respectively.
Normal radiographic range 1.02 ± 0.13
Patella alta >1.2
Patella baja <0.8

On MRI, the Insall-Salvati ratio may be mea-
sured using a mid-sagittal plane image through 
the patellar ligament and (if necessary a differ-
ent) mid-sagittal plane image through the patella 
(Miller et al. 1996). The patella ligament length 
is measured as the distance from posterior margin 
of the patellar attachment of the patellar ligament 
to the inferior patellar pole to the proximal mar-
gin of the ligament insertion onto the tibia. A 
straight line measurement is used even where the 
ligament is bowed or wavy. The patellar length is 
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Fig. 14.23 The Insall-Salvati ratio
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measured as the maximal oblique diameter of the 
patella in its mid-sagittal plane. The ratio of 
patellar ligament to patellar length gives the MRI 
equivalent of the Insall-Salvati ratio.

Caton-Deschamps Index
Since the Insall-Salvati index may be falsely 
reduced in patients who have a long non- 
articulating inferior patellar facet, whilst it is 
really the height of the articular surface of the 
patellar which is of concern, other indices have 
been developed to avoid this problem. The most 
popular of these, the Caton-Deschamps index, is 
defined as the distance from the anterosuperior 
angle of the tibia to the inferior margin of the 
patellar articular surface, divided by the length of 
the retropatellar articular surface (Fig.  14.24) 
(Caton et al. 1982).
Normal 0.6–1.3
Patella alta >1.2
Patella baja <0.6

Grelsamer-Meadows Index
As an alternative to this, the Grelsamer-
Meadows index, also known as the modified 
Insall- Salvati index has been described to 

diminish the potential errors that arise from 
morphological patellar variations (Fig.  14.25). 
This index is the ratio between the distance from 
the inferior margin of the patellar articular sur-
face to the distal insertion of the patellar liga-
ment at the tibial tuberosity, divided by the 
length of the patellar articular surface (Grelsamer 
and Meadows 1992).

This is similar to the Caton-Deschamps index 
but avoids the use of the anterosuperior angle of the 
tibia which may be absent in some 10% of cases.
Normal <2
Patella alta >2

Blackburne-Peel Index
In this measurement, the length of the patellar 
articular surface is used again for the ratio 
denominator, but the tibial tubercle is exchanged 
with the tibial plateau as the tibial reference point 
(Blackburne and Peel 1977). The tibial plateau 
line runs parallel to the plateau joining the ante-
rior and posterior margins of the concave medial 
tibial plateau (Fig. 14.26).
Normal 0.8–1.0
Patella alta >1.0
Patella baja <0.8
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Fig. 14.24 The Caton-Deschamps index
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Fig. 14.25 The Grelsamer-Meadows (modified Insall- 
Salvati) index
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Reproducibility/Variation

The upper limit of normal for the Insall- Salvati ratio 
has been given as 1.2 (Insall and Salvati 1971), 1.25 
(Grelsamer and Meadows 1992) or 1.33 (Alemparte 
et al. 2007). In one report, a higher upper limit of 
normal was found for asymptomatic females (1.37) 
compared with males (1.25) (Alemparte et  al. 
2007). Low interobserver variability has been 
shown for the Insall-Salvati ratio (Seil et al. 2000), 
and it does not appear to be sensitive to the angle of 
knee flexion. In the paediatric age group, the Insall- 
Salvati index and the Grelsamer-Meadows index 
can be spuriously increased producing a pseudopa-
tella alta due to incomplete ossification of the patella 
and tibial tuberosity (Figs. 14.27 and 14.28).

The Caton-Deschamps ratio has a similar 
upper limit of normal given as 1.2 or 1.24 
(Alemparte et al. 2007). The Grelsamer-Meadows 
index has an upper limit of normal of 2, with 97% 
of asymptomatic controls found to have a ratio 
below this level (Grelsamer and Meadows 1992).

The MRI measurement of the Insall-Salvati 
ratio has an upper limit of 1.3 (Miller et al. 1996). 
Shabshin et  al. (2004) have suggested that the 
upper and lower limits of normal are 1.5 and 0.74 
(1.52 females and 1.32 for males).

A

B Blackburne-Peel

A

B
= 0.8

Fig. 14.26 The Blackburne-Peel index

Fig. 14.28 Measurement of the modified Insall-Salvati 
ratio (Grelsamer and Meadows) on the lateral radiograph 
of the knee. The ratio is calculated as the distance from the 
inferior margin of the patellar articular surface to the dis-
tal insertion of the patellar ligament at the tibial tuberos-
ity, divided by the length of the patellar articular surface

Fig. 14.27 Measurement of the Insall-Salvati ratio on the 
lateral radiograph of the knee. The ratio is calculated as 
the ratio of the patella ligament length to the patellar 
length
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Clinical Relevance/Implications

In a study of 160 patients with patellofemoral 
pathology and 140 without, the modified Insall- 
Salvati index as measured on lateral radiographs 
was found to be higher in knees with patellofemo-
ral pathology than in those without (Grelsamer and 
Meadows 1992).

In a recent supine weightbearing MRI study of 
subjects with and without patella alta as defined by 
an MRI measurement of the Insall-Salvati index of 
greater or less than 1.2, the authors found that 
patients with patella alta had significantly greater lat-
eral patella tilt and displacement at 0 of knee flexion 
and had significantly lower patellofemoral cartilage 
contact areas at all degrees of knee flexion (Ward 
et al. 2007). In a different study of patients with ante-
rior knee pain clinically suspected to be due to patel-
lofemoral maltracking, MRI measured patella alta 
was found to be more common in patients compared 
to asymptomatic controls (Wittstein et al. 2006).

An MRI study of patients with knee osteoar-
thritis found that increasing MRI measured patella 
ligament/patella length ratio was associated with 
increasing areas of cartilage loss and bone mar-
row lesions in the patellofemoral joint (Kalichman 
et al. 2007a, b). The authors point out that with 
increasing patellar ligament length, the mechani-
cal advantage afforded by the patella to the func-
tional lever arm of the extensor mechanism would 
diminish, and this would result in increased patel-
lofemoral contact pressures, which in turn would 
be expected to predispose to osteoarthritis.

Analysis/Validation of Reference Data

In all of the methods described above, care needs 
to be given to accurately defining the bony land-
marks as they are not always easy to identify. The 
inferior margin of the patellar articular surface is 
not easily identifiable, and the interobserver vari-
ation of methods using this denominator is higher 
than the Insall-Salvati ratio. In addition to this 
problem, the size of the patella can vary, and 
pathological bony overgrowth (e.g. osteoarthri-
tis) can distort the native anatomy. The methods 
which use the tibial tubercle as one of the bony 
landmarks also assume it lies at a constant dis-
tance inferior to the tibial plateau.

Overgrowth of the tibial tubercle from Osgood-
Schlatters disease will also create difficulties in 
defining the point of measurement. These issues can 
lead to both inter- and intraobserver errors. The 
improved soft tissue definition of digital radiography 
allows accurate depiction of the patellar ligament 
which helps to reduce the problem. In addition, 
radiographic Insall-Salvati measurements have been 
shown to have a high correlation with absolute ana-
tomical measurements in cadaveric studies 
(Schlenzka and Schwesinger 1990). Furthermore, 
despite the known difficulties in the accurate depic-
tion of landmarks, Berg et  al. (1996) found the 
Caton- Deschamps index to be very reproducible and 
accurate but closely behind the Blackburne-Peel 
index with reference to the interobserver error. 
Recently, a study has assessed discrimination valid-
ity of the measurement methods for patellar height 
(Smith et  al. 2011). The radiographic methods of 
Caton-Deschamps, Blackburne-Peel, Insall-Salvati 
and MRI method of Insall-Salvati have shown good 
discrimination validity with a statistically significant 
difference between the healthy control and patellar 
instability cohorts (p<0.0001) (Smith et al. 2011).

Conclusion

Increased patellar height is an important correlate of 
patellofemoral pathology and of maltracking disor-
ders in particular. Patellotibial measurements have 
been the most widely accepted measurements of 
patellar sagittal position, both because of the use of 
readily identifiable osseous landmarks and because 
of the value of surgical techniques for tibial tuberos-
ity distalization. The Insall-Salvati ratio is the most 
popular of the described measurements. It has been 
shown to be a reliable measure and may be rela-
tively insensitive to the degree of knee flexion, and 
it has been successfully applied to MRI as well as 
lateral radiographs. Of the other, more recently 
described indices, the modified Insall-Salvati index 
(Grelsamer and Meadows 1992) shows most prom-
ise in that, like the Insall-Salvati index, it uses reli-
able bony landmarks but avoids inclusion of the 
inferior non-articulating facet of the patella which 
may confound the measurement. However, the reli-
ability and reproducibility of the Caton-Deschamps 
and Blackburne-Peel indices have been more exten-
sively studied in the literature.
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14.12  Superoinferior Displacement 
of the Patella: Patellar 
Height: Patellofemoral 
Measurements

Patellofemoral (rather than patellotibial) biome-
chanics holds the key in explaining anterior knee 
pain. These measurements are deemed direct 
measurements as they refer to the patellofemoral 
rather than the patellotibial measurements which 
are regarded as the indirect measurements. Some 
direct methods employ the intercondylar notch as 
a reference line (Blumensaat’s line), but as this 
does not have a fixed angle with the femoral axis, 
it is not a reliable landmark. Other measurements 
have been proposed using femoral condylar land-
marks, but once again, this is prone to error due 
to normal size variations. MRI techniques have 
also been tried using chondral rather than bony 
landmarks. 

Definitions

Patellotrochlear Index. The length of trochlear artic-
ular surface which overlaps the patellar articular sur-
face is measured on the sagittal MR image through 
the thickest patellar cartilage/longest patellar length. 
This is divided by the length of the patellar articular 
surface (Biedert and Albrecht 2006).

Patellar Articular Overlap. Measurements as 
per patellotrochlear index (above) but instead of 
measuring a ratio, the absolute length of trochlear 
cartilage overlapping the patellar is taken (Munch 
et al. 2016).

Sagittal Patellofemoral Engagement. The 
length of the patellar articular surface is mea-
sured on the sagittal MR image with the longest 
patellar cartilage. This measurement line is trans-
ferred onto the sagittal MR image with the most 
proximally extending trochlear cartilage, and the 
length of trochlear articular surface overlapping 
the patellar cartilage measurement line is 
recorded. The ratio of the trochlear overlap mea-
surement to the patellar cartilage length measure-
ment gives the sagittal patellofemoral engagement 
(Dejour et al. 2013) (Fig. 14.29).

Indications

Patellofemoral maltracking/anterior knee pain.

Technique

Sagittal MRI of the knee.

Full Description of Techniques

Patellotrochlear Index: This is described as mea-
sured on sagittal knee MR performed in 0° flex-
ion with the foot in 15° external rotation and the 

Fig. 14.29 Measurement of the patellotrochlear index 
and patellar articular overlap. Intermediate weighted sag-
ittal MR image of the knee. The image is chosen with the 
longest sagittal length of patellar articular cartilage and 
this length is measured (P). Parallel to this line, the length 
of overlapping cartilage is measured (T). Patellar articular 
overlap is measured as the length T in mm. Patellotrochlear 
index is measured as the ratio T/P
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quadriceps consciously relaxed. Parameters are 
measured on the single midline sagittal section 
through the patellar which shows the thickest 
patellar articular cartilage and longest patellar 
bone.

The superoinferior length of the patellar carti-
lage is measured. On the same MR image, mea-
sured parallel to the patellar articular cartilage 
length measurement, the trochlear overlap is 
measured as the distance from the superior mar-
gin of the trochlear cartilage to the level of the 
inferior margin of the patellar articular cartilage. 
The ratio of trochlear overlap to the patellar car-
tilage length is calculated.

Normal values not yet determined. Suggested 
normal >12.5%; abnormal <12.5%.

Patellar Articular Overlap: This is described 
as measured on sagittal knee MR performed at 

rest in standard knee coils. The measurement is 
made on the midline sagittal section through the 
patella which shows the thickest patellar articular 
cartilage and longest patellar bone.

The length of overlap between trochlear carti-
lage and patellar cartilage is measured on this 
single slice, using a measurement line parallel to 
the patellar subchondral surface.

Normal ≥6 mm
Abnormal <6 mm
Sagittal Patellofemoral Engagement: This is 

described as measured on standard non-weight-
bearing MRI with the knee close to full exten-
sion, and 2-mm sagittal images.

The length of the patellar articular cartilage is 
first measured on the sagittal MR image, where 
the patella shows the longest articular cartilage. 
This measurement line is then transferred to the 

Fig. 14.30 Measurement of sagittal patellofemoral 
engagement. Intermediate weighted sagittal MRI of the 
knee. The image (a) with the longest sagittal length of 
patellar articular cartilage is chosen and this length is 
measured (P). The line P is then transferred to the sagittal 

image (b) on which the femoral trochlear cartilage is seen 
to extend most proximally. Measuring parallel to line P, 
the length of overlapping trochlear cartilage is measured 
(T). Sagittal patellofemoral engagement is calculated as 
the ratio T/P
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sagittal MR image on which the femoral troch-
lear cartilage is seen to extend most proximally. 
On this second image, measuring parallel to the 
patellar cartilage measurement line, the trochlear 
overlap is measured as the distance from the 
superior margin of the trochlear cartilage to the 
inferior margin of the patellar cartilage length 
measurement. The ratio of trochlear overlap to 
patellar cartilage length is calculated (Fig. 14.30).
Normal >0.45
Abnormal <0.45

Reproducibility/Variation

Measurement of the patellotrochlear index 
showed a good interobserver reliability in patients 
without patellofemoral pathology (Biedert and 
Albrecht 2006), and good inter- and intra-
observer reliability in patients with patellofemo-
ral dysplasia (Barnett et  al. 2009). The patellar 
articular overlap showed interobserver reliability 
of >0.9  in patients with and without patellar 
instability (Munch et  al. 2016). Inter-/intra-
observer reliability was not assessed for sagittal 
patellofemoral engagement (Dejour et al. 2013).

Clinical Relevance/Implications

The patellotrochlear index and patellar articular 
overlap differ from sagittal patellofemoral 
engagement in that the former two measures uti-
lise a single sagittal MR image for all measure-
ment lines whilst in the latter the patellar 
measurement must be transferred to a separate 
image for the trochlear measurement. Whilst the 
former two measures have the advantage of prac-
ticality, requiring no special software tools, the 
latter accounts for the fact that in knees with a 
subluxed patella the longest trochlear and patel-
lar cartilage may be seen on widely separated 
sagittal images.

The described MRI methods for assessing 
sagittal plane patellar position with reference to 
patellar and trochlear chondral landmarks have 
the potential for greater clinical relevance than 
patellotibial measurements, as patellotrochlear 

chondral engagement is so critical for patellar 
tracking. The lack of correlation between patel-
lotibial and patellofemoral measures of sagittal 
patellar position has been reported (Barnett et al. 
2009; Dejour et al. 2013). In their study, Dejour 
et  al. (2013) reported a group of patients with 
known previous patellar dislocation and found 
that some who had patella alta according to stan-
dard patellotibial measures had a normal sagittal 
patellofemoral engagement, possibly suggesting 
that tibial tuberosity distalization in such patients 
may be unnecessary. Equally, some known dislo-
cators without patella alta on patellotibial mea-
sures showed a reduced sagittal patellofemoral 
engagement, possibly suggesting that tibial 
tuberosity distalization may have a role. The 
authors acknowledge that there may be important 
effects on measurements depending on the degree 
of knee flexion and quadriceps activation, and 
this certainly needs further study to validate the 
use of such measures more widely.

Analysis/Validation of Reference Data

Patellotrochlear index and patellar articular over-
lap have shown good inter- and intra-observer 
reliability but reliability of sagittal patellofemo-
ral engagement requires further study at the pres-
ent time. Although suggested normal ranges have 
been provided above, these are based on rela-
tively limited samples in the original papers and 
further studies are needed to better define appro-
priate cut-off values for use in clinical practice.

Conclusion

Patellofemoral MR imaging measurements of 
sagittal plane patellar position hold the promise 
of greater clinical relevance than standard patel-
lotibial measurements because of the direct mea-
surement of patellofemoral chondral engagement 
which is critical to patellar stability. These mea-
sures require further validation to confirm their 
reliability and clinical utility, but are increasingly 
used as an adjunct to the more standard patello-
tibial measures.
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14.13  Superoinferior 
Displacement of the Patella: 
Paediatric Measurements

Up until 1986, there was no acknowledgement 
that adult patellar height ratios cannot be applied 
accurately to the paediatric age group due to 
incomplete ossification. Micheli et  al. (1986) 
were the first to investigate the effects of the 
growth spurt on the development of patella alta. 
They performed single AP serial radiographs at 
6–12 month intervals over a 10 year period. The 
length of the patellar ligament was calculated as 
the distance between the inferior pole of the 
patella and the tibial plateau. A value greater 
than zero denoted patella alta, and all their 19 
patients had a positive value. The error due to 
incomplete ossification explained in part the 
findings. Subsequent studies confirmed that all 
young children have a high Insall-Salvati ratio, 
which decreased with age assuming adult values 
at adolescence at around 10  in girls and 12  in 
boys with full ossification being reached at 15 
and 17, respectively (Walker et  al. 1998). To 
eliminate the error that results from incomplete 
ossification, Koshino and Sugimoto (1989) used 
the midpoints of the femoral and tibial physes to 
calculate the ratio between the patellotibial dis-
tance and the tibiofemoral distance (Fig. 14.31). 
The method is not affected by knee flexion in the 
range of 30–90 degrees. When compared with 
the Insall-Salvati measurement calculated on the 
same patients, the authors also indicated that 
67% would have erroneously been classified as 
patella alta. In this novel method, lines are first 
very carefully drawn on a lateral radiograph 
through the distal femoral and proximal tibial 
physes and their midpoints determined. The lon-
gest diagonal line of the patella is then drawn 
and its midpoint determined. The ratio of the dis-
tance between the patellar line midpoint to the 
tibial physeal line midpoint and the line connect-
ing the femorotibial physeal midpoints is then 
calculated (Fig. 14.32).
Normal 0.99–1.20
Patella alta >1.20

Koshino-Sugimoto

A

B
= 1.2

A
B

Fig. 14.31 Koshino-Sugimoto (1989) ratio. The mea-
surement of the line A joining the midpoint of the patella 
to the midpoint of the tibial physes is divided by the inter- 
physeal distance B calculated by joining the midpoints of 
the femoral and tibial physes

Fig. 14.32 Koshino-Sugimoto ratio measured on sagittal 
MR image
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14.14  Tibial Tubercle-Trochlear 
Groove Distance

Definition

The axial plane distance between the deepest 
point of the trochlea and the apex of the tibial 
tubercle measured parallel to a posterior condylar 
reference line

Indications

Patellofemoral maltracking
Normal TT-TG distance <15 mm
Abnormal TT-TG distance >20 mm
Borderline TT-TG distance 15–20 mm

Techniques

Axial CT sections through the trochlea and tibial 
tubercle
Axial MRI sections through the trochlea and tib-
ial tubercle

Full Description of Techniques

Axial CT or MR images are chosen through the 
deepest point of the trochlea groove and through the 
apex of the tibial tubercle (Dejour et al. 1994). The 
two images are superimposed, and a line joining the 
posterior margins of the posterior femoral condyles 
is drawn as a reference line. Two perpendiculars are 
then dropped from this reference line, one through 
the deepest point of the trochlear groove and the 
second through the most anterior point of the tibial 
tubercle. The shortest distance between these two 
perpendiculars is measured as the trochlea-tubercle 
distance (Fig. 14.33).

For MRI studies, there is a controversy regard-
ing which axial image is best chosen for trochlear 
measurement (Schottle 2007). In one study, the 
image with the greatest AP width of the femoral 
condyles was chosen (Wittstein et  al. 2006). 
Elsewhere the most superior image on which carti-
lage covers the trochlear surface has been used, on 
the basis that the instability tends to be most pro-

nounced near full extension, when the patella lies 
superiorly relative to the trochlear (Schottle et al. 
2006).

A slight modification of the technique which has 
been shown to have better interobserver reliability is 
performed without superimposition of images 
(Koeter et al. 2007b). In this technique, the posterior 
condylar reference line and its perpendicular 
through the deepest point of the trochlear are drawn 
on the appropriate axial image, and, on a worksta-
tion, the lines are copied to the image through the 
tibial tubercle for the measurement to be completed. 
The avoidance of overlapping images reduces the 
potential error in placing measurement lines.

A modification of the technique has been 
suggested in which cartilaginous and patellar 
 ligament rather than bony landmarks are used 
(Schottle et  al. 2006). For this measurement, 
the most superior axial image on which carti-
lage covers the medial and lateral trochlea is 
chosen, and the deepest point of the overlying 
cartilage is taken as the trochlear landmark. 
For the tibial tubercle landmark, the image is 

L M

Fig. 14.33 Measurement of the trochlea-tubercle dis-
tance on axial CT or MR imaging of the knee. Axial 
images of the trochlear groove and the tibial tuberosity are 
superimposed. Perpendiculars are dropped from the pos-
terior intercondylar line through the deepest point of the 
trochlear groove and the apex of the tibial tuberosity, and 
the distance between the two lines is measured
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chosen which shows a complete attachment of 
the patellar ligament to the tubercle, and the 
landmark is taken as the midpoint of the ten-
don at this level. The authors term this the 
“functional” tibial tuberosity- trochlear groove 
distance and suggest that this may be measured 
on both CT and MRI.

Reproducibility/Variation

Dejour et  al. (1994) used 20  mm as the upper 
limit of normal for the trochlear-tubercle dis-
tance, as 56% of patients with patellar instability 
but only 3% of controls had a measurement 
>20 mm. Thus a threshold of 20 mm produces a 
specific but poorly sensitive test for patellar 
instability. Wittstein et  al. (2006) found that 
patients with anterior knee pain had a signifi-
cantly greater trochlear-tubercle offset of 
12.6  ±  1.1  mm compared with controls 
(9.4  ±  0.6  mm) on MRI.  They suggested an 
upper limit of normal of 10 mm for the measure-
ment. In a recent study of knee MRI in patients 
without anterior knee symptoms, the normal off-
set in males and females was measured at 
10 ± 1 mm (Pandit et al. 2011). Given this some-
what conflicting literature, a cut-off of 15 mm is 
often chosen for the measurement as a compro-
mise between sensitivity and specificity.

In a study of patients with patellar instability, 
36 patients underwent CT examination on two 
separate occasions, and trochlea-tubercle dis-
tances were measured (Lustig et  al. 2007). A 
mean difference between the two measurements 
of 3.2  mm (range 0–13  mm) was found. The 
authors suggest a number of possible sources of 
error. First, the choice of axial image through 
the deepest part of the trochlea and through the 
tibial tubercle was prone to some variation. For 
the tibial tubercle, the authors advocate choos-
ing the first image on which there is no fat 
between the tibial tubercle and the patellar liga-
ment. Second, some of the patients had mark-
edly dysplastic trochlea grooves, making 
identification of the deepest point difficult. In a 
comparison of trochlea- tubercle distance mea-

surement between CT and MRI, 12 knees under-
went both imaging modalities (Schottle et  al. 
2006). The authors found an excellent correla-
tion between the two modalities and between 
different observers for both Koeter’s technique 
and for the “functional” measurement (see 
above). More recently, one study (Camp et  al. 
2013) found that MR measurements were on 
average 2 mm less than CT measures of troch-
lear-tubercle distance.

The degree of knee flexion may also have a sig-
nificant effect on the trochlear-tubercle distance. 
Tanaka et al. (2015) found that trochlear-tubercle 
distance reduced by almost 1  mm for every 5 
degrees of increased knee flexion.

Clinical Relevance/Implications

The trochlea-tubercle distance provides a mea-
sure of the lateral pull on the patella, which, if not 
counteracted by the vastus medialis obliquus, 
will tend to result in lateral subluxation of the 
patella. Surgical correction of excessive tubercle 
lateralisation forms a part of common procedures 
for patellar instability, and this has been shown to 
reduce the trochlea-tubercle distance into the 
normal range (Lustig et al. 2007).

Analysis/Validation of Reference Data

The TT-TG distance is important in the full assess-
ment of suspected patellofemoral derangement 
secondary to lateralisation or transposition of the 
tibial tubercle. It is essential in patients being con-
sidered for tibial tubercle osteotomy and refix-
ation. Care should be addressed to the possibility 
that there may be other underlying contributing 
factors for increased TT-TG distance prior to sur-
gery which includes femoral neck anteversion, 
external tibial torsion and subtalar pronation.

Conclusion

The trochlea-tubercle distance is an important 
measure of the lateral pull on the patellar and 
may be measured on CT and MRI studies.
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14.15  Soft Tissue Injury: Vastus 
Medialis Obliquus (VMO) 
Insertion Level

Definition

A measurement of the level of the most distal 
insertion point of the VMO muscle

Indications

Patellofemoral maltracking

Techniques

Axial, coronal or sagittal MR images dependent 
on technique

Full Description of Technique

On axial MR images, the superior border of the 
patella is considered to be the reference level, and 
the number of axial images below this, on which 
the most distal fibres of the VMO muscle are 
seen, gives a measure of the insertion level 
(Koskinen and Kujala 1992).

Other measurements of this parameter have 
been used which evaluate the insertion level rela-
tive to the medial femoral condyle rather than the 
patella (Elias et al. 2002; Sanders et al. 2001). On 
sagittal images, the shortest distance between the 
cortex of the medial femoral condyle and the 
VMO muscle is measured. Alternatively, the verti-
cal distance from the adductor tubercle to the infe-
rior margin of the VMO muscle along the plane of 
the adductor tendon may be used (Fig. 14.34).

Reproducibility/Variation

Little data is available on the reproducibility of 
this measurement. Relative to the superior border 
of the patella, the insertion level of the VMO was 
measured as 2–2.5  cm in control subjects and 
0.5–2.5 cm in patients with previous patellar dis-
location (Koskinen and Kujala 1992).

Relative to the medial femoral condyle, the 
shortest distance between the VMO and medial 
femoral condylar cortex was 0.05  cm (range 

0.00–1.00 cm) in normal knees and 0.5 cm (range 
0.0–3.1 cm) in patients with patellar dislocation.

VMO elevation vertically along the coronal 
plane of the adductor magnus tendon was 0.90 cm 
(range 0.10–2.50 cm) in normal knees compared 
with 2.2 cm (range 0.6–4.5 cm) in patients with 
patellar dislocation. For both measurements, the 
difference between dislocators and controls was 
significant (Elias et al. 2002).

Clinical Relevance/Implications

Patellar dislocation may be associated with injury 
to the medial patellofemoral ligament and strip-
ping of the VMO muscle from its distal attach-
ment to the adductor tubercle and medial 
retinaculum. Advancement of the VMO insertion 
has been used as part of the surgical realignment 
procedure for patients with recurrent patellar 
dislocation.

Measurements made relative to the superior 
patella rather than the medial femoral condyle may 

Fig. 14.34 Measurement of elevation of the vastus medi-
alis obliquus (VMO) muscle on sagittal MR imaging of 
the knee. The shortest distance (a) between the cortex of 
the medial femoral condyle and the VMO muscle may be 
measured. Alternatively, the vertical distance from the 
adductor tubercle to the inferior margin of the VMO mus-
cle (b) along the plane of the adductor tendon may be used
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have the disadvantage of being artificially increased 
in patients with a superior patella bony spur or 
patella alta. Conversely, a disadvantage of the mea-
surements relative to the femoral condyle is that the 
VMO may insert onto the adductor magnus tendon 
and not the adductor tubercle in some normal knees; 
therefore, an origin lying proximal to the adductor 
tubercle may not necessarily be evidence of avul-
sion (Conlan et al. 1993). Also, muscle atrophy with 
increasing age may cause VMO elevation in the 
absence of prior lateral patellar dislocation. The 
additional presence of fluid or oedema between the 
VMO and the adductor tubercle may be firmer evi-
dence of disruption.

Analysis/Validation of Reference Data

There is insufficient reference data to allow a rea-
sonable assessment of measurement validation.

Conclusion

This may be a potentially useful parameter of 
VMO dysfunction in patients who have had 
 previous patellar dislocation, but several different 
measurements have been proposed and the sup-
porting literature for each is scant.

Summary

A large number of potential measurements have 
been used for patients with patellofemoral dys-
function. Measurements relating to cartilage 
pathology are discussed elsewhere. Measurements 
relating to patellofemoral instability are broadly 
divided into the following categories:

 1. Lower limb alignment
Hip anteversion
Knee varus/valgus
Q angle (clinical measurement)
Trochlea-tubercle distance

 2. Trochlear anatomy
Sulcus angle
Lateral trochlear inclination
Trochlear groove depth
Lateral/medial trochlear facet ratio

 3. Measurements of patellar position
 (a) Mediolateral patella displacement

Congruence angle
Lateral patella displacement
Bisect offset

 (b) Axial plane rotation of the patella
Lateral patellofemoral angle
Patella tilt angle

 (c) Superoinferior displacement of the patella
Insall-Salvati ratio
Caton-Deschamps index
Grelsamer-Meadows index (modified 

Insall-Salvati)
Blackburne-Peel index
Patellotrochlear Index
Patellar Articular Overlap
Sagittal Patellofemoral Engagement

 4. Soft tissue injury
VMO insertion level

These measurements have been performed with 
conventional radiographs, CT and MRI, and some 
have been described with US.  Measurements of 
patellar position are described in static studies in 
various degrees of flexion or dynamic studies 
involving continuous motion. Studies have been 
performed supine, prone or standing and with or 
without weightbearing. Additionally, studies have 
been performed on patients with a history of patel-
lar dislocation or with patellofemoral pain syn-
drome which may or may not have a component of 
patellofemoral instability. As a result the literature 
on these measurements is often inconsistent. 
Nevertheless, many of the above described mea-
surements are helpful in the assessment of patello-
femoral instability.
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15.1  Introduction

This is a difficult, complex and often confusing 
topic to the uninitiated for a variety of reasons. 
These range from a lack of knowledge of the con-
genital and neuromuscular disorders associated 
with foot deformities, inexperience in analysing 
paediatric foot radiographs and lack of under-
standing of the descriptive terms used to docu-
ment the abnormalities. Most of the measurements 
are based on the dorsoplantar (AP) and lateral 
radiographic views. Importantly the views are 
frequently obtained on weight bearing or simu-
lated weight bearing (in infants or non-ambula-
tory patients, weight bearing can be simulated by 

dorsiflexion stress). The function of the foot is to 
transmit load, adapt to varying surface conditions 
and act as a lever for progression with effects at 
the knee and the hip. Adaptation requires flexibil-
ity, and only during weight bearing or simulated 
weight bearing will the configuration of the bony 
skeleton allowed by the constraints of the liga-
mentous structures become apparent.

The dorsoplantar view is obtained with the 
patient standing, the tibia perpendicular to the 
cassette and the central ray angled 15° posteri-
orly to avoid overlap of the leg onto the posterior 
aspect of the foot. Similarly the lateral view is 
obtained with a standing patient and the tibia per-
pendicular to the film cassette (Fig. 15.1).

Fig. 15.1 Position for lateral and AP standing radiograph
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15.2  Anatomical Considerations 
and Terminology

The foot is divided into three compartments—
hindfoot (talus, calcaneum), midfoot (cuboid, 
navicular, cuneiforms) and the forefoot (metatar-
sals, phalanges and sesamoids). The inherent 
flexibility of the portions of the foot is affected 
during growth by normal and abnormal biome-
chanical forces and by a host of developmental 
and neuromuscular disorders including cerebral 
palsy, spinal dysraphism, arthrogryposis, etc. As 
the talus is the only bone in the foot without a 
direct muscle attachment, it follows that foot 
malalignment as a result of these clinical syn-
dromes affects the talus indirectly. The orienta-
tion of the talus changes during normal growth so 
that the AP weight-bearing angle between the 
talus and calcaneus varies with age being 30–50° 
in infancy and 20–40° after 5  years of age 
(Vanderwilde et al. 1988). In pathological neuro-
muscular states, this growth effect is altered pro-
ducing foot deformity. Radiographic alignment 

assessment needs to be organised and sequential, 
starting with the relationship of the tibia to the 
hindfoot, then the hindfoot/midfoot relationship 
followed by the midfoot/forefoot relationship 
(Ritchie and Keim 1964; Templeton et al. 1965).

There must be two orthogonal views (AP and 
lateral; see Fig.  15.2) to complete this analysis. 
On the AP view two lines are drawn: the midcal-
caneal line parallel to the lateral cortex of the cal-
caneum which usually intersects the base of the 
fourth metatarsal and the midtalar line drawn par-
allel to the medial cortex of the talus which usu-
ally passes through the base of the first metatarsal. 
It is important to stress that what is important in 
these two lines is their relationships to the base of 
the metatarsals and not their shafts. The navicular 
bone should normally align with the talus, and 
hindfoot malalignment often results in talonavic-
ular subluxation. On the lateral view, the calca-
neus is normally dorsiflexed relative to the ground 
forming the posterior part of the medial plantar 
arch, and a line can be drawn either as a tangent 
along its inferior surface or in the newborn, paral-

A

B

Normal foot 

Fig. 15.2 Lateral and AP relationships in the normal foot
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lel to it through the middle of the calcaneus. The 
midtalar line is then drawn across the middle of 
the talus. Incomplete ossification of the tarsal 
bones does not affect the drawing and relationship 
of these two lines. In hindfoot deformity leading 
to a more plantarflexed and vertically orientated 
talus, there is usually loss of the relationship 
between the midtalar line and the first metatarsal 
(Fig. 15.3). In the hindfoot the AP view is best at 
evaluating valgus and varus deformities. Valgus 
deformity results in increasing the angle between 
the midtalar and midcalcaneal lines, while varus 
deformities decrease the angle. Valgus deformi-
ties are usually associated with an external rota-
tion of the midcalcaneal line, while varus 
deformities are associated with internal rotation 
of the midcalcaneal line. The relationship between 
varus/valgus and internal/external rotation is 
imposed by the oblique axis of the subtalar com-
plex (Elftman and Manter 1935). The term equi-
nus position refers to a plantarflexed posture of 
the hindfoot relative to its usual position with the 
term calcaneus position referring to the reverse of 
the equinus position with dorsiflexion of the cal-
caneus relative to its normal position. The term 
cavus refers to an elevated medial longitudinal 
arch resulting in an increase in the depth of the 
plantar arch which is formed by the metatarsals 
and calcaneus. Equinus, calcaneus and cavus 
positions are all best assessed on the lateral view.

The term congenital talipes equinovarus 
(CTEV) originates from talus and pes along with 
descriptions of the lateral and AP deformities. 
The term clubfoot should only be used when 
strictly referring to congenital talipes equin-
ovarus and is synonymous with this term.

In hindfoot valgus, the talo-calcaneal angle on 
the AP view is increased because the calcaneum 
is abducted and externally rotated beneath the 
talus. The talus appears to be medially deviated 
as the midtalar line traverses medial to the base of 
the first metatarsal. This is only apparent, as the 
talus is positioned where it should be and the rest 
of the foot under and distal to the talus has 
become abducted and externally rotated. In a pla-
novalgus foot the navicular subluxes laterally fol-
lowing the cuboid and calcaneum. On the lateral 
view, the talus becomes more vertically  orientated 
as it loses the support of the sustentaculum tali 
and spring ligament, and the midtalar line passes 
in a plantarflexed orientation relative the line of 
the first metatarsal. In hindfoot varus, the talo-
calcaneal angle is reduced on the AP view as the 
calcaneum is adducted and internally rotated 
under the talus such that the axis of the two bones 
becomes more parallel. The rest of the foot is also 
internally rotated, and the midtalar line passes 
lateral to the base of the first metatarsal, while the 
navicular subluxes medially. Overlapping of the 
bases of the metatarsals is a readily appreciated 
feature of varus hindfoot posture on the AP view 
when significant forefoot pronation is also pres-
ent. On the lateral view, the adducted calcaneum 
elevates the anterior talus reducing the talo- 
calcaneal angle as the two axes become parallel 
to one another. When hindfoot varus coexists 
with cavus deformity producing a cavovarus 
deformity, the forefoot is markedly plantarflexed 
relative to the hindfoot, and the calcaneum fre-
quently exhibits increased dorsiflexion relative to 
the tibia during weight bearing.

Fig. 15.3 Lateral weight bearing talo first metatarsal angle
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In congenital talipes equinovarus, the radio-
graphs show hindfoot equinus, hindfoot varus, 
midfoot cavus and adduction or inversion of the 
forefoot, while the posture of the foot as a whole 
is plantarflexed in equinus. The first ray is plan-
tarflexed relative to the axis of the talus and 
requires elevation as a first step to manipulative 
reduction prior to drawing the forefoot and navic-
ular into external rotation around the head of the 
talus when using the Ponseti technique of 
 manipulative reduction. Hindfoot equinus has 
plantarflexion of the calcaneum as the radio-
graphic hallmark, which means that the tibio-
calcaneal angle is greater than 90° (normal angle 
60–90°). The hindfoot varus is recognised on the 
lateral view by a very clear view through the mid-
dle talo-calcaneal facet. A reduced talo-calcaneal 
angle (Radler et al. 2007) is seen as the two bones 
assume a more parallel orientation (Radler et al. 
2010). On the AP view the talo-calcaneal angle is 
reduced (Radler et al. 2007), as the bones overlap 
more than normal (Radler et  al. 2010) and the 
midtalar line passes lateral to the base of the first 
metatarsal (Table 15.1).

Doubts have been raised concerning the valid-
ity of the AP talo-calcaneal angle (Kite’s) in the 
monitoring of CTEV. Howard and Benson warned 
that the ossification centre of the talus lies primar-
ily in the talar head and neck, normally forming an 
angle with the cartilaginous anlage of the body of 
the talus (Howard and Benson 1992). This angle 
becomes wider in clubfoot as there is marked 
angulation of the neck of the talus introducing an 
error in calculating the true AP talo- calcaneal rela-
tionship. Ippolito et  al. in a comparative radio-
graphic study with 3D CT showed that in 75% of 
treated CTEV cases, there was a statistically sig-
nificant error (mean 15°) from the radiographic AP 
talo-calcaneal angle estimation when compared 
with CT (Ippolito et al. 2004).

Ippolito et al. concluded that this was due to the 
radiographic projection of the neck of the talus 
which was markedly angulated medially giving the 

false impression of a divergence on the AP view 
between the calcaneus and talus. As a result they 
felt that AP radiographic talo-calcaneal angle esti-
mation was not a valid outcome parameter for 
CTEV treatment. In the neonatal hindfoot, only the 
talus and calcaneus are ossified, and MRI could be 
potentially useful in revealing the position of the 
navicular as this is the last to ossify normally at the 
age of 2–3 years. Ultrasound can reliably also pro-
vide reproducible and objective assessment of the 
interosseous relationships. Various reproducible 
sonographic views are obtained with distances and 
angles around the navicular bone being particularly 
helpful (Wallander 2010).

The Ponseti method of treatment employing 
serial manipulation and casting has revolution-
ised the conservative treatment of clubfoot with 
good results in over 95% of cases. The early com-
mencement of treatment in the first month of life 
is associated with a better outcome.

Flatfoot is normal in infants and young chil-
dren. In flexible flatfoot, the arch is normal, while 
the subject is standing on their toes and flattened 
on the lateral weight-bearing view. A significant 
proportion of asymptomatic adults will exhibit 
flexible flatfoot (Harris and Beath 1947). Rigid 
flatfoot is associated with a flattened arch in a 
weight-bearing view and unchanging in shape 
when the subject rises up on their toes. The iden-
tification of rigidity/flexibility in the paediatric 
foot is based on clinical rather than radiological 
examination. Rigid flatfeet usually have associ-
ated underlying pathology and generally become 
symptomatic.

Table 15.1 Values for common angles in normality and 
CTEV

Angle Normal CTEV
AP talo-calcaneal 15–40° <15°
AP talus first metatarsal 0–20° <0°
Lateral talo-calcaneal 25–45° <25°
Lateral tibio-calcaneal 60–90° >90°
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15.3  Lateral/AP Talo-calcaneal 
Angle: MRI

 Definition

MRI measurement of surgically treated clubfoot.

 Indications

Assessment of foot development following treat-
ment for clubfoot allowing assessment of carti-
laginous and bony anatomy.

 Technique

MRI.

 Full Description of Technique

Standard anatomical sagittal, transverse and coro-
nal plane reconstruction. Imaging is performed 
under sedation with T1 and T2 sequences. 3–4 mm 
slice thickness is obtained with the best slice dem-
onstrating anatomy chosen for measurement.

 Lateral Talo-calcaneal Angle (L TCA)
The longitudinal axes of the cartilaginous talus 
and calcaneum are identified in the sagittal pro-
jection. The acute angle of intersection is the lat-
eral talo-calcaneal angle (L TCA) (Fig. 15.4).

 AP Talo-calcaneal Angle (AP TCA)
The inter-malleolar axis is identified on a trans-
verse section and assumed to represent the axis of 
movement of the tibio-talar articulation and to lie 

Fig. 15.4 Lateral MRI talo-calcaneal angle
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perpendicular to the axis of the body of the talus. 
A perpendicular is drawn from the midpoint of 
the inter-malleolar axis and a common reference 
frame used to enable its intersection with the axis 
of the calcaneum (Fig. 15.5).

 Reproducibility/Variation

Data on reproducibility is not available.

 Clinical Relevance/Implications

MRI optimally identifies cartilaginous anatomy 
making this modality potentially useful in imma-
ture feet. Subluxation of the calcaneocuboid and 
talonavicular joints can be identified. The need 
for sedation coupled with difficulties of position-
ing makes the technique unattractive for routine 
clinical use. Cross-sectional imaging can reveal 
features such as deformity within the talar neck 
which can be a feature of CTEV.

 The Normal Foot
Pekindil et al. examined seven children with tali-
pes equinovarus (who had five unaffected feet) 
aged 4–11 years (Pekindil et al. 2001):

 1. Mean L TCA 36°
 2. Mean AP TCA 10.1° of internal rotation of the 

calcaneum relative to the talar body

Downey et al. examined seven unaffected feet 
in ten infants with talipes equinovarus between 
the age of 4 and 15 months (Downey et al. 1992):

 1. Mean L TCA 28°±6°

 CTEV
Pekindil et al. examined seven children with tali-
pes equinovarus (who had nine affected feet) 
aged 4–11 years (Pekindil et al. 2001):

 1. Mean L TCA 31.46°
 2. Mean AP TCA 22.8° of internal rotation of the 

calcaneum relative to the talar body

Downey et al. examined seven unaffected feet 
in ten infants with talipes equinovarus between 
the age of 4 and 15 months (Downey et al. 1992):

 1. Mean L TCA 5°±9°

a b c

Fig. 15.5 AP MRI talo-calcaneal angle from Pekindil (2001)
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 Analysis/Validation of Reference Data

This measurement is not well validated with nor-
mal data varying considerably from one study to 
another. It may be useful to assess correction at 
the midfoot and importantly identify 
overcorrection.

 Conclusion

Probably not useful for routine evaluation.
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15.4  Lateral Talo-calcaneal Angle/
Lateral Tibio-calcaneal Angle 
in Maximum Dorsiflexion

 Definition

Lateral radiographs of the foot to demonstrate the 
relationship between the talus and calcaneum and 
between the tibia and calcaneus with the foot 
held in a position of maximum dorsiflexion.

 Indications

Diagnosis and evaluation of infant foot deformity 
including congenital vertical talus and talipes 
equinovarus.

 Technique

Radiographic lateral view with the foot in maxi-
mum dorsiflexion.

 Full Description of Technique

A lateral radiograph of the foot is taken in maxi-
mum dorsiflexion. The lateral border of the foot, 
the lateral malleolus and the lateral aspect of the 
leg are in contact with the cassette. Maximum 
dorsiflexion can either be achieved by means of 
pressure through a block placed on the plantar 
aspect of the foot with pressure applied to cause 
maximum ankle dorsiflexion or by strapping. A 

comparison of strapping versus block methods of 
dorsiflexion did not reveal a clinically significant 
difference in the measures of talo-calcaneal angle 
(Yeung et al. 2005).

 Lateral Talo-calcaneal Angle 
in Maximum Dorsiflexion
Measurement is performed by drawing a line 
through the long axis of the talus extending towards 
the metatarsals and originally a line through the 
long axis of the calcaneum (Davis and Hatt 1955; 
Ritchie and Keim 1964). Most recent studies have 
utilised the plantar aspect of the calcaneum to 
define the axis of the calcaneum (Vanderwilde 
et al. 1988) (Table 15.2). It should be noted that the 
measurement technique detailed by Simons was 
performed intraoperatively with the child anaesthe-
tised and thus a degree of control over posture 
exists that would not necessarily be obtained in the 
radiology department (Simons 1977) (Fig. 15.6).

Table 15.2 Change in lateral talo-calcaneal angle in 
maximum dorsiflexion during growth according to 
Vanderwilde

Years Mean +2SD −2SD
0 45.7 56.2 34.5
1 44.8 55.0 33.8
2 43.7 54.1 33.5
3 43.0 53.4 32.9
4 42.5 52.7 32.6
5 42.1 52.0 32.1
6 41.3 51.8 31.7
7 41.4 51.9 31.0
8 40.8 51.4 30.7
9 40.3 51.4 30.4

Fig. 15.6 Lateral weight-bearing talo-calcaneal angle
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 Lateral Tibio-calcaneal Angle 
in Maximum Dorsiflexion
With the foot positioned in maximum dorsiflex-
ion, the mid-lateral line of the tibia is extended 
across the hindfoot, and the angle subtended 
anterior to this line by a line passing either along 
the inferior margin of the calcaneum or parallel 
to it through the midsubstance of the calcaneum 
is measured (Table 15.3) (Fig. 15.7).

 Reproducibility/Variation

Although accurate positioning of the foot relative 
to the film is necessary to give reliable results, 
minor errors of positioning do not give clinically 
significant measurement errors (Simons 1977). 
The ability to identify the axes of the talus and 

the calcaneum is considered to be an important 
source of potential variability of this measure. 
Radler et al. hypothesised that this would lead to 
low interobserver reliability particularly in the 
infant foot (Radler et  al. 2010). Interclass reli-
ability increased from 0.826 in infants to 0.862 in 
toddlers and 0.909 in children over the age of 3 
suggesting that even in children under the age of 
3  months, reliability is generally acceptable 
although their maximum difference observed in 
radiographs under 3 months of age was 30°.

 Clinical Relevance/Implications

The obliquity of the subtalar axis leads to a reduc-
tion in the lateral TCA with increasing degrees of 
hindfoot varus. An increase in the lateral TCA is 
thus indicative of correction in talipes equin-
ovarus whether achieved surgically or by Ponseti 
manipulation.

 Normal
In typically developing children, the mean angle 
of the lateral tibio-calcaneal angle decreases 
from approximately 75° to 70° with angles mea-
sured after the age of 2 with the child weight 
bearing (Vanderwilde et  al. 1988). The lateral 
talo-calcaneal angle remains relatively constant 
during childhood (Table 15.4).

Fig. 15.7 Radiograph of the tibio-calcaneal lateral weight bearing angle

Table 15.3 Change in lateral tibio-calcaneal angle in 
maximum dorsiflexion during growth according to 
Vanderwilde

Years Mean +2SD −2SD
0 41.3 59.8 24.8
1 45.4 65.9 25.7
2 48.0 69.2 27.6
3 49.7 72.3 28.9
4 51.7 73.6 30.3
5 52.6 73.4 32.6
6 52.8 71.9 34.6
7 52.2 70.4 36.2
8 51.4 66.5 38.8
9 50.3 61.1 41.3
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 CTEV
With a varus hindfoot, the calcaneum is fore-
shortened making its plantar aspect steeper. The 
talus becomes more parallel with the superior 
aspect of the calcaneum.

 Analysis/Validation of Reference Data

Interobserver variation of lateral talo-calcaneal 
angle in maximum dorsiflexion in the unaffected 

foot of children with unilateral clubfoot was eval-
uated by Radler et al. (2010) (Table 15.5).

 Conclusion

The lateral talo-calcaneal angle in maximum dor-
siflexion is a technical measure of outcome fol-
lowing correction of talipes equinovarus in 
infants who have not started to walk.

Table 15.4 Literature angles for lateral talo-calcaneal angle in maximum dorsiflexion

Author Subjects Feet Mean SD
Yeung et al. (2005) 14 children with CTEV strapping method 18 22
Yeung et al. (2005) 14 children with CTEV block method 18 21
de Gheldere and Docquier  (2008) CTEV 21 20.1
Abulsaad and Abdelgaber (2008) CTEV 70 21.4 6.64
Abulsaad and Abdelgaber (2008) Normal 38 39.8 6.71
Radler et al. (2007) CTEV 65 34.9 15.25
Radler et al. (2010) Unaffected <3 months 111 47.3 9.2
Radler et al. (2010) Unaffected 3–12 months 56 48.1 6.96
Vanderwilde et al. (1988) Normal 12 months 24 39.6
Radler et al. (2010) Unaffected 12 months to <3 years 20 47.88 7.96
Vanderwilde et al. (1988) Normal 24 months 24 41.6
Radler et al. (2010) Unaffected 3 years to <7 years 12 45.33 8.23
Vanderwilde et al. (1988) Normal 48 months 10 33.1
Radler et al. (2010) Unaffected 7 years to <14 years 6 44.33 7.66
Vanderwilde et al. (1988) Normal 8 years 6 32.8

Table 15.5 Interobserver variation lateral TCA maximum dorsiflexion (Radler et al. 2010)

Age group Mean difference Standard deviation Range of difference Observations
Birth to <3 months 4.52 3.64 0–19 111
3 months to <12 months 3.39 2.85 0–16 56
12 months to <3 years 3.3 2.89 0–50 20
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15.5  Hallux Valgus Angle (HVA)

 Definition

The orientation of the axis of the proximal pha-
lanx of the great toe relative to the axis of the 
first metatarsal as seen in the AP weight bearing 
view.

 Indications

Assessment of juvenile and adolescent hallux 
valgus.

 Technique

AP radiograph of the weight-bearing foot.

 Full Description of Technique

Patient stands on a level surface immediately 
above the plate (Fig. 15.8).

 Reproducibility/Variation

The intra-observer reliability interclass correla-
tion coefficient varies in the literature between 

1.0 (McCluney and Tinley 2006) and 0.98 
(Davids et al. 2007).

 Clinical Relevance/Implications

A hallux valgus angle of greater than 15° is con-
sidered to be pathological. A survey of 18 typi-
cally developing children showed an HVA of 8° 
with a standard deviation of ±3° (McCluney and 
Tinley 2006).

 The Normal Foot
The normal hallux valgus angle is approximately 
8°±3°.

 Adolescent Hallux Valgus
Any value greater than 15° of hallux valgus angle 
is consistent with a diagnosis of hallux valgus.

 Analysis/Validation of Reference Data

No repeatability data available.

 Conclusion

This measurement is used to define thresholds for 
treatment and monitor technical outcome in ado-
lescent hallux valgus.
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Fig. 15.8 Hallux Valgus 
angle
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15.6  Metatarsus Adductus Angle

 Definition

Orientation of the forefoot relative to the midfoot 
measured on an AP weight-bearing radiograph of 
the foot.

 Indications

To assess metatarsus adductus.

 Technique

AP weight-bearing radiograph.

 Full Description of Technique

An AP radiograph of the weight-bearing foot is 
measured as follows: the axis of the second meta-
tarsal is defined A-B (Fig. 15.9), and the midpoint 

in the lateral border of the cuboid between the 
articulation with the base of the fifth metatarsal 
and the articulation with the calcaneum is marked 
and the midpoint identified.

On the medial border of the foot, the midpoint 
between the medial aspect of the first metatarsal- 
cuneiform joint and the medial aspect of the talo-
navicular articulation is marked. A line is drawn 
transversely between the two midpoints across 
the midfoot and a perpendicular constructed 
where this crosses the axis of the second metatar-
sal B-C (Fig.  15.9). The metatarsus adductus 
angle lies between the axis of the second metatar-
sal and the perpendicular A-B-C (Fig. 15.9).

Engel et al. have suggested using the longitu-
dinal axis of the second cuneiform relative to the 
axis of the second metatarsal but do not offer 
inter- and intra-observer studies to compare reli-
ability of their modification (Engel et al. 1983).

 Reproducibility/Variation

Unknown.

A C

B

Fig. 15.9 Schematic 
and radiograph showing 
metatarsal adductus 
angle
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 Clinical Relevance/Implications

This measure identifies deformity between the 
midfoot and the forefoot. Traditionally exten-
sive surgical treatments either in the form of 
ligament release (Heymann and Herndon) or 
basal metatarsal osteotomies were performed 
for metatarsus adductus that was resistant to 
stretching treatment. Unfortunately the results 
were uniformly poor often leaving the patient 
with midfoot pain. The natural history of 
metatarsus adductus has been shown to be 
benign; thus measures of radiological defor-
mity are of academic interest only (Farsetti 
et al. 1994).

 The Normal Foot
The metatarsus adductus angle is normally 
between 10 and 20° using the measurement 
method shown in Fig. 15.9. The Engel measure-
ment is reported as varying between 13 and 23°. 
Anything over the upper limit in either measure is 
considered suggestive of metatarsus adductus.

 Conclusion

This measurement may be used to document 
natural resolution of isolated paediatric meta-
tarsus adductus or to document forefoot defor-
mity associated with talipes equinovarus.
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15.7  Lateral Weight-Bearing 
Talo-calcaneal Angle

 Definition

The acute angle subtended by axis of the talus 
and a line drawn along the inferior border of the 
calcaneum in a weight-bearing lateral view of the 
foot.

 Indications

Evaluation of hindfoot alignment in children 
with planovalgus feet and after correction of tali-
pes equinovarus.

 Technique

Weight-bearing lateral radiograph of the foot (see 
Fig. 15.1).

 Full Description of Technique

The child stands perpendicular to the X-ray beam 
with a plate supported between blocks between the 
ankles (Fig.  15.1). Significant degrees of midfoot 
adduction seen in treated clubfoot may lead to the 
hindfoot being externally rotated relative to the beam 
and may require internal rotation of the imaged foot 
to give a true lateral view of the hindfoot.

 Reproducibility/Variation

Radler examined the interclass correlation 
coefficient for lateral weight-bearing talo-cal-
caneal measures in children between 3 and 7 
years of age (0.75 (0.487–0.891)) and children 
aged 7 to under 14 (0.929 (0.851–0.971)) 
(Radler et al. 2010). This suggests that the mea-
sure is much more reliable in older children.

 Clinical Relevance/Implications

Weight-bearing radiographs are more appropriate 
than maximum dorsiflexion views in children 
who have established walking.

 The Normal Foot
The talo-calcaneal angle is shown in Fig. 15.2 as 
angle A.  Normal values are in the region of 40° 
(Table 15.6).

 CTEV
The varus posturing of the hindfoot beneath the talus 
produces a reduction in the lateral weight- bearing 
talo-calcaneal angle as shown in Fig. 15.10. Typical 
values in CTEV are in the region of 20° (Table 15.7).

 The Valgus Foot
In pes planus, the head of the talus loses its sup-
port from the sustentaculum tali and spring liga-
ment with an increase in the talo-calcaneal angle 
as shown schematically in Fig. 15.11.

 Conclusion

Correlation of functional foot scores and lateral 
weight-bearing and AP weight-bearing talo- 
calcaneal angles is poor in treated clubfoot 
(Abulsaad and Abdelgaber 2008), but the mea-
sure may be of use in documenting pes planoval-
gus and the technical outcome of hindfoot 
correction in the weight-bearing child.

Table 15.6 Lateral weight-bearing talo-calcaneal angle 
and measures

Author
Subject 
group

Feet 
measured Mean SD

Abulsaad and 
Abdelgaber (2008)

CTEV 70 21.4 6.6

Abulsaad and 
Abdelgaber (2008)

Normal 38 39.8 6.7
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Clubfoot

Fig. 15.10 Lateral and AP weight-bearing relationships in CTEV

Pes Planus
Increased talo-calcaneal angle 

Fig. 15.11 Schematic representation of the relationships in pes planus

Table 15.7 Lateral weight-bearing talo-calcaneal angle 
changes during growth according to Vanderwilde et  al. 
(1988)

Years Mean +2SD −2SD
0 38.8 55.5 23.0
1 41.2 55.5 27.1
2 43.3 56.4 29.6
3 44.4 56.9 31.6
4 45.0 56.7 32.9
5 45.3 56.1 33.5
6 44.4 55.6 33.5
7 43.7 54.8 32.5
8 42.1 53.6 30.5
9 39.7 51.4 28.4
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15.8  Lateral Weight-Bearing 
Tibio-calcaneal Angle

 Definition

Defines the sagittal relationship between tibial 
axis and calcaneal axis (Fig. 15.7).

 Indications

Evaluation of hindfoot alignment in children 
with planovalgus feet and after correction of tali-
pes equinovarus.

 Technique

Radiography.

 Full Description of Technique

The child stands perpendicular to the X-ray beam 
with a plate supported between blocks between 
the ankles.

 Reproducibility/Variation

Unknown (Table 15.8).

 Clinical Relevance/Implications

Children who have hindfoot deformity secondary 
to talipes equinovarus frequently develop sec-
ondary knee hyperextension. When standing, the 
hindfoot may align relatively normally, but the 
tibia is reclined giving an excessive tibio- 
calcaneal angle.

 Conclusion

This measure is of use in identifying a combina-
tion of hindfoot equinus and knee hyperextension 
which may be seen in partially corrected 
clubfoot.

Table 15.8 Development of lateral weight-bearing tibio- 
calcaneal angle according to Vanderwilde

Years Mean +2SD −2SD
0 77.9 96.1 59.2
1 74.3 91.2 57.9
2 71.7 87.3 56.4
3 69.5 83.5 56.3
4 67.7 80.1 56.3
5 66.8 77.8 57.1
6 66.6 76.5 58.1
7 67.1 75.1 59.7
8 67.9 74.1 61.7
9 69.3 74.1 64.7
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15.9  Lateral Weight-Bearing Talar 
First Metatarsal Angle

 Definition

Defines the sagittal relationship between talar 
axis and first metatarsal axis. Positive values 
indicate that the talus is plantarflexed to a greater 
degree than the first ray (Fig. 15.3).

 Indications

Evaluation of midfoot alignment in children with 
planovalgus, plantaris or cavus feet.

 Technique

Weight-bearing lateral radiograph of the foot.

 Full Description of Technique

The child stands perpendicular to the X-ray beam 
with a plate supported between the ankles.

 Reproducibility/Variation

Radler investigated the interobserver differences 
in the weight-bearing talus first metatarsal angle 
(Table 15.9).

 Clinical Relevance/Implications

Positive angles denote a planovalgus posture 
with the axis of the talus lying in a more plan-
tarflexed posture than the first ray. The natural 
development of a medial arch during childhood is 
shown in the data presented by Vanderwilde et al. 
(1988). The measure does not differentiate 
between a deformity within the midfoot (cavus) 
or in the tarsometatarsal joints (plantaris).

 The Normal Foot
As the arch forms during childhood, the angle 
drops from 15° to approximately 10°.

 CTEV and the Varus Foot
Increasing degrees of cavus lead to dorsiflexion of 
the talus and plantarflexion of the first ray. This 
reduces the talus first metatarsal angle until in 
extreme cases it can become negative (Fig. 15.12).

 The Valgus Foot
Increasing plantarflexion of the talus coupled 
with dorsiflexion of the first ray as it comes to lie 
parallel to the ground leads to an increasing talus 
first metatarsal angle.

 Reproducibility/Variation

Table 15.10 documents the development of this 
angle through childhood published by 
Vanderwilde et al. (1988).

 Conclusion

Useful in the assessment of planovalgus and 
cavus foot deformity.

Table 15.9 Interobserver differences in measuring 
weight- bearing talus first metatarsal angle (Radler et  al. 
2010)

Age group
Mean 
difference SD Range

3 months to <12 months 
simulated weight bearing

4.15 3.45 0–13

12 months to <3 years 
weight bearing

3.67 2.67 0–8

3 to <7 years weight 
bearing

3.33 3.03 0–9

7 to <14 years weight 
bearing

3.49 2.52 0–12
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Pes cavus

Fig. 15.12 Schematic diagram of a lateral radiograph of 
a cavus foot

Table 15.10 Changes in the first metatarsal talar weight- 
bearing angle during growth according to Vanderwilde 
(1988)

Years Mean +2SD −2SD
0 18.5 40.2 −2.4
1 15.7 34.2 −3.6
2 12.4 29.0 −3.7
3 10.1 24.3 −4.9
4 8.3 21.1 −5.4
5 6.9 19.8 −5.7
6 5.6 17.6 −6.3
7 5.6 17.2 −6.6
8 5.6 17.4 −6.4
9 5.2 18.9 −6.9
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Table 15.11 Reliability of lateral weight-bearing talar 
horizontal angle (Radler et al. 2010)

Age group
Mean 
difference SD Range

3 months to <12 months 
simulated weight bearing

3.26 2.65 0–9

12 months to <3 years 
weight bearing

3.67 2.53 0–7

3 to <7 years weight 
bearing

3.05 2.20 0–8

7 to <14 years weight 
bearing

2.55 1.85 0–7

Table 15.12 Weight-bearing talo-horizontal angle 
(Radler et al. 2010)

Age group
Mean 
angle SD

Number of 
feet

3 months to <12 months 
simulated weight 
bearing

37.33 2.65 9

12 months to <3 years 
weight bearing

32.92 6.2 4

3 to <7 years weight 
bearing

30.24 6.83 14

7 to <14 years weight 
bearing

25.55 6.37 17

Table 15.13 Development of normal lateral talo-hori-
zontal angle according to Vanderwilde

Years Mean +2SD −2SD
0 35.1 55.7 13.5
1 33.0 49.9 15.7
2 32.1 46.1 17.9
3 31.1 42.6 19.4
4 30.0 39.1 19.7
5 28.9 37.6 19.9
6 28.1 36.4 19.4
7 26.9 35.6 17.2
8 26.1 35.6 15.7
9 25.3 36.0 13.9

15.10  Lateral Weight-Bearing 
Talo-horizontal Angle

 Definition

Defines the sagittal relationship between the 
weight-bearing talar axis and the ground.

 Indications

Evaluation of hindfoot alignment in children 
with planovalgus feet and after correction of tali-
pes equinovarus.

 Technique

Weight-bearing lateral radiograph of the foot.

 Full Description of Technique

The child stands perpendicular to the X-ray beam 
with a plate supported between the ankles.

 Reproducibility/Variation

Radler reports the following interobserver 
variability.

 Clinical Relevance/Implications

Weight-bearing radiographs are more appropriate 
than maximum dorsiflexion views in children 
who have established walking. This measure is 
not regularly used in the assessment of childhood 
foot deformity (Table 15.11).

 The Normal Foot
In the typically developing foot, this value varies 
during childhood gradually reducing with age 
(Tables 15.12 and 15.13).
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 CTEV and Varus Feet
The talus becomes relatively horizontal reducing 
the angle progressively towards zero.

 The Valgus Foot
High levels of angle suggest an inappropriately 
vertical talus. The most extreme situation would 
be a congenital vertical talus where the angle 
may approach 90°.

 Conclusion

This measure is not regularly used as a measure 
of hindfoot posture (Fig. 15.13).

Fig. 15.13 Lateral talar horizontal Weight-bearing angle
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15.11  Lateral Weight-Bearing 
Calcaneal Horizontal Angle

 Definition

The angle between the tangent through the infe-
rior outline of the calcaneus and the horizontal on 
a lateral weight-bearing radiograph.

 Indications

Evaluation of pitch of hindfoot relative to the 
ground during weight bearing.

 Technique

Radiography.

 Full Description of Technique

The patient stands with the plate held between 
the ankles. The beam is directed from lateral to 
medial centred on the ankle.

 Reproducibility/Variation

Unknown.

 Clinical Relevance/Implications

This is the angle formed between the horizontal and 
a tangent on the plantar aspect of the calcaneum.

 The Normal Foot
The normal weight-bearing calcaneal horizontal 
angle is between 20 and 30°.

 CTEV
Angles greater than 30° are suggestive of midfoot 
cavus with greater deformity in the midfoot in 
proportion to the hindfoot and ankle. In extreme 
cases where the child is weight bearing on the 
forefoot only, the calcaneum may be in near nor-
mal alignment relative to the ground, but the 
hindfoot and heel are not in contact with the 
ground.

 The Valgus Foot
In the planovalgus foot the calcaneal horizontal 
angle will be less than 20°.

 The Calcaneus Foot
Where imbalance exists between the dorsiflexors 
and calf muscle, extreme deformities may 
develop. In spina bifida the preservation of L4 
innervation in the absence of L5 and S1 will lead 
to a calcaneus deformity. In this instance the cal-
caneal horizontal angle is greatly increased 
(Fig. 15.14).
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Fig. 15.14 Lateral weight-bearing radiograph of the 
 calcaneus foot
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15.12  Ultrasound Measurements 
of Infant Hindfoot

 Definition

Standardised views of the relationship of the 
osteochondral structures of the neonatal 
hindfoot.

 Indications

Evaluation of deformity in the neonatal foot—
typically talipes equinovarus.

 Technique

Ultrasound.

 Full Description of Technique

Aurell et al. defined three sonographic projections 
and the measurements that could be obtained 
from those projections (Aurell et  al. 2002). In 
addition to the static measure, the authors suggest 
that the forefoot may be adducted and abducted to 
assess the mobility of the navicular on the talar 
head in the medial projection. Four separate mea-
sures are described in Table 15.14 (See Figs. 15.1, 
15.2 and 15.3 in Aurell et al. (2002)).

 Reproducibility/Variation

Aurell et  al. report the interobserver and intra- 
observer variability as interclass correlation coef-
ficients for each age group for the four principal 
measures (Tables 15.15, 15.16, 15.17 and 15.18).

Because evaluation of the paediatric foot with 
ultrasound depends upon the position of the 
probe and the posture of the foot, significant vari-
ability should be expected. The data reported by 
Coley (Table 15.19) shows how various postures 
of the forefoot can change the relationship 
between the medial malleolus and the navicular 
tuberosity (Coley et al. 2007).

 Clinical Relevance/Implications

After the diagnosis of clubfoot is made, dynamic 
sonographic assessment can evaluate the effect of 
positional therapeutic manoeuvres of the foot 
employed by the Ponseti technique. The severity 
of the midfoot deformity is assessed sonographi-
cally by measuring the medial malleolar- 
navicular distance in neutral foot abduction. The 
degree of equinus deformity is assessed by mea-
suring the calcaneal-posterior tibial growth plate 
distance in maximum dorsiflexion and plan-
tarflexion. Ultrasound is used in monitoring the 
efficacy of conservative treatment of paediatric 
foot deformity by this casting technique and 
defining the endpoint of treatment.

Table 15.14 Normal values for ultrasound evaluation of the infant foot (Aurell et al. 2002)

Age
Medial malleolus to navicular 
(n) Calcaneus to cuboid (n) Medial tissue distance (n) Length of talus (n)

Birth 8.5 ± 1.1 1.16 ± 1.1 4.7 ± 0.7 17.7 ± 1.1
(106) (106) (106) (92)

4 months 9.7 ± 1.3 2.1 ± 1.2 5.5 ± 1.0 21.0 ± 1.3
(55) (55) (55) (38)

7 months 10.8 ± 1.3 3.0 ± 1.1 6.2 ± 1.3 23.1 ± 1.6
(46) (46) (46) (34)

12 months 12.3 ± 1.3 2.8 ± 1.3 7.6 ± 1.0 –
(98) (98) (96)
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Table 15.15 Correlation coefficients for mm-n (medial 
malleolus to navicular in mm) (Aurell et al. 2002)

Age group (months) 0 4 7 12
Intra-observer 
correlation (r)

0.86 0.87 0.85 0.85

Interobserver correlation 
(r)

0.77 0.65 0.66 0.81

Table 15.16 Correlation coefficients for calcaneus to 
cuboid distance (Aurell et al. 2002)

Age group (months) 0 4 7 12
Intra-observer 
correlation (r)

0.84 0.84 0.84 0.79

Interobserver correlation 
(r)

0.63 0.86 0.81 0.85

Table 15.17 Correlation coefficients for medial soft tis-
sue thickness (Aurell et al. 2002)

Age group (months) 0 4 7 12
Intra-observer 
correlation (r)

0.68 0.94 0.92 0.90

Interobserver correlation 
(r)

0.55 0.89 0.93 0.82

Table 15.18 Correlation coefficients for length of talus 
(Aurell et al. 2002)

Age group (months) 0 4 7 12
Intra-observer correlation (r) 0.65 0.84 0.65 –
Interobserver correlation (r) 0.53 0.53 0.53 –

Table 15.19 Normal values for medial malleolus to 
navicular measurement in millimetres (Coley et al. 2007)

Group In adduction
In 
neutral In abduction

Normal 5.11 8.5 12.87
Unilateral 
unaffected

6.73 10.16 14

Unilateral 
CTEV

2.09 4.92 8.45

Bilateral CTEV 1.39 3.64 5.78

 Conclusion

The noninvasive nature of this assessment may 
make it valuable in assessing the effectiveness of 
serial manipulation. Comparison with clinical 
scoring systems such as Pirani’s or Dimeglio’s 
has not yet been performed (Dimeglio et al. 1995; 
Pirani et al. 1999).
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15.13  AP Weight-Bearing Talo- 
calcaneal Angle

 Definition

Defines the alignment of the axis of the talus and 
calcaneum.

 Indications

Assessment of hindfoot deformity.

 Technique

Weight-bearing AP view of the foot.

 Full Description of Technique  
(Figs. 15.10 and 15.15)

With the child standing on the plate, the knee is 
flexed, and the X-ray beam is directed towards the 
head of the talus. Correct penetration of the image 
is essential to ensure that the axis of the calcaneum 
and talus can be identified. This may lead to a loss 
of image quality with respect to the forefoot.

 Reproducibility/Variation

Note the warning proposed by Howard and Benson 
discussed above (Howard and Benson 1992).

 Clinical Relevance/Implications

Increasingly varus posturing of the hindfoot pro-
duces a more parallel relationship between the 
talus and calcaneum.

 The Varus Foot
Increasing degrees of varus posturing of the hind-
foot causes the calcaneum to rotate internally 

beneath the talus producing a reduced angle. 
Typically values less than 20° are seen in the AP 
weight-bearing talo-calcaneal angle (Simons 
1977) (Table 15.20).

 The Valgus Foot
Progressive planovalgus leads to divergences of 
the axes of the talus and calcaneum. Eventually, 
once the head of the talus loses support from the 
sustentaculum tali and the plantar spring ligament 
stretches out, the talus plantarflexes and becomes 
foreshortened on the AP view. Typically the axes 
will diverge by greater than 45° in the presence of 
significant degrees of valgus in the hindfoot.

 Conclusion

This measure is more prone to error because the 
axes of the calcaneum and talus may be unclear 
owing to underpenetration of the film and the AP 
axis of the calcaneum is less precisely defined than 
the nearly linear plantar aspect. If a lateral weight-
bearing view is available, this should be utilised as 
the primary measure of subtalar alignment. 
Ippolito et al. cited a large number of papers that 
found no correlation between the AP weight-bear-
ing talo-calcaneal angle and outcome and con-
cluded that CT reconstructions in the older child 
are probably more useful (Ippolito et al. 2004).

Table 15.20 Changes in AP weight-bearing talo-calca-
neal angle during growth according to Vanderwilde

Years Mean +2SD −2SD
0 41.9 56.4 27.4
1 40.1 52.9 27.1
2 37.7 49.9 26.0
3 35.7 46.8 25.4
4 33.6 44.2 24.0
5 31.7 41.3 22.2
6 29.5 39.6 19.5
7 27.1 37.0 17.5
8 24.7 35.3 14.8
9 21.6 33.4 11.2
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Fig. 15.15 Use of 
windowing facility in 
PACS to reveal AP 
talo-calcaneal angle
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15.14  AP Weight-Bearing Talar 
First Metatarsal Angle

 Definition

The angle between the axis of the talus and the 
first metatarsal as seen on an AP weight-bearing 
view. Positive angles are encountered where the 
distal projection of the axis of the first metatarsal 
is more medially directed than the talar axis 
(varus posturing of the forefoot).There is confu-
sion in the literature as to what represents a posi-
tive angle. Simons refers to a varus posture of the 
first ray relative to the talus as positive (Simons 
1977), whereas Vanderwilde gives a reference 
range in normal children varying from +20° at 
birth to approximately +8° by 8  years of age 
(Vanderwilde et  al. 1988). Accordingly, caution 
is needed when referring to this angle in the 
literature.

 Indications

Foot deformity

 Technique

AP weight-bearing radiograph.

 Full Description of Technique 
(Fig. 15.16)

With the child standing on the plate, the knee is 
flexed, and the X-ray beam is directed towards 
the head of the talus.

 Reproducibility/Variation

This measure has interobserver reliability data 
only for maximum dorsiflexion radiographs 
(Radler et al. 2010).

 Clinical Relevance/Implications

The normal value of this is between zero and 
−20° (Simons 1977). In other words the first 
metatarsal is directed more laterally than the axis 
of the talus.

 The Varus Foot
In the presence of hindfoot varus, the talus first 
metatarsal angle is typically greater than 15°. 
Abnormal angles relate the hindfoot to the fore-
foot but do not give explicit information on where 
in the midfoot the deformity is arising.
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(-Ve Angle)

0°

(-Ve Angle)

0°

Fig. 15.16 Schematic and radiograph showing first metatarsal talar AP weight-bearing relationship

Table 15.21 Changes in the first metatarsal talar AP 
weight- bearing angle during growth according to 
Vanderwilde

Years Mean +2SD −2SD
0 20.5 31.4 9.1
1 16.8 29.5 5.2
2 14.6 27.0 1.6
3 12.2 25.2 −0.9
4 10.4 23.8 −3.6
5 8.4 22.2 −5.7
6 6.6 20.7 −7.2
7 5.5 19.3 −8.1
8 3.9 18.3 −9.0
9 3.2 17.3 −9.7
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15.15  AP Weight-Bearing 
Calcaneal Fifth Metatarsal 
Angle

 Definition

The relationship between the axis of the fifth 
metatarsal and the calcaneum. Positive angles 
indicate that the distal projection of the fifth 
metatarsal is directed more laterally than the axis 
of the calcaneum.

 Indications

The assessment of midfoot deformity, primarily 
metatarsus adductus.

 Technique

AP weight-bearing radiograph.

 Full Description of Technique

With the child standing on the plate, the knee is 
flexed, and the X-ray beam is directed towards 
the head of the talus.

 Reproducibility/Variation

Unknown.

 Clinical Relevance/Implications

Evaluation of the integrity of the lateral column 
of the foot.

 The Normal Foot
Laaveg and Ponseti examined the group of adults 
following treatment for clubfoot identifying a 
mean value of −12°±4° for the calcaneal fifth 
metatarsal angle (Laaveg and Ponseti 1980). 
Vanderwilde reported on normal values in children 
with average values close to 0 (Vanderwilde et al. 
1988) (Table 15.22). As with the talus first meta-
tarsal angle, caution should be exercised in ensur-
ing that the angle is reported with its correct sign.

 Conclusion

A measure of lateral column alignment disturbed 
in metatarsus adductus (Fig. 15.17).

Table 15.22 Changes in weight-bearing AP fifth meta-
tarsal calcaneal angle with growth according to 
Vanderwilde

Years Mean +2SD −2SD
0 2.4 14.6 −9.1
1 0.9 11.9 −9.9
2 −0.4 9.9 −10.0
3 −0.8 8.9 −10.2
4 −1.3 8.3 −10.2
5 −1.2 8.5 −10.1
6 −0.5 9.0 −9.9
7 0.3 10.5 −9.1
8 2.0 13.0 −8.8
9 3.8 15.1 −7.4
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(-Ve Angle)

(-Ve Angle)

Fig. 15.17 AP weight-bearing fifth metatarsal calcaneal angle
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15.16  Bohler’s Angle

 Definition

Bohler’s angle is the angle of intersection of lines 
drawn from the posterior superior corner of the 
calcaneal apophysis to the proximal edge of the 
posterior facet and a line drawn from the proxi-
mal edge of the posterior facet to the anterior 
superior aspect of the calcaneus at the calcaneo-
cuboid joint (Bohler 1931).

 Indications

Assessment of calcaneal fractures.

 Technique

Lateral radiograph of the calcaneum, with the 
central beam over the malleoli.

 Full Description of Technique  
(Fig. 15.18)

Lateral weight-bearing radiograph of the ankle 
and hindfoot. Correct positioning requires radio-
graphic superimposition of both malleoli.

 Reproducibility/Variation

Clint et  al. examined the interobserver and 
 intra- observer reliability of Bohler’s angle 
(Table 15.23) (Clint et al. 2010).

 Clinical Relevance/Implications

A reduction of Bohler’s angle suggests inade-
quate reduction of a fracture of the calcaneum 
with the potential for subtalar degeneration as a 
result of incongruence of the subtalar joint.

 The Normal Foot
It has been claimed that variability of shape dur-
ing growth prevents meaningful evaluation of 
Bohler’s angle (Schmidt and Weiner 1982). Clint 
et al. examined the radiographs of a large number 
of children, producing a graph of angle versus 
age (Clint et  al. 2010). Initial angles of the 
approximately 30° increase to about 40° at 
6 years of age and then reduce a little to approxi-
mately 35° by 15 years of age.

Table 15.23 Agreement of measures for Bohler’s angle 
(Clint et al. 2010)

Intra-observer 0.934 ± 0.012
Interobserver 0.903 ± 0.0215

Fig. 15.18 Schematic and radiograph showing Bohler’s angle
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15.17  Gissane’s Angle

 Definition

Gissane’s angle is the superiorly facing angle 
formed between the slope of the posterior facet 
and the middle facet (Fig. 15.19). It reveals the 
angular relationship of the calcaneal facets. 
Unlike Bohler’s angle which may be misleading 
in the presence of combined extra-and intra- 
articular fractures, Gissane’s angle is claimed to 
be more specific to assess intra-articular 
displacement.

 Indications

Assessment of calcaneal fractures (Figs.  15.18 
and 15.19) (Table 15.24).

 Technique

Lateral radiograph of the calcaneum, with the 
central beam over the malleoli.

 Full Description of Technique

Lateral weight bearing radiograph of the ankle 
and hindfoot. Correct positioning requires radio-
graphic superimposition of both malleoli.

 Reproducibility/Variation

Clint et al. examined the interobserver and intra- 
observer reliability of Gissane’s angle.

 Clinical Relevance/Implications

While Gissane’s angle may be of relevance in the 
management of adult fractures, the intra-observer 
reliability is too poor to make it useful in children 
(Clint et al. 2010).

Gissane’s Angle

Fig. 15.19 Schematic demonstrating Gissane’s angle

Table 15.24 Agreement of measures for Gissane’s angle 
(Clint et al. 2010)

Intra-observer 0.566 ± 0.083
Interobserver 0.450 ± 0.096
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16.1  Anatomical Considerations, 
Lines and Landmarks

Measurements of osteoarticular relationships 
and their related soft tissue structures using 
multiple imaging modalities, play an important 
role in the diagnosis and management of trau-
matic and non- traumatic adult ankle and foot 
disorders. As in the paediatric foot, familiarity 
with anatomical landmarks/lines related to the 
adult standard radiographic projections is a 
necessary prerequisite before their clinical 
application. It is important to remember that 
the normal painless adult foot can have a wide 
range of bony relationships and measured val-
ues can indeed be in the abnormal range. 
Contralateral assessment and comparisons are 
very important in this respect (Steel et  al. 
1980).

In this chapter the large number of lines, 
angles and measurements are presented by 
grouping them under the heading of the stan-
dard radiographic view that allows their evalua-
tion to be made. Weight-bearing films are 
essential as there are significant measurement 
differences from non-weight-bearing radio-
graphic measurements. More detailed coverage 
of the main angles then follows. In particular 
special attention is given to the difficulties in 
evaluating the distal tibiofibular syndesmosis 
and the current roles that CT, MRI and US play 
in its evaluation in trauma and post- operative 
scenarios. Attention to the important soft tissue 
structures is then included emphasizing the role 
of US and MRI in evaluating the dimensions 
and morphological features of ligaments and 
tendons.

As highlighted in the previous chapter the 
talus is one of the most important bones of the 
adult ankle and foot articulating with the tibia, 
fibula, calcaneus and navicular. It forms three 
articulations, the ankle (talocrural), distal tibio-
fibular (syndesmosis) and the subtalar (talocal-
caneal) joints. Although the osseous anatomy of 
the adult ankle joint renders it fairly stable with 
similarities to a mortise joint, there are two fun-
damental differences: the anterior width of the 
talar trochlea is wider (mean 28.5 mm) than the 

posterior width (mean 21.5 mm), and the articu-
lar component of the lateral malleolus is longer 
than that of the medial malleolus. The planes of 
the concave tibial and convex fibular facets of the 
talus are not parallel. Ankle joint stability is 
therefore also reliant on its strong medial and lat-
eral ligaments and the four strong ligaments of 
the syndesmosis.

Routine ankle radiographs include AP, mor-
tise and lateral views. The mortise view done by 
internal rotation of about 20° brings the talus into 
a true AP projection with the malleoli equidistant 
from the cassette. The beam is centred on the 
joint space with the foot dorsiflexed to avoid 
superimposition of the lateral malleolus on the 
calcaneum. A number of lines, angles and “clear” 
spaces can be drawn and measured using these 
views. This is particularly relevant in trauma sce-
narios and should routinely form part of the 
radiographic review in the presence or absence of 
fractures. Different projections have different 
ranges of normal values (Sclafani 1985).

 Lines and Angles on the Ankle AP 
View

The following lines and angles can be drawn and 
evaluated on this view (Fig. 16.1).

 1. Tibial shaft line: through the mid-tibial shaft 
axis.

 2. Medial malleolus line: tangential to the articu-
lar surface of medial malleolus.

 3. Lateral malleolus line: tangential to the artic-
ular surface of the lateral malleolus.

 4. Talus line: tangential to the articular surface of 
the talar dome.

 5. Talo-Tibial angle: formed medially between 
the talus and medial malleolar lines, Normal 
value 53° (range 45–65°)

 6. Talo-Fibular angle: formed laterally between 
the talus and lateral malleolar lines, Normal 
value 52° (range 43–63°)

 7. Medial talar edge angle (MTEA): formed 
between the talus line and a second line to the 
medial talar surface facing the medial malleo-
lus—Normal value 110° (a).

 G. M. M. J. Kerkhoffs et al.



633

 8. Lateral talar edge angle (LTEA): formed 
between the talus line and the line through the 
lateral talar surface facing the lateral malleo-
lus—Normal value 91.8° (b).

 Measurements on the Ankle AP View

Several radiographic measurements can be used 
to assess the ankle and its distal tibiofibular syn-
desmosis (Fig. 16.2). Markers for integrity and 
 stability include the tibiofibular overlap (Pettrone 
et al. 1983; Harper and Keller 1989), tibiofibular 
clear space (Leeds and Ehrich 1984; Sclafani 
1985; Harper and Keller 1989) and the ratio of 
the medial and superior clear space (Beumer 
et al. 2004).

 1. Tibiofibular Clear Space (TFCS): is the lateral 
space between the lateral border of the poste-
rior tibia and the medial border of the fibula 
measured 1 cm above the joint line from the 
tibial plafond (AB in Fig. 16.2).
Normal value  <  5  mm (on both AP and 

Mortise views).
Abnormal value  >  6  mm (in syndesmotic 

and deltoid ligament rupture).
An increase by as little as 1 mm equates to a 

42% reduction of the tibiotalar contact area 

and therefore significant instability with a 
high risk of degenerative change.

 2. Tibiofibular overlap (TFO): is the space 
between the lateral border of the tibia and 
medial border of the fibula measured 1  cm 
above joint line from the tibial plafond. It 
should normally be > 6 mm or 42% of fibu-
lar width (CB in Fig. 16.2).

 3. Ankle joint space at the tibial plafond should 
normally be 3–4  mm.The mean cartilage 
thickness of the talar dome is only 1.2–
1.4  mm. In general the thickness of the 
articular cartilage appears to be related to 
the congruence of the joint. The ankle joint 
has a high congruence ratio allowing com-
pressive loads to be dissipated over a wide 
area.

 4. Medial clear space should be <3  mm and 
equal to the superior clear space.

 5. Talar tilt: >2 mm difference between medial 
and lateral joint space. > 2° angulation com-
pared with contralateral side may indicate 
medial or lateral disruption.

 6. Varus and valgus stress views of the ankle: 
Due to the normal variation resulting from 
normal joint laxity this can be controversial. A 
stress test is regarded as abnormal if:
 (a) the talar tilt is > or equal to 10° more than 

the contralateral normal side, or

ba

TFA TTA

Fig. 16.1 Ankle anterior–posterior view. TFA = talo-fibular angle; TTA = talo-tibial angle; a = lateral talar edge angle, 
b = medial talar edge angle
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 (b) > or equal to 3  mm discrepancy in the 
opening of the lateral joint space distance 
between the injured and normal sides. 
This is measured from the most lateral 
aspect of the talar dome vertically to the 
tibial articular surface.

Varus stress is applied in plantar flexion to 
assess the integrity of the ATFL and CFL liga-
ments. Normal tilt angle between the talar dome 
and tibial vault lines opens laterally and is nor-
mally <5°. If tilt is >10° it is abnormal indicating 
lateral ligament failure.

Stable < 5° difference between injured and unin-
jured sides.
Unstable > 5°.

Valgus stress tests the deltoid ligament integ-
rity. Park et al. (2006) indicated that stress views 
should be done with the ankle in dorsiflexion 
and in external rotation to assess the deltoid 
ligament integrity. Tears of the ligament pro-
duce a widening of the medial clear space to 
5 mm or more.

 Measurements on the Mortise View

The following lines, angles and measurements 
can be made from the mortise view (Fig. 16.3).

 1. Medial clear space (MCS): between the 
medial tip of the talar dome and the lateral 
border of the medial malleolus measured 
0.5 cm below the tibial plafond.

Normal value < 4 mm.
Abnormal value > 4 mm indicates lateral talar 
shift.

 2. Tibiofibular overlap (TFO): normally > 1 mm.
 3. Talocrural angle: formed by a line joining 

both malleolar tips (Line 1) and the line paral-
leling the distal tibial articular surface (pla-
fond) which is normally 8–15°. An alternative 
definition of this angle is the angle formed by 
the perpendicular drawn to the tibial plafond  
(Line 2) and the intermalleolar line (Line 3) 
which normally is 75–87° (Fig.  16.4). An 
angle >87° suggests syndesmotic injury.

A

B

Dorsal

AB

AB

Ventral

AP view

10mm

Dorsal

ABC

ABC

Ventral

10mm

Fig. 16.2 Measurements on the ankle and the distal tibiofibular syndesmosis
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 4. Talar tilt: should be O° (range − 1.5–1.5°) as 
the lines drawn to the talar dome and distal 
tibial articular surface should be parallel.

 Syndesmosis: MRI/CT/US

The distal tibiofibular syndesmosis is formed by 
two bones and four ligaments which include the 
distal anterior inferior tibiofibular ligament 
(AITFL), the distal posterior inferior tibiofibular 
(PITFL) ligament, the transverse tibiofibular lig-
ament and the interosseous ligament (Fig. 16.5). 
It plays a crucial role in the stability of the talo-
crural joint (Miller et  al. 2009). Syndesmotic 
injury refers to ligament injury and not just the 
syndesmosis as a fibrous joint in isolation, and it 
can occur in the presence or absence of a fracture. 
Disruption of at least two of the four lateral liga-
ments of the distal tibiofibular syndesmosis and 
injury to the deltoid ligament are required for a 
complete syndesmosis instability. Deltoid liga-
ment disruption can rarely occur in isolation pro-
ducing a widened medial clear space larger than 
the superior clear space but the syndesmosis is 
stable. Accurate measurements are vital because 
widening of the ankle mortise by 1 mm decreases 
the tibiotalar contact area by 42% promoting 
instability and premature osteoarthritis (Harris 
and Fallat 2004; Ramsey and Hamilton 1976). 
Using the classic radiographic criteria outlined 
above, earlier studies suggested that a diagnosis 
of syndesmosis disruption can be made reliably 
with no risk of false positives. A syndesmotic dis-
ruption produces a widened medial tibial clear 
space of >5 mm, a tibiofibular overlap of <10 mm 
on the AP view, and a tibiofibular overlap of 
<1 mm on the mortise view (Pettrone 1983).

The accuracy and reliability of these radio-
graphic measurements as determinants of syn-
desmotic injury have however been questioned 
for a number of reasons. Firstly there is a wide 
normal anatomical variation of the degrees of 
tibial articular concavity and corresponding fib-
ular convexity making up the articulation. As a 
result the concave incisura tibialis has a varying 
depth (1.0–7.5 mm) and shape with gender dif-
ferences as well. Elgafy et  al. (2010) showed 
that 67% of incisurae are crescent shaped com-
pared with rectangular shape in the other 33% 
(Fig. 16.6). Secondly there is also normal varia-
tion in the size of both the anterior and posterior 
tibial tubercles which dictate the points of 

3mm

3mm
5mm

10mm

Mortise view

Fig. 16.3 Measurements on the ankle in mortise view

3α

2

1

Fig. 16.4 Talocrural angle on the mortise view
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radiographic measurement done 1 cm above the 
level of the tibial plafond. Thirdly in a cadaver 
study by Beumer et  al. (2004) using 12 rota-
tional radiographic positions, it was concluded 
that there was no optimal radiographic parame-
ter to assess the syndesmosis integrity. The pres-
ence and degree of talar shift will dictate the 
radiographic measurements and their perfor-

mance in identifying syndesmosis injury. 
Tibiofibular overlap, medial clear space and 
superior clear space are the most useful because 
post-traumatic absence of tibiofibular overlap 
may indicate injury of the syndesmosis, and a 
medial clear space larger than the superior clear 
space is indicative of deltoid injury. More 
recently Shah et  al. (2012) performed a large 

AITF

Interosseous 
membrane

Recess PITF

Transverse

Intermalleolar

Fig. 16.5 Anatomy, ligaments and recess of the distal tibiofibular syndesmosis. AITF = anterior inferior tibiofibular 
ligament; PITF = posterior inferior tibiofibular ligament

a b

c d

Fig. 16.6 The anatomical 
variation of the tibial 
articular concavitiy (note 
iodinated contrast medium 
in the syndesmotic recess 
in c)
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study on 392 normal patients and found values 
for four of these measurements unreliable. They 
concluded that the previously reported classic 
radiographic criteria for syndesmotic injury 
were unreliable leading to either unnecessary 
treatment or failure to treat. Furthermore Takao 
et al. (2003) using arthroscopy as the gold stan-
dard showed that the AP and mortise measure-
ments have different sensitivity, specificity and 
accuracy rates with 44.1%, 100% and 63.55% 
respectively for the AP view, and 58.3%, 100% 
and 71.2% for the mortise view compared with 
arthroscopy. The use of stress views is contro-
versial as it carries a high false-negative rate in 
the acute setting (Hunt 2013).

Although the measurements have an overall 
low sensitivity for syndesmotic tears indicating 
that tears can be present without radiographic 
displacement, abnormal measurements should 
always be taken as indicative of injury until 
proven otherwise, and an MRI carried out of 
the distal tibiofibular ligaments in the oblique 
axial and coronal planes for optimal assess-
ment. Nielson et al. (2005) found poor correla-
tion between the MRI findings of syndesmotic 
injury and the tibiofibular clear space. A medial 
clear space measurement >4  mm correlated 
with disruption of the deltoid and the tibiofibu-
lar ligaments. It was also confirmed by 
Hermans et al. (2010, 2012) that radiographic 
measurements of the syndesmotic space, tibio-
fibular overlap and medial clear space did not 
correlate with evidence of ligamentous injury 
on concurrent MRI examinations. These stud-
ies clearly indicate that radiographic measure-
ments are unreliable and imaging in the axial 
plane is required for optimal measurement 
assessment of the syndesmosis. Direct assess-
ment of the ligaments is also required for full 
assessment.

Anatomical knowledge is therefore crucial to 
ensure that the measurements are carried out 
appropriately and in the appropriate imaging 
plane (Muhle et al. 1998). There is a small zone 
of tibiofibular contact with facets covered by 
hyaline cartilage (0.5–1.0 mm thick) extending 
superiorly from the tibial plafond and lateral 
malleolar cartilage respectively at the base of 

the syndesmosis. On the tibial aspect this carti-
lage is 3–9 mm in length and only 2–5 mm in 
height. The syndesmotic recess which extends 
vertically in the space from the ankle joint 
(Fig. 16.5), varies in size and also has an intrar-
ticular synovial fat pad. The intra- articular fat 
pad ranges 0–7 mm, is attached to the fibula and 
the anterior aspect of the PITFL and functions 
like a meniscus. The syndesmosis recess’s AP 
length has a 10–15  mm range, with a 2  mm 
width, and a 4.0–12 mm height range. The recess 
is limited cranially by the inferior edge of the 
interosseous ligament, posteriorly by the trans-
verse ligament and PITFL, and anteriorly by the 
AITFL (Fig. 16.7). Morris et al. (1996) indicated 
that a recess of >13  mm in height on an MR 
study was indicative of syndesmotic rupture.

There are two ligaments anteriorly 
(Figs. 16.5 and 16.7). The AITFL is best seen 
in the coronal plane extending obliquely 
from its proximal medial tibial attachment 
(Tillaux-Chaput tubercle) about 5  mm above 
the articular surface to the distal lateral fibular 
attachment (Le Fort tubercle). Up to 20% of it 
is intra-articular. It makes an angle of 30–50° 
in the coronal plane to the tibial plafond, and 
posteriorly 65° in the sagittal plane. It is multi-
fascicular with inherent fat interposed between 
the ligament tissue. There are 3 main anatomi-
cal components of the AITFL with the follow-
ing anatomical measurements:

AITFL Length Width Thickness
Superior 6.0–8.9 4.0–4.9 1.8–3.0 mm
Middle 12.0–15.5 8.3–10.0 2.6–4.0 mm
Inferior 17.0–20.6 3.8–4.0 2.0–2.2 mm

whereby the superior component is the shortest, 
the middle component the strongest and the infe-
rior component the longest. It appears triangular 
on axial MRI with a multifascicular appearance 
separated by fat. As it runs obliquely, MRI in the 
axial plane can lead to it falsely appearing torn, 
and it is best assessed by an oblique axial 
sequence at 45° on the coronal scout. The acces-
sory antero-inferior tibiofibular ligament is 
found in up to 94% of ankles lying in an intra- 
articular location inferior and parallel to the 
AITFL, coming into contact with the anterolateral 

16 The Adult Ankle and Foot



638

aspect of the talar dome especially in dorsiflex-
ion. It is 17–22  mm long, 3–5  mm wide and 
1–2  mm thick (Subhas et  al. 2008). This liga-
ment, sometimes called Bassett’s ligament can 
cause impingement after trauma if it becomes 
thickened as well as local synovitis and cartilage 
focal talar defects (Nikolopoulos et al. 2004).

Posteriorly the PITFL is a much stronger liga-
ment running obliquely from the posterior aspect of 
the medial malleolus of the tibia proximal medial to 
the fibula distal lateral (Fig. 16.5). It makes an angle 
of 20–40° to the horizontal plane and 60–85° with 
the sagittal plane. It is more proximal and superficial 
to the transverse ligament. Its lower part is continu-
ous with the transverse ligament as it runs horizon-
tally, while cranially it is close to the interosseous 
ligament. It has a similar structure to the AITFL and 
shape appearing triangular with a broad tibial origin 
and  multifascicular with interspersed fat. Its length 
varies due to the obliquety with the proximal portion 
shorter (9.7 +/−6.9 mm) than its distal portion (21.8 
+/−7.5 mm). The mean width is 17.4 +/− 3.5 mm.

The transverse tibiofibular ligament runs hori-
zontally with a length range of 22–43  mm 
(Fig. 16.5). It originates from the fibula postero-
medially just above the fibular fossa and inserts 
on the dorsal tibial ridge along its entire medio-

lateral border. As it is attached to the posterior 
contour of the tibial articular surface it forms a 
true labrum seen on MRI embracing the posterior 
aspect of the talus. Some authors regard it as the 
deep component of the PITFL. When combined 
with the distal portion of the PITFL it forms the 
intermalleolar ligament (IML) which averages 
3.7  mm wide and 2.8  mm thick with a length 
ranging from 22.0 to 39.7 mm depending on the 
imaging plane used. The IML is seen as a distinct 
ligament located between the PITFL and trans-
verse ligament in over 80% of anatomical speci-
mens but only 19% of MRI cases. Medially it 
exhibits a diverse origin from medial malleolus 
to the fibrous tunnels of the FHL tendon and 
extends as a thick ligament laterally to insert with 
the posterior talofibular ligament to the medial 
fossa of the lateral malleolus. This is why on sag-
ittal images it has a scattered dot appearance 
medially and nodular laterally (Oh et al. 2006).

The interosseous ligament is the distal con-
tinuation of the interosseous membrane consist-
ing of dense short fibres running obliquely 
upwards from the fibula forming the roof to the 
syndesmotic recess of the ankle joint. Its pres-
ence is variable, but it is prominent in cases of 
flattened tibial and fibular incisurae. It measures 

Fig. 16.7 Two axial MR images of the ankle, indicating 
ligaments and the recess of the syndesmosis. This recess 
is cranially limited by the inferior edge of the interosseous 

ligament, posteriorly by the transverse ligament and pos-
terior inferior tibiofibular ligament and anteriorly by the 
anterior inferior tibiofibular ligament
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3–6  mm in length, 2–4  mm in thickness, and 
2–4  mm in width. It extends down to 2–3  cm 
above the tibiotalar joint (Figs. 16.5 and 16.7).

CT in the axial plane is sensitive to syndes-
mosis injury and is capable of identifying 
2–3 mm diastasis not seen on routine radiogra-
phy (Ebraheim et al. 1997). It also allows com-
parative assessment with the contralateral ankle 
and a difference of 2 mm or more indicates path-
ological displacement. However CT assessment 
is not done weight-bearing and will miss 
dynamic syndesmotic instability. Based on spiral 
CT assessment Taser et al. (2006a) showed that a 
1 mm diastasis increased the volume of the syn-
desmosis by 43%, with an additional 20% 
increase for every further 1  mm. Elgafy et  al. 
(2010) defined normal values for the syndesmo-
sis using CT measurements taken 9–12  mm 
above the tibial plafond on bone windows. Two 
measurements were obtained, one anteriorly 
between the tip of the anterior tibial tubercle and 
the closest point to the fibula, and another poste-
riorly between the tip of the medial border of the 
fibula and the closest point on the tibial posterior 
tubercle (Fig.  16.6). The mean anterior width 
was 2 mm (range 1–3 mm), and the mean poste-
rior width was 4 mm (range 3–6 mm) (Figs. 16.6 
and 16.7). The anterior space is not identifiable 
on radiographs, while the posterior space is com-
parable to the tibiofibular clear space measured 
at the same reference points on an AP radiograph 
which normally is <5 mm (Taser et al. 2006b).

The syndesmosis can also be assessed in the 
axial plane using ultrasound. Mei-Dan et  al. 
(2013) reported in a controlled study the role of 
dynamic stress US in assessing the syndesmosis, 
and provided normal values for the width of the 
anterior tibiofibular clear space measured at the 
level of the AITFL, 1  cm proximal to the joint 
line on over 100 normal individuals:

Neutral 3.78 mm
Forced Internal rotation 3.64 mm
Forced External rotation 4.08 mm

It is important that all dynamic measurements are 
taken at the same level above the ankle joint. 
Differences between control and injured groups 
were statistically significant in a comparative 

study by Mei-Dan et al. (2009) using MRI as a 
gold standard.

A neutral position measurement >5.06  mm 
was assumed to indicate an abnormal finding 
(Mei-Dan et al. 2013).

 Joint Effusion

An ankle joint effusion can be the only radio-
graphic feature of ankle trauma as some fractures 
are occult. The radiographic size of the effusion 
is predictive of occult fracture whereby the larger 
the ankle joint effusion the increased likelihood 
of underlying fracture. Clark et al. (1995) showed 
that 33% of patients assessed within a 48  hour 
post-trauma period with an effusion measuring a 
total of 13  mm or more, had occult fractures 
detected by CT. In essence if the size of an effu-
sion measured by the sum of the anterior and 
posterior capsular distension on a lateral radio-
graph is >13 mm, there is a positive predictive 
value of 82%, with a sensitivity of 82% and spec-
ificity of 91% for an underlying occult fracture 
(Fig. 16.8).

Fig. 16.8 Lateral view of the ankle indicating the loca-
tions which should be used to measure joint effusion
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 Axes/Angles on the Lateral View 
of the Ankle/Foot

There are a host of lines and angles that have 
evolved in the evaluation of foot and ankle 
 disorders on standard lateral radiography of the 
ankle and foot.

Hindfoot dimensions. Baseline radiographic 
information is required when considering recon-
struction, arthrodesis, osteotomy and total ankle 
replacement for hindfoot disorders. An appreci-
ation of normal radiographic measurements has 
only relatively recently been addressed by 
Magerkurth et  al. (2006). Parameters of joint 
configuration on lateral views were found to be 
reliable and include: the talar coverage by the 
tibia (tibiotalar sector), the angle of the distal 
tibial joint plane to the tibial axis (tilt), the AP 
width of the tibia, the talar height, ankle joint 
radius, and the offset of the centre of rotation 
from the tibial axis (Figs.  16.9, 16.10 and 
16.11). A lateral radiograph must satisfy two 
quality criteria before deemed acceptable for 
measurement purposes: the distal fibula is 
superimposed on the posterior third of the tibia 
and both the medial and lateral joint lines are 
superimposed.

Several measurements can be done with 
respect to the hindfoot dimensions:

 – anteroposterior position of talus
 – tibia tilt angle, also known as sagittal antero-

posterior distal tibial angle (sADTA)
 – tibia articular surface width
 – quotient of talar joint radius and relative 

height of the talus
 – talar height
 – tibiotalar sector
 – ankle joint radius

The osseous configuration of joints has a bear-
ing on joint stability best exemplified in studies 
of the ankle joint comparing normal from chroni-
cally unstable ankle joints. Tibiotalar sector, the 

r

Fig. 16.9 Lateral view 
of the ankle, on which 
the tibiotalar sector (left 
image) and the A-P 
position of the talus 
highlighted by (•) 
relative to the tibial 
offset (right image), 
along with the talar 
radius (r) are depicted

sADTA = 80°

Fig. 16.10 Lateral view of the ankle, depicting the ankle 
joint radius. sADTA  =  anterior-to-posterior distal tibial 
angle
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radius of the talus and the talar height have been 
found to be useful parameters in chronic defor-
mities. Chronically unstable ankle joints for 
example have been shown by Frigg et al. (2007) 
to exhibit a larger radius of the talus 21.2 (2.4) 
mm and smaller tibiotalar sectors of 80° (5.1°), 
compared with control group measurements of 
17.7 (1.9) mm and 88.4° (7.2°) respectively 
(Fig. 16.11).

There are many other radiographic lateral 
view weight-bearing axes and measurements. 
The ones used more commonly are briefly pre-
sented with their respective normal values and 
these include:

The plane of support (PS) is a horizontal ref-
erence line joining the most plantar point of the 
calcaneal tuberosity to the most plantar point of 
the fifth metatarsal (Fig. 16.12).

The talar axis or collum tali axis (CTA) passes 
through the midpoints of the head and neck of the 
talus (Fig. 16.12).

The talar declination angle (TDA) is the 
angle subtended between the PS and CTA 
(Fig. 16.12) and is normally about 21°. (It should 
normally be the same as the first metatarsal dec-
lination angle).

The lateral tibiocalcaneal angle is mea-
sured between the axis of the tibia and the cal-
caneal axis (Fig.  16.13) with a normal adult 
average of 70° being typically <65° in pes 
calcaneus.

The calcaneal inclination axis (CA) is the line 
joining the most inferior point of the calcaneal 
tuberosity anteriorly to the most anterior point of 
the calcaneum at the inferior outline of the calca-
neocuboid joint (Fig. 16.14).

The lateral talocalcaneal angle (LTCA) is the 
angle between the CA and the CTA which is 

r

Unstable

r

Stable

Fig. 16.11 Lateral view 
of the ankle, depicting 
the difference in radius 
of the talus and tibiotalar 
sectors between stable 
and unstable ankles

TDA

CTA

PS

Talar Declination Angle

Fig. 16.12 Lateral view of the ankle, depicting the 
plane of support (PS), the collum tali axis (CTA) and 
the talar declination angle (TDA)

70°

Lateral Tibio-Calcaneal Angle

Fig. 16.13 Lateral view of the ankle, depicting the lateral 
tibiocalcaneal angle
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normally in the range of 30–50° with a mean of 
35° (Fig. 16.14). It is <30° in varus deformity of 
the hindfoot and >55° in valgus deformity of the 
hindfoot.

Calcaneal pitch angle (CPA) normally between 
10–20°, is the angle between the PS or a horizontal 
reference line and the CA (Fig. 16.15) It is <10° in 
pes planovalgus (flatfoot) and >20° in pes cavus.

Boehler’s Angle (normal range 22–48°) 
(Boehler 1931) is measured between a line tan-
gent to the posterosuperior outline and a line tan-
gent to the anterosuperior outline of the calcaneus 
(Fig. 16.16).

5th Metatarsal base height (normal range 
2.3–3.8 cm). This assesses the longitudinal arch 
of the lateral column of the foot.

Philip-Fowler angle is a calcaneal angle drawn 
on the standing (Fowler and Philip 1945) lateral 
view between the line tangent to the inferior bor-
der of the calcaneus and the line tangent to the pos-
terosuperior border of the calcaneus and the 
calcaneal tuberosity. It is normally 44–69° and 
angles >75° produce a prominent superior calca-
neal tuberosity which promotes the production of 
the Haglund deformity (Fig. 16.17). The defor-
mity is due to an abnormal prominence of the pos-

terosuperior outline of the calcaneus, which can 
also be directly assessed using the parallel pitch 
lines described by Pavlov et al. (1982). The first 
line through the inferior border of the calcaneus is 
drawn, followed by a second parallel line to the 
first that passes through the posterior edge of the 
subtalar joint. Under normal conditions the pos-
terosuperior border of the calcaneus is below the 
second line (negative), and it is deemed abnormal 
if it extends above it (positive) predisposing to the 
Haglund deformity (Fig. 16.18). However the rela-
tionship between symptomatic Haglund deformity 
and the two measuring methods described above 
was studied recently comparing symptomatic and 
controlled cohorts casting doubts on their value. 
The average Philip-Fowler angles in the control 
group and study group were 62.31 +/−7.79 and 

LTCA

CA
CTA

Lateral Talo-Calcaneal Angle

Fig. 16.14 Lateral view of the ankle, depicting the calca-
neal inclination axis (CA), collum tali axis (CTA) and the 
lateral talocalcaneal angle (LTCA)

CA

CPAPS

Calcaneal Pitch Angle

Fig. 16.15 Lateral view of the ankle, depicting the calca-
neal pitch angle (CPA)

Boehler’s Angle

Fig. 16.16 Lateral view of the ankle, depicting the 
Boehler’s angle

Philip-Fowler Angle

PS

Fig. 16.17 Lateral view of the foot, depicting the Philip- 
Fowler angle
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60.14 +/− 7.01 respectively with no demonstrable 
statistical difference (p = 0.490) and a false nega-
tive rate of 94.6%. In addition there were 56.8% 
positive parallel pitch lines in the symptomatic 
group compared with 42.5% in the control group 
once again with no statistical difference (p = 0.474) 
with a false negative rate of 43.2% (Lu et al. 2007).

 Axes/Angles on the AP View 
of the Foot

In the assessment of foot alignment as seen on a 
weight-bearing AP view of the foot one needs to 
appreciate that there are two often referred to lon-
gitudinal axis: the anatomical axis and the 
mechanical axis. The axis running from the cen-
tre of the second metatarsal head to the centre of 
the calcaneal tuberosity is the anatomical axis, 
while the axis from the centre of the first metatar-
sal head to the centre of the calcaneal tuberosity 
is the mechanical axis (Gentili et al. 1996).

The longitudinal axis of the rearfoot (LARF) 
or hindfoot reflects the axis of the calcaneus, but 
this is not easy to determine on an AP view of the 
hindfoot mainly due to radiographic superimposi-
tion of the tibia and fibula on the posterior aspect 
of the calcaneus. A tangent is therefore used as a 
reference line to the lateral calcaneal outline, 
ensuring that it is drawn to the distal portion of the 
lateral outline of the calcaneum so as to avoid the 
variable dimensions of the proximal contour of 
the calcaneum laterally which harbours the pero-

neal trochlea (Fig. 16.19). Having established the 
tangential calcaneal line laterally, a parallel line is 
then drawn from the anteromedial corner of the 
calcaneus which should pass through the mid-
point of the calcaneus posteriorly and usually also 
passes through the fourth metatarsal axis.

On the same AP view the longitudinal talar axis 
or collum tali axis (CTA) is determined by a line 
that joins the midpoints of the widest and narrowest 
points of the talar head and neck respectively. 
Normally this axis passes through the centre of the 
first metatarsal head, but it passes medial to it in the 
pronated foot and lateral to it in the supinated foot.

TCA

LARF

CTA

AP Talo-Calcaneal Angle

Fig. 16.19 Weight-bearing anterior–posterior view of the 
foot, depicting the longitudinal axis of the rearfoot 
(LARF), the collum tali axis (CTA) and the angle in 
between, which is the talocalcaneal angle (TCA)

Haglund Deformity-Parallel Pitch Lines

PPL1

PPL2

Fig. 16.18 Lateral view of the foot, depicting the 
Haglund deformity
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The angle between the two lines described 
above (LARF and CTA) is the AP talocalcaneal 
(TCA or Kite) angle (Fig.  16.19). This angle is 
important in assessing paediatric disorders which 
has been covered separately in the previous chap-
ter. On a weight-bearing AP radiograph of the 
adult foot, the AP talocalcaneal angle is created 
by drawing the long talar axis line which nor-
mally extends along the 1st metatarsal, and the 
line drawn along the lateral calcaneal surface as 
described above. As discussed earlier this view 
not uncommonly is underpenetrated which cre-
ates difficulties and potential measurement errors. 
In the adult foot the normal range is 15–30°, 
with hindfoot valgus if > 30° and varus if < 15°.

The cuboid abduction angle (CAA) is the 
angle subtended between the LARF and the line 
passing tangentially to the lateral surface of the 
cuboid with a normal range of 0–5° (Fig. 16.20).

The longitudinal axis of the lesser tarsus 
(LALT) is the line perpendicular to the lesser 
 tarsus line (Fig. 16.21). The lesser tarsus line 
AB is determined by joining point A (which 
represents the midpoint between the medial 
aspect of the talonavicular joint and medial 
aspect of the first tarsometatarsal joint) to point 
B (which represents the midpoint between the 
lateral aspect of the calcaneocuboid joint and 

LARF

CAA

Cuboid Abduction Angle

Fig. 16.20 Weight-bearing anterior–posterior view of the 
foot, depicting the cuboid abduction angle (CAA). 
LARF = longitudinal axis of the rearfoot

LARFLALT

A

B

LTA

Lesser Tarsus Angle

Fig. 16.21 Weight-bearing anterior–posterior view of the 
foot, depicting the longitudinal axis of the lesser tarsus 
(LALT) and the lesser tarsus angle (LTA). LARF = longi-
tudinal axis of the rearfoot
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the lateral aspect of the fifth tarsometatarsal 
joint).

The lesser tarsus angle (LTA) is the angle 
subten ded between the LALT and the LARF 
(Fig. 16.21).

The talonavicular angle (TNA) is the angle 
subtended between the CTA and the lesser tarsus 
line AB (Fig. 16.22).

In addition on the AP weight-bearing view the 
talonavicular coverage angle is calculated 
between the lines drawn connecting the respec-
tive articular corners of the talus and navicular. 
Normal values range from 1.8 to 19.3° in males 

and 6.7 to 21.7° in females. The degree of talar 
coverage by the navicular varies with deformity. 
In pes planus there is a lateral peritalar navicular 
subluxation, with a medial peritalar navicular 
subluxation in pes cavus. This is covered in 
greater detail in a separate section.

The longitudinal axis of the metatarsus 
(LAM) is the line that bisects the neck and proxi-
mal diaphysis of the second metatarsal.

The forefoot adductus angle (FAA) is the 
angle subtended between the LAM and the LARF 
with a normal range of 4–12° (Fig. 16.23).

CTA

TNA

A

B

Talonavicular Angle

Fig. 16.22 Weight-bearing anterior–posterior view of the 
foot, depicting the talonavicular angle (TNA). CTA = col-
lum tali axis

LARF

FAA

LAM

Forefoot Adductus Angle

Fig. 16.23 Weight-bearing anterior–posterior view of the 
foot, depicting the forefoot adductus angle (FAA) and the 
longitudinal axis of the metatarsus (LAM). LARF = lon-
gitudinal axis of the rearfoot
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The metatarsus adductus angle (MAA) is the 
angle subtended between the LAM and the 
LALT and is normally < 20° with a mean of 
12.57 +/−0.22° (SD 5.18°) (Fig.  16.24). It 
defines the angle between the five metatarsals 
and the lesser tarsus. The traditional Root 
method is time consuming as one has to bisect 
the lesser tarsus which features unreliable points 
of measurement. Laterally the halfway point 
between the calacaneocuboid- cuboid fifth joints 
is determined. Medially the halfway point 
between the talonavicular-medial cuneiform 
first metatarsal joints is then determined. A line 
joining the two points is then drawn transecting 
the lesser tarsus. The perpendicular to this line 
is the lesser tarsus longitudinal axis and its sub-
tended angle with the longitudinal axis of the 

second metatarsal is the metatarsus adductus 
angle. It has a normal range of 10–20° and a 
value >21° is abnormal indicating metatarsus 
adductus. In the simplified Engel et  al. (1983) 
method this angle is created by the bisector of 
the middle cuneiform and its intersection with 
the second metatarsal axis. Using this method 
the angle is normally  <  24° with a mean of 
17.91 +/− 0.22° (SD 5.20°).

An assessment of the lengths of the meta-
tarsals is valuable especially in deciding man-
agement of hallux valgus. The metatarsal 
index assessed on the weight-bearing AP 
radiograph defines the relationship of the first 
metatarsal to the other metatarsals (Fig. 16.25). 
An arc is first drawn joining the second to the 
fifth metatarsal heads, and then the position of 

Metatarsus Adductus Angle-
Root Method

Metatarsus Adductus Angle-
Engel Method

A C

B

A C

B

a bFig. 16.24 Weight-bearing 
anterior–posterior view of the foot, 
depicting the metatarsus adductus 
angle (MAA), measured by means 
of the Root method (24a) and the 
Engel method (24b)
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the head of the first metatarsal head relative to 
the arc is determined. If the arc passes through 
the first metatarsal head this is deemed a neu-
tral index, if it passes proximal to the first 
metatarsal head it is regarded as a plus index, 
and if it passes distal to the head a minus 
index. A minus index indicates a short first 
metatarsal which predisposes to hallux valgus, 
and a first metatarsal osteotomy is clearly con-
traindicated as a surgical therapeutic option. A 
simple geometric method devised by Hardy 
and Clapham is used in the relative assess-
ment. Firstly a talar head centrepoint is deter-

mined on the AP radiograph by the intersection 
of the longitudinal axis of the second metatar-
sal and a line joining the proximal tip of the 
navicular medially to the calcaneocuboid joint 
laterally. Using this centrepoint two arcs are 
drawn through contours of the first and second 
metatarsal heads respectively, and the relative 
distance between the arcs is used to determine 
a plus or minus index using a 2 mm gap as the 
maximum allowable distance in each direction 
(Fig. 16.25).

The angle subtended by the longitudinal axes 
of the first and second metatarsals is called the 
first–second intermetatarsal angle (IMA) which 
is normally < 10° and >10° in metatarsus pri-
mus varus. This is important in surgical planning 
for hallux valgus deformity as it is increased as 
part of the deformity. As a rule abnormal IMA to 
15° require a distal osteotomy while an IMA >15° 
requires a proximal osteotomy for correction.

On the AP weight-bearing radiograph other 
big toe measurements are calculated in surgical 
planning for hallux valgus surgery (Fig. 16.26).

The hallux valgus angle (HVA) is the angle 
between the longitudinal axis of the first metatar-
sal and first proximal phalanx and is nor-
mally  <  15–18°; the hallux interphalangeal 
angle (HIA) is the angle between the longitudinal 
axes of the first proximal and distal phalanges 
and is normally < 10°; and the 1–2 intermetatar-
sal (IMA) angle is normally < 10° (Fig. 16.26).

The proximal and distal articular set angles 
(PASA and DASA) are also determined. PASA 
(normal < 10°) is the angle between the perpen-
dicular to the articular surface of the first metatar-
sal head and the longitudinal axis of the first 
metatarsal, while DASA (normal 0–6°) is the 
angle between the perpendicular to the articular 
surface of the first proximal phalanx and its lon-
gitudinal axis (Fig. 16.27).

When a distal medial closing –wedge oste-
otomy is planned for hallux valgus correction, 
the distal metatarsal articular angle (DMAA) 
needs to be measured. This is a measure of 
the lateral slope of the articular surface of 
the first metatarsal head to its long axis and 
is normally  <  10°. There is however a poor 

A X

B

Metatarsal Index

Fig. 16.25 Weight-bearing anterior–posterior view of the 
foot, depicting the metatarsal index
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inter-observer reliability. If the DMAA is 
increased, the congruity of the first MTP joint 
needs to be assessed. This is because some hal-
lux valgus cases with increased DMAA have 
congruent joints. The joint is declared congruent 
if lines drawn connecting the articular corners 
of the first proximal phalanx and the first meta-
tarsal respectively are parallel. The majority of 
cases of hallux valgus have associated incon-
gruent joints due to subluxation which requires 
articular surgical correction. If the angle at the 
incongruent first MTP joint is <20° it is deemed 
deviated, and if >20° it is designated as sub-
luxed (Fig. 16.28). Congruency maintenance or 
restoration should be incorporated in the surgi-
cal management of hallux valgus.

 The Weight-Bearing Axis: Critical 
Overview

In the transverse plane the ankle axis is directed 
laterally, while in the coronal plane it is directed 
laterally and inferiorly. In the coronal plane the 
ankle axis at the tibial plafond lies at a mean of 
93° to the vertical axis of the leg with a range of 
88–100° SD +/− 2.7°.

On the AP view of the ankle the lateral distal 
tibial angle (LDTA) averages 89° between the 
middiaphyseal tibial axis and the talar dome. The 

HVA

Fig. 16.26 Weight-bearing anterior–posterior view of the 
foot, depicting measurements required for evaluation of 
hallux valgus (HVA—hallux valgus angle, as well as the 
hallux interphalangeal angle - HIA, and the 1-2 intermeta-
tarsal angle - IMA)

DASA

PASA

Fig. 16.27 Anterior–posterior view of the first metatar-
sal, depicting the proximal and distal articular set angles 
(PASA and DASA)
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midtibial axis lies normally slightly medial to the 
centre of the talus. On the weight-bearing lateral 
ankle view the midaxis of the tibia normally passes 
through the lateral talar process, and the anterior-
to-posterior distal tibial (sADTA) angle is 80°. The 
inclined subtalar axis passes from medial to lateral 
by about 23° in the transverse plane (range 4–47°), 
while from the horizontal plane it lies at an angle 
of about 42° (range 21–69°).

Hindfoot alignment is defined as the angular 
deviation in the frontal plane between the ana-
tomical axis of the tibia and the longitudinal axis 
of the calcaneum (Fig.  16.29). Hindfoot align-
ment is best assessed radiographically, but care 
needs to be given to the optimal imaging method 
employed with strict attention to technique to 
minimize the risk of measurement errors. The 
original views proposed by Cobey were refined 
and replaced by the hindfoot alignment view and 
the long axial view radiographs. Technical factors 
are very important in their respective acquisition. 
The hindfoot alignment view requires the patient 
to stand on an elevated Plexiglas platform which 
has an inbuilt cassette holder in front of the feet 

lying 20° to the vertical. The tube is placed poste-
riorly, centred on the ankle joint and angled 20° 
caudally to the horizontal perpendicular to the 
cassette. As foot rotation alters the measurement 
of the hindfoot alignment angle (HAA), it is 
important to always ensure that the long axis of 
the second metatarsal is perpendicular to the cas-
sette when acquiring the Cobey view, and that the 
medial foot contour is parallel on the hindfoot 
and long axial views. On the hindfoot alignment 
view the midpoint of the calcaneal tuberosity 
normally lies slightly lateral to the midtibial axis 
producing a normal HAA of 0–5° valgus. 
Hindfoot valgus angles >10° are pathological and 
any degree of varus is abnormal. In the long axial 
view the patient stands on the film cassette and 
the posteriorly located tube is angled by 45° to 
the floor from the horizontal. The feet are placed 
80 mm apart with the medial borders parallel to 

Fig. 16.28 Anterior–posterior view of the first metatar-
sal, depicting the distal metatarsal articular angle, which 
is normal at 0° (left image) and deviated or even subluxed 
when >0° (right image)

Floor contact

Lat Med

Fig. 16.29 Hindfoot alignement. Lat  =  lateral, 
med = medial
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each other by internal rotation so that the beam is 
parallel to the medial foot border.

In carrying out the hindfoot angular mea-
surement there is universal agreement on how 
to define the midtibial axis, but varying meth-
ods have evolved in defining the longitudinal 
calcaneal axis. The midtibial longitudinal axis 
is defined by bisecting the tibia in the coronal 
plane 10 and 15  cm above the medial plafond. 
There is general agreement that a minimum dis-
tance between the two tibial points of 3  cm is 
required to maximize measurement reliability. 
To avoid the broad distal tibial metaphysis both 
points need to be at least 4 cm proximal to the 
ankle joint pace. Using Cobey’s views Saltzman 
and El Khoury (1995) evaluated the alignment by 
measuring the horizontal distance between the 
tibial axis and the weight-bearing contact point 
of the calcaneum (Fig.  16.29). They reported 
that the weight-bearing midtibial axis fell within 
8 mm from the lowest calcaneal point in 80% of 
asymptomatic adult subjects and within 15 mm 
in 95% with an inter-observer correlation coef-
ficient of 0.97. The values were deemed positive 
if the tibial axis fell medial, and deemed nega-
tive if it fell lateral to the inferior calcaneal point. 
With the medial border of the feet aligned par-
allel to the X-ray beam the mean was −3.2 mm 
(SD = 7.2 mm).

These authors did not apply angular hindfoot 
measurement because of problems they encoun-
tered in measuring the calcaneal axis in pilot 
studies. Indeed the calcaneal axis on the hindfoot 
alignment view has never been defined (Buck 
et al. 2011). There is general agreement that two 
points are defined for this purpose. One is the 
midpoint between the lateral edge of the calca-
neum at the level of the subtalar joint and the cor-
ner at the inferior aspect of the sustentaclum tali, 
and the other is the midpoint between the medial 
and lateral contours of the posterior calcaneal 
process. Defining the calcaneal axis can be chal-
lenging due to the inherent curved shape and 
variation of the calcaneum promoting unreliable 
measurements as shown by Saltzman et  al. 
(1994). The main sources of inter-observer varia-
tion were in the intrinsic steps of measurement 
encompassing the landmarks selection, the draw-

ing of lines and the reading of the goniometer 
values. Buck et al. (2011) recommend that mea-
surements on the hindfoot alignment view should 
not use the calcaneal axis as this is less reliable 
than the medial or lateral calcaneal contours. 
They indicated however that the calcaneal axis is 
reliable when used in measurements done on the 
long axial views. In addition there is a superior 
interreader reliability when the long axis view is 
used for measurements.

Normally the radiograph of an aligned hind-
foot shows that the mid-diaphyseal tibial axis is 
virtualy parallel to the mid-diaphyseal calcaneal 
axis at 0°. The calcaneal axis is normally located 
5–10 mm lateral to the tibial axis (Fig. 16.29). 
The long axial view has been found to be more 
reliable than the hindfoot alignment view 
(Reilingh et al. 2010) as indicated above. This 
could be related to the foreshortened view of the 
calcaneum on the hindfoot alignment view 
which is more prone to error as the distance 
between the points used in defining the calca-
neal axis is smaller than on the long axial view. 
The inter- observer variability of the hindfoot 
alignment measurements can be significant and 
rotational malpositioning is a cause of measure-
ment errors. 3-D measurements based on low-
dose biplanar radiographs using phantom 
studies have shown that they are more accurate 
and reliable than the standard radiographic mea-
surements (Sutter et  al. 2013). Besides the 
increased precision of measurement from the 
3-D biplanar radiographs, it is also the case that 
they are not dependent on the correct position-
ing of the foot which as indicated earlier is a 
significant potential cause of error.

Radiographs of the weight-bearing foot are 
used in the assessment of hindfoot varus and val-
gus deformities which include measurement indi-
ces from the lateral radiograph: calcaneal pitch 
angle, lateral talocalcaneal angle, tibiocalcaneal 
angle, lateral talus –first metatarsal angle, meta-
tarsal stacking angle, naviculo-cuboid overlap 
and medial-lateral column ratio, and from the AP 
radiograph: talonavicular coverage angle and 
anteroposterior talus-first metatarsal angle. 
Reliability and validity studies have shown that 
the naviculo-cuboid overlap, the anteroposterior 
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talus-first metatarsal angle and the talonavicular 
coverage angle are acceptable in discriminating 
varus and valgus deformities (Lee et al. 2010).

 Tendons, Ligaments and Nerves

The tendo-achilles is best assessed in the trans-
verse and sagittal planes. In the axial plane the 
tendoachilles shows a normal concave anterior 
margin. The normal retrocalcaneal bursa on 
MRI measures <6  mm craniocaudally, 3  mm 
mediolaterally and 2 mm anteroposteriorly. The 
transverse oblique plane in MRI of the ankle 
produces a true cross-sectional evaluation of the 
ankle tendons.

The posterior tibialis tendon (PTT) is the 
commonest ruptured tendon in the hindfoot 
and often overlooked. Abnormal tendon size 
can be the only indicator of tendon dysfunction 
and the size of the PTT in axial MR images 
relative to the other tendons (FHL, FDL, AT 
and PT) at the level of the ankle is very useful. 
The PTT should be slightly smaller than the 
ATT and also slightly smaller than the summa-
tion of the PB and PL tendon measurements. It 
should normally be twice the size of either of 
the two adjacent tendons (FHL, FDL). Balen 
and Helms (2001) showed that abnormalities 
of the spring ligament are commonly associ-
ated with PTT injury in 92% of cases. PTT 
injury is also associated with plantar fasciitis 
on MRI.

The medial and lateral collateral ankle liga-
ments are well depicted by MRI and sonography. 
MRI allows differentiation of all the three com-
ponents of the spring ligament complex. The 
superomedial CNL and the inferoplanter longitu-
dinal CNL components are consistently visual-
ized while the medioplanter oblique CNL 
component is thinner, less clearly and consis-
tently seen with its characteristic striated fea-
tures. As highlighted by Boonthathip et al. (2010) 
and earlier when covering the measurements of 
the syndesmotic ligaments, care needs to be given 
to the oblique anatomical planes that some of 
these ligaments normally lie to the imaging plane 
which will affect the accuracy of measurement.

The tarsal tunnel is a fibrosseous space 
obliquely orientated as its roof the flexor retinac-
ulum is connected obliquely between the medial 
malleolus and the medial calcaneal tubercle, 
which is referred to as the MMC axis. The 
 posterior tibial nerve passes in the upper portion 
of the tunnel lying posterior to the tibialis poste-
rior and flexor digitorum longus tendons and the 
posterior tibial vessels. The medial and inferior 
calcaneal nerves may arise proximal to, within or 
distal to the tarsal tunnel. Its bifurcation into the 
medial and lateral plantar nerves occurs in the 
tunnel in 88% of cases, proximally in 12% and 
rarely distally. Bilge et  al.’s (2003) anatomical 
study measured the diameter of the posterior 
 tibial nerve just before bifurcation as well as the 
diameters of the plantar nerves just after 
bifurcation:

Bifurcation of the nerve occurs proximally at 
a higher level than that of the posterior tibial 
artery. The tibial nerve at its bifurcation com-

monly shows a distinct flattening appearing 
grooved as it lodges the artery.

Tibial nerve (mm) LPN (mm) MPN (mm)
Rt Lt Rt Lt Rt Lt
5.8 ± 0.8 6.03 ± 0.91 3.08 ± 0.6 3.01 ± 0.9 3.63 ± 0.7 3.64 ± 0.85
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16.2  Achilles Tendon Thickness: US

 Definition

Achilles tendon anteroposterior thickness.

 Indications

Measuring tendo-achilles thickness can mainly 
be helpful in diagnosing familial hypercholester-
olaemia and Achilles tendon rupture.

 Technique

Achilles tendon sonography.

 Full Description of Technique

The patient lies prone with the feet dangling over 
the edge of the examination couch. The foot 
should be held at a 90° angle, to optimize the sur-
face contact for imaging (Fig. 16.30).

The range of the transducer frequency varies 
from 5 to 12 MHz, although 7.5 MHz is mostly 
preferred. Thickness is measured at the level of 
the medial malleolus, mainly because it is an 

obvious landmark. With the protocol mentioned 
above, the normal anterior–posterior thickness of 
the tendo-achilles should be within a small range, 
with variation between the different ethnicities 
(see below).

Authors Population
Average 
thickness

Koivunen-Niemelä 
and Parkkola (1995)

Finnish 6.5 mm  
(± 0.8 SD)

Ying et al. (2003) Chinese 5.23 mm  
(± 0.45 SD)

Mathieson et al. (1988) North 
American

6.2 mm

Yuzawa et al. (1989) Japanese 
women:

4.2 mm  
(± 0.5 SD)

Men: 4.7 mm  
(± 0.4 SD)

Liem et al. (1992) Dutch 6.2 mm  
(± 1.2 SD)

 Reproducibility/Variation

Inter-observer variability is very low when 
observing a protocol and measuring at the same 
level. Influencing factors considering the 
Achilles tendon thickness are height, ethnicity, 
gender and age. The difference between men 
and women becomes significant in older age, 

RT

LT

Fig. 16.30 Achilles tendon sonography, depicting a normal (RT) and thickened (LT) achilles tendon, visualized in two 
orientations
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when mostly men’s tendons are thicker. In the 
30–80 normal age group Koivunen-Niemela 
(1995) found an average thickness of 6.7 +/− 
0.8 mm in women and 7.1 +/− 1.2 mm in men. 
There is no significant difference between dom-
inant and non-dominant ankles. In Ying et al.’s 
(2003) study the mean thickness of the achilles 
tendon varied between the frequent exercise 
group from the nonfrequent exercise group, 
measuring 5.43 (dominant) and 5.38 (nondomi-
nant) respectively in the exercise group, com-
pared with 5.08 (dominant) and 5.04 
(nondominant) in the nonexercise group.

 Clinical Relevance/Implications

The measurement of achilles tendon thickness is 
useful for detecting and monitoring cholesterol 
accumulation (xanthomas) in familial hypercho-
lesterolaemia. At the same time progressive 
thickness indicates beta-2-microglobulin accu-
mulation in hemodialysis-related amyloidosis. 

The thickness is also positively correlated to 
achilles tendon rupture.

 Analysis/Validation of Reference Data

Allowing for ethnic, age and gender differences 
the findings are consistent and reproducible 
(Mathieson et al. 1988; Liem et al. 1992; Yuzawa 
et al. 1989).

 Conclusion

Sonographic measurement of the achilles tendon 
thickness is useful to indicate familial hypercho-
lesterolaemia, beta-2-microglobulin accumula-
tion in hemodialysis-related amyloidosis and 
tendon rupture. When following a protocol, inter- 
observer variability is very low. Height, gender 
and age are factors to take into consideration 
because of the possible influence on the 
thickness.
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16.3  Achilles Tendon 
Thickness: MRI

 Definition

Achilles tendon anteroposterior thickness.

 Indications

MRI of the achilles tendon provides a clear view 
of pathologic processes such as degeneration, 
ruptures and inflammations. MRI should be per-
formed in addition to US mainly when US is not 
sufficient and more microscopic abnormalities 
have to be detected. With MRI it is also possible 
to evaluate the size of these lesions.

 Technique

Achilles tendon T1 MRI sequences (Fig. 16.31).

 Full Description of Technique

In order to measure anteroposterior achilles ten-
don thickness, both T1 sagittal and axial images 
should be obtained. Tendon thickness is mea-
sured at the thickest level below the soleus inser-
tion. The normal average thickness of the achilles 
tendon is 6 mm.

 Reproducibility/Variation

Height, male gender and age are positively 
related to the tendon thickness.

 Clinical Relevance/Implications

MRI is performed when US remains unclear. 
Besides the ability to make a measurement with no 
statistically significant difference to US, MRI also 
enables the observer to define tendon degeneration 
and other intratendinous abnormalities, with tears 
at microscopic level, which may eventually lead to 
macroscopic tendon disorders (Neuhold et  al. 
1992; Schweitzer and Karasick, 2000).

 Analysis/Validation of Reference Data

Although data not extensive there is overall good 
reproducibility (Haims et  al. 2000; Koivumen-
Niemela 1995).

 Conclusion

Measuring the achilles tendon thickness with 
MRI is useful when the images obtained with US 
are unclear. MRI also allows the possibility to 
define microscopic intratendinous abnormalities, 
to predict or prevent tendinous degeneration and 
development of macroscopic lesions.

Fig. 16.31 Axial T1-weighted MR image of the foot/
ankle, which clearly visualized the achilles tendon

 G. M. M. J. Kerkhoffs et al.



655

16.4  Anterior Talar Drawer

 Definition

This is a measure of anteroposterior ankle lax-
ity. Anterior talar drawer (mm) is measured as 
the shortest distance between the posterior lip 
of the distal tibial joint surface and the talar 
dome on a lateral ankle radiograph with the 
radiographic beam centred on the medial 
malleolus.

 Indications

Indication for and evaluation of operative treat-
ment for chronic lateral ankle laxity.

 Technique

Stress Radiography (Kerkhoffs et  al. 2002; 
Kerkhoffs 2007).

 Full Description of Technique

Radiographs are taken in a standardized man-
ner in a radiographic suite with standard equip-
ment (Telos, Marburg, Germany) by 1 or 2 
orthopaedic radiology technologists. Anterior 
talar drawer radiographs (Fig. 16.32) are taken 
with the patient lying on the respective lateral 
side with a flexed knee (30°). The fibular aspect 
of the foot is placed over a radiographic film, 
and the heel is fixed in the foot plate of the 
stress-testing device, allowing about 15° of 
ankle plantar flexion. Another pad of the appa-
ratus supports the dorsal aspect of the middle 
lower leg. A posteriorly directed translating 
force of 15 kp is applied by a third pad, situated 
anteriorly above the inferior articular surface of 
the tibia.
Abnormal anterior translation: 5–10 mm 
or > 3 mm than contralateral side.

The mediolateral central beam is focused to 
the tuberosity of the medial malleolus.

 Reproducibility/Variation

Based on the findings from this study, it can be 
concluded that measurement of the distance 
between the posterior lip of the distal tibia and 
the talar dome is the method of choice to char-
acterize the position of the talus relative to the 
tibia in stress radiography. In order to stan-
dardize the radiographic evaluation of ankle 
injuries, this method should be the one 
employed to measure anterior talar translation. 
The ICC for intratester reliability is 0.95 for 
the anterior talar drawer test. The intertester 
anterior talar drawer ICC ranged from 0.73 to 
0.87 (Beynnon et al. 2005).

 Clinical Relevance/Implications

Stress radiography to measure anterior talar 
translation is an important research tool to evalu-
ate the integrity of the ankle ligaments in studies 
of chronic ankle instability.

Fig. 16.32 Anterior drawer lateral radiograph
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 Analysis/Validation of Reference Data

Limited published data (Lohrer et al. 2008).

 Conclusion

In conclusion, the results indicate that stress 
radiographs of the ankle joint can reliably be 

read if the proposed measurement techniques 
are applied. Further studies addressing the con-
sistency and accuracy of different films that are 
repeatedly taken on the same subjects are 
needed to improve clinical relevance. Then, 
generally accepted normal values for the respec-
tive measures need to be established. Only mea-
surement techniques with proven reliability 
should be used (Chandnani et al. 1994).

 G. M. M. J. Kerkhoffs et al.
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16.5  Boehler’s Angle

 Definition

The angle of the “tuber joint” as described ini-
tially by Boehler in 1931. This angle is formed 
by the intersection of a line drawn from the 
most cephalic point of the tuberosity to the 
highest point of the posterior facet, with a line 
from the highest point of posterior facet to 
the most cephalic part of anterior process of 
calcaneus.

 Indications

Assessment of calcaneal fractures.

 Technique

Ankle radiograph—standard lateral view 
(Fig. 16.16).

 Full Description of Technique

Boehler’s angle is drawn on a lateral radiograph 
of the ankle. The angle is composed of the inter-
section between:

 1. Line between the peak of the anterior process 
to the peak of the posterior articular surface of 
the subtalar joint.

 2. Line between the peak of the posterior articu-
lar surface of the subtalar joint to the peak of 
the tuberosity.

Max Min Mean Median SD
Male 47.3° 21.1° 32.5° 33.0° 4.7
Female 45.3° 21.2° 32.0° 32.0° 5.3

There is no difference between the right and 
left foot (Thomas et al. 2006).

 Reproducibility/Variation

Knight et  al. (2006) showed that the interrater 
reliability of Boehler’s angle is high with a low 
inter-observer variation.

 Clinical Relevance/Implications

Boehler’s angle can be used in assessing the pres-
ence of calcaneal fractures (Chen et al. 1991). A 
measurement <20° usually indicates a compres-
sion fracture of the superior aspect of the calca-
neum/posterior facet of subtalar articulation. Its 
main use is in orthopaedic surgery where it is used 
to reconstruct the normal anatomy of the calca-
neus after a fracture (Boehler 1931).

 Analysis/Validation of Reference Data

Consistent reproduction of normal range in vari-
ous studies.

 Conclusion

A useful and reliable tool in the diagnosis and 
management of calcaneal fractures.

16 The Adult Ankle and Foot



658

16.6  Calcaneal Pitch Angle

 Definition

This is the angle between a line drawn from the 
plantar surface of the calcaneus to the inferior 
border of the calcaneo-cuboid interface, and a 
line from the plantar surface of the calcaneus to 
the inferior surface of the 5th metatarsal head.

Normal 10–20°
Decreased pitch < 10° (pes planus)
Increased pitch >20° (pes cavus)

 Indications

Evaluation of flatfoot or cavus foot.

 Technique

Lateral view of the foot (Fig. 16.15).

 Full Description of Technique

Patient is supine. Turn patient toward affected 
side until the leg and foot are lateral. The lower 
leg should be parallel to the table. Keep the other 
leg behind to prevent over rotation. Ask the 
patient to dorsiflex their foot, if possible, so that 
the plantar surface is at 90° to the lower leg (This 
will best show the anterior pretalar fat pad). 

Plantar surface of foot should be perpendicular to 
IR. Place the IR under the foot so that the midline 
is parallel with the long axis of the foot. Centre to 
the base of the metatarsals.

 Reproducibility/Variation

Reliability of measurement of the CPA is high, 
with a reported inter-observer and intra-observer 
reliability of over 0.9 (1).

 Clinical Relevance/Implications

The calcaneal pitch angle is an important mea-
surement in deciding whether a patient has a flat 
foot or cavus foot. It can be used in assessment for 
orthotic devices and in preoperative planning for 
flatfoot or cavus foot surgery (Sensiba et al. 2010).

 Analysis/Validation of Reference Data

Limited but suggest that measurement enjoys 
good reliability (Younger et al. 2005).

 Conclusion

The calcaneal pitch angle is an important mea-
surement, with high inter-observer and intra- 
observer reliability, in deciding whether a 
patient has a flat foot or cavus foot. It can be 
used in the assessment for orthotic devices and 
in preoperative planning for flatfoot or cavus 
foot surgery.

 G. M. M. J. Kerkhoffs et al.
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16.7  Distal Metatarsal Articular 
Angle (DMAA)

 Definition

A line is drawn connecting two points placed at 
the most medial and most lateral extent of the 1st 
metatarsal head articular surface. A second line 
perpendicular to the long axis of the metatarsal is 
then drawn and this intersects the first at the 
DMAA with its apex lateral.
Normal angle < 10 ° (Average 7 °).

 Indications

In preoperative planning of hallux valgus correc-
tion surgery, the DMAA is helpful in assessing 
the need for osteotomy if there is excessive val-
gus tilt of the articular surface.

 Technique

DP view of the foot, weight-bearing (Fig. 16.28).

 Full Description of Technique

Patient is weight-bearing in a supine position. 
Flex the knee of the affected leg. Place IR under 
foot parallel to its long axis. Place plantar surface 
of the foot flat to IR.  Centre to the base of 3rd 
metatarsal. No rotation is evidenced by the joint 
between the medial and intermediate cuneiform is 
open (this is closed when the foot is rotated). First 
metatarsal shaft has equal concavity on both sides. 
Nearly equal spacing between 2nd to 5th metatar-

sals should be seen. There should be overlap of 
2nd to 5th metatarsal bases. In the DP axial pro-
jection, the tarso-metatarsal and navicular- 
cuneiform joint spaces will be an open area.

 Reproducibility/Variation

Reliability of measurement of the DMAA has 
been questioned by Coughlin  and Freund (2001).

 Clinical Relevance/Implications

The distal metatarsal articular angle is one of the 
important measurements needed to decide which 
surgical strategy should be applied to correct a 
hallux valgus deformity. In addition, it is a rele-
vant parameter in assessment of clinical and 
radiological results of hallux valgus surgery 
(Pique-Vidal et al. 2006; Thomas et al. 2006).

 Analysis/Validation of Reference Data

Limited studies (Deenik et  al. 2008; McCluney 
and Tinley 2006).

 Conclusion

The distal metatarsal articular angle is one of the 
important measurements needed to decide which 
surgical strategy should be applied to correct a hal-
lux valgus deformity. In addition, it is a relevant 
parameter in assessment of clinical and radiologi-
cal results of hallux valgus surgery. However, reli-
ability in measurement is questioned.
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16.8  Hallux Valgus Angle

 Definition

The angle between the line from the center of the 
metatarsal base to the center of the first metatar-
sal head and the line connecting the midpoints of 
the proximal and distal articular surfaces of the 
proximal phalanx is the hallux abduction angle. 
Normal value is less than 15–18 °. Depending on 
the angle, different surgical techniques should be 
used to correct the deformity (Deenik et al. 2008; 
Thomas et al. 2006).

Normal value <15°
Abnormal value >15°

 Indications

Preoperative planning of hallux valgus correction 
surgery.

 Technique

DP view of the foot, weight-bearing (Fig. 16.33).

 Full Description of Technique

Patient is weight-bearing in a supine position. 
Flex the knee of the affected leg. Place IR under 
foot parallel to its long axis. Place plantar sur-
face of the foot flat to IR, centre to the base of 
3rd metatarsal. There should be no rotation 
which is confirmed by seeing an open joint 
between the medial and intermediate cunei-

forms (this is closed when the foot is rotated). 
First metatarsal shaft has equal concavity on 
both sides. Nearly equal spacing between 2nd 
to 5th metatarsals. There should be overlap of 
2nd to 5th metatarsal bases. In the DP Axial 
projection, the tarso-metatarsal and navicular-
cuneiform joint spaces will be an open area.

 Reproducibility/Variation

Measurement of the hallux valgus angle or hallux 
abductus angle is very reliable, with interclass 
correlation coefficients of (nearly) 1.00 
(McCluney and Tinley 2006).

 Clinical Relevance/Implications

The hallux valgus angle is one of the important 
measurements needed to decide which surgical 
strategy should be applied to correct a hallux 
 valgus deformity. In addition, it is a relevant 
parameter in assessement of clinical and radio-
logical results of hallux valgus surgery.

 Analysis/Validation of Reference Data

The angle has been shown to be reproducible and 
reliable.

 Conclusion

Hallux valgus angle or hallux abductus angle is a 
reliable method for assessing, planning and eval-
uating hallux valgus pathology and surgery.

 G. M. M. J. Kerkhoffs et al.
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HIA

Hallux Interphalangeal
Angle

HVA

Hallux Valgus Angle

a bFig. 16.33 Weight-bearing 
anterior–posterior view of 
the foot, depicting the hallux 
valgus angle (HVA, a) and 
the hallux interphalangeal 
angle (HIA, b)
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16.9  Hindfoot Dimensions

 Definition

Hindfoot dimensions by conventional radiogra-
phy. A critical overview has already addressed the 
pros and cons of the different radiographic meth-
ods in both the AP and lateral planes. This section 
will focus on the hindfoot alignment view mea-
surements and the long axial view measurements.

 Indications

Reconstruction of complex hindfoot disorders 
need references for normal anatomical dimen-
sions on standard radiography in order to perform 
successful reconstruction.

 Technique

PA radiography.

 Full Description of Technique

Reilingh et al. (2010) compared the performance 
of two views. A hindfoot alignment view 
(Fig.  16.34) and a long axial view (Fig.  16.35) 
were acquired on 18 healthy volunteers in bilat-
eral and unilateral weight-bearing stances. For the 
hindfoot alignment view, a cassette-holding box 
with a Plexiglas surface was used. The inclination 
angle of the beam was 20° to the floor. To record 
the long axial view, the film cassette was lying flat 
on the floor. The inclination angle of the beam 
was 45° to the floor. Volunteers stood on the cas-
sette and were asked to hold their ankle in 10° of 
dorsal flexion, which was verified by a goniome-
ter. The beam setting for the radiation source was 
4 mAs and 50 kV, with a focus distance of 100 cm, 
with the beam pointed at the ankle joint.

Measurement method for the hindfoot 
alignment view. The mid-diaphyseal axis of 
the tibia is defined by bisecting the tibia into 

two mid- diaphyseal points (lines A and B) 
30  mm apart and extending the line distally 
(line E). The mid- diaphyseal axis of the calca-
neus is defined by a line through two points in 
the calcaneus. At a distance of 7 mm from the 
most distal part of the calcaneus, a horizontal 
line is drawn (line D). Line D is divided into a 
40%:60% ratio, where the length of the 40% 
line is measured from the lateral side. A sec-
ond line (line C) is drawn horizontally, 20 mm 
from the most distal part of the calcaneus. The 
calcaneus axis (line F) is drawn by connecting 
the 40% mark at line D and the bisected line 
C. The hindfoot angle (G) is the angle between 
lines E and F.

Measurement method for the long axial 
view (Fig. 16.36). The mid-diaphyseal axis of 
the tibia is defined by bisecting the tibia into 
two mid- diaphyseal points (lines A and B) 
30  mm apart and extending the line distally 

20°

Fig. 16.34 Hindfoot alignement view

45°

Fig. 16.35 Long axial view
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(line E). The mid- diaphyseal axis of the calca-
neus is defined by a line through two points in 
the calcaneus. At a distance of 7 mm from the 
most distal part of the calcaneus, a horizontal 
line is drawn (line D). Line D is divided into a 
40%:60% ratio, where the length of the 40% 
line is measured from the lateral side. A sec-
ond line (line C) is drawn horizontally, 30 mm 
from the most distal part of the calcaneus. The 
calcaneus axis (line F) is drawn by connecting 
the 40% mark at line D and the bisected line 
C. The hindfoot angle (G) is the angle between 
lines E and F.

 Reproducibility/Variation

The long axial view measurement values are 
reproducibly more reliable than those of the con-
ventional hindfoot alignment view.

 Clinical Relevance/Implications

It helps to identify physiological joint geometry 
if hindfoot pathology is suspected. Post-traumatic 
malalignment, reconstructive surgery, such as 
corrective osteotomy, ligament reconstruction 
and arthrodesis, can be planned according to the 
specified data. The ankle arthroplasty develop-
ment and placement can be guided by these 
measurements.

 Analysis/Validation of Reference Data

Nine orthopaedic surgeons measured each view. 
Measurements using the hindfoot alignment view 
gave respective intra- and interclass correlation 
coefficients of 0.72 and 0.58 for bilateral stance 
and 0.91 and 0.49 for unilateral weight-bearing 
stance. The long axial view showed respective 
intra- and inter-correlation coefficients of 0.93 
and 0.79 for bilateral stance and 0.91 and 0.58 for 
unilateral weight-bearing stance. For both meth-
ods, the intra-observer ICCs were good and fair 
for both bilateral stance and unilateral weight- 
bearing stance. The inter-observer ICC was only 
good in the long axial view for bilateral stance. 
Supportive data of the increased accuracy of the 
long axial view compared with the hindfoot view.

 Conclusion

The bilateral long axial view is more reliable than 
the hindfoot alignment view for measuring hind-
foot alignment.

30mm

30mm

7mm

A

B

C

EF

G

50% 50%

40% 60%D

Fig. 16.36 Measurement method for the long axial view, 
with G representing the hindfoot angle
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16.10  Intermetatarsal Angle

 Definition

The intermetatarsal angle is the angle created by 
the lines bisecting the first and second metatar-
sals, measured on a dorsoplantar weight-bearing 
radiograph of the foot.

 Indications

Determining the severity of hallux valgus defor-
mity, metatarsus primus varus and post-operative 
evaluating of the surgical procedure.

 Technique

DP weight-bearing radiographic view.

 Full Description of Technique

Patient is in supine, weight-bearing position. The 
radiograph is obtained in a dorsoplantar projection, 
centred to the middle of the third metatarsal. The 
axes are drawn as depicted in Fig. 16.37. Alternately 
to create the first intermetatarsal longitudinal axis, 
a line connecting the centres of the first metatarsal 
head and the proximal articular surface of the first 
metatarsal can be employed. The angle of the inter-
section of the longitudinal axes of the first and sec-
ond metatarsal is the intermetatarsal angle.

Normal value is <8–11°, with an average of 
9.0–9.2°.

Normal value <10°
Abnormal value >10°

 Reproducibility/Variation

When using the method as described above, 
inter-observer and intra-observer agreement was 
determined with a discrepancy of ≤2°, being the 

best of several other tested methods. This is based 
on Shima et al.’s (2009) findings.

 Clinical Relevance/Implications

Radiographic measurement of the intermetatarsal 
angle is one of the most important parameters for 
assessing hallux valgus deformity and the extent 
of surgical correction needed. In addition this 
angle is useful in radiographic evaluating of the 

IMA

1-2 Intermetatarsal Angle

Fig. 16.37 Weight-bearing anterior–posterior view of the 
foot, depicting the intermetatarsal angle (IMA)
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results of the surgical treatment (Castro-Aragon 
et al. 2009).

 Analysis/Validation of Reference Data

Limited data (Thomas et al. 2006).

 Conclusion

Measurement of the intermetatarsal angle is a 
useful method for determining severity of hallux 
valgus deformity, before and after surgery.
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16.11  Lateral Ankle Ligament 
Complex

 Definition

On the lateral aspect of the ankle there is a com-
plex of three ligaments (Muhle et al. 1999; Taser 
et al. 2006a). These three ligaments provide sta-
bility by attaching the lateral malleolus to the 
bones below the ankle joint (talus and calcaneus) 
(Fig. 16.38). They are the:

 – anterior talo-fibular ligament (from the talus 
to the fibula) which is a flat quadrilateral liga-
ment typically composed of two bands orien-
tated at an angle of 25° (range 5–45°) to the 
horizontal plane and at a mean angle of 47° 
(range 45–56°) to the sagittal plane.

 – calcaneo-fibular ligament (from the posterior 
surface of the lateral calcaneus to the fibula) 
makes a mean angle of 40° (range 30–58°) 
with the horizontal plane and a mean of 51° 
(range 32–60°) with the sagittal plane.

 – posterior talo-fibular ligament (from the pos-
terolateral talus to the fibula) orientated in the 
horizontal plane. The angle between the CFL 
and ATFL is around 132° (range 118–145°).

 Indications

Ankle sprains are common injuries frequently 
associated with injuries to major supporting liga-

ments. Lateral collateral ligaments are involved 
in 85% of ankle sprains with anterior talofibular 
ligament (ATFL) being the most frequently 
injured lateral ankle ligament. Knowledge of the 
anatomy of the major supportive ligaments, and 
their relationships to the osseous structures facili-
tates interpretation of the severity of ligamentous 
injury on conventional radiographs, and provides 
vital information for ligament reconstruction pro-
cedures. The length and width measurements of 
lateral ankle ligaments provide the estimation of 
ligament loss used during reconstruction proce-
dures, while the origin and insertion locations 
help in restoration of the exact anatomy.

 Technique

MRI.

 Full Description of Technique

Several diagnostic studies are available for detecting 
acute injury to ankle ligaments such as arthrography, 
arthroscopy, stress radiographs, sonography and 
MRI. MRI is more sensitive in detecting the ligament 
injury than radiographs as images of ligaments are 
rendered, but its reliability varies with the position of 
the ankle, associated bony injury and presence of 
blood. In such difficult cases the angular orientation 
of ankle ligaments are required to obtain the MRI in 
the optimal spatial plane of the ligament.

a b c

Fig. 16.38 Three axial MR images depicting the three lateral ankle ligaments (*): anterior talo-fibular ligament (a), 
calcaneo- fibular ligament (b) and posterior talo-fibular ligament (c)
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Muhle et al. (1998, 1999) described the opti-
mal MRI planes for visualizing lateral ankle liga-
ments. ATFL is best seen on axial images, PTFL 
on axial and coronal images and CFL in 40°–50° 
plantar flexion axial images because the CFL is 
incompletely seen in the axial plane. They com-
pared the lengths of ligaments measured on MRI 
images and direct anatomical measurements. 
They found discrepancies in the ligament length 
measurements between MRI images and direct 
anatomical measurements and recommended 
direct anatomical measurement as the best 
method for precise anatomy.

 Reproducibility/Variation

In an anatomical study on cadaver based mea-
surements Taser et al. (2006b) found mean values 
as follows:

ATFL 
length

22.37 mm 
+/−2.50

ATFL 
width

10.77 mm 
+/−1.56

CFL 
length

31.94 mm 
+/−3.68

CFL 
width

4.68 mm 
+/−1.34

PTFL 
length

21.66 mm 
+/−4.84

PTFL 
width

5.55 mm 
+/− 1.25

 Clinical Relevance/Implications

The length and width measurements of lateral 
ankle ligaments provide both knowledge of nor-

mal anatomy on MRI in order to detect disconti-
nuity and oedema in the acute ligament ruptures, 
and estimation of ligament loss during 
 reconstruction procedures and origin and inser-
tion locations help in restoration of the exact 
anatomy.

 Analysis/Validation of Reference Data

Limited data currently suggests that MRI has 
inherent difficulties in accurately measuring liga-
ment dimensions compared with direct anatomi-
cal values taken at surgery.

 Conclusion

The precise anatomical knowledge of the topo-
graphical anatomy of the ligaments is important 
for surgeons performing reconstructive surger-
ies. For “defining” the anatomical location of 
normal ligaments the knowledge of variations in 
anatomy is essential. A larger number of speci-
mens may increase the incidence of variations in 
anatomy of ligaments. Secondly, correlation of 
cadaver anatomy with MRI anatomy of ankle 
ligaments could provide more information for 
the practicing surgeons. Further studies with 
larger sample size are required to define the nor-
mal anatomy of the vital lateral ankle 
ligaments.
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16.12  Medial Collateral Ligament 
Complex

 Definition

The medial collateral ligament (MCL) of the 
ankle, also known as the deltoid ligament, is 
composed of a deep and superficial layer. The 
MCL complex is a stabilizer against valgus 
forces, anterior and lateral talar excursion, and 
rotatory forces (Campbell et al. 2014).

 Indications

These measurements can serve as a reference in 
cases of suspected ligamentous lesions. Data will 
also act as a guide to placement of repairs and 
deltoid ligament reconstruction.

 Technique

MRI.

 Full Description of Technique

The MCL arises from the medial malleolus and 
inserts in the talus, calcaneus and navicular 
bones. The MCL is composed of two anatomical 
layers, the deep layer which consists of anterior 
and posterior Tibiotalar Ligaments (TTLs) and 
the broad superficial layer consisting of the 
Tibionavicular Ligament (TNL), Tibiospring 
Ligament (TSL) and the Tibiocalcaneal Ligament 
(TCL) (Fig. 16.39). The layers are separated by a 
thin layer of fat. The deep ligaments have talar 
attachments and cross one joint, and the superfi-
cial ligaments cross two joints and have variable 
osseous attachments. Cadaveric studies have 
shown that the TNL, TSL and deep posterior 
TTLs are constant components and the deep pos-
terior TTL is the largest band of the deltoid liga-
ment. More recently Campbell et al. (2014) have 
also provided detailed cadaveric qualitative and 
quantitative data of each ligamentous band of the 
deltoid ligament comprising ligament band 

length, footprint area of origin and insertion, as 
well as spatial orientation. In both MR imaging 
planes the differentiation of the deep from the 
superficial components is possible. The two deep 
layer TTLs are completely visualized on coronal 
images although the ATTL can be thin or absent.

Deep layer (Figs. 16.40 and 16.41):

SPTTL

TCL

TNL
TSL

smCNL

mpoCNL

iplCNL

Fig. 16.39 Medial aspect of the ankle, depicting the 
medial collateral ligament complex, consisting of several 
individual ligaments. iplCNL =  inferioplantar longitudi-
nal calcaneonavicular ligament, mpoCNL = medioplantar 
oblique calcaneonavicular ligament, smCNL = superome-
dial calcaneonavicular ligament, SPTTL  =  superficial 
posterior tibiotalar ligament, TCL  =  tibiocalcaneal liga-
ment, TNL = tibionavicular ligament, TSL = tibiospring 
ligament

DPTTL
DATTL

Fig. 16.40 Medial aspect of the ankle, depicting the deep 
anterior tibiotalar ligament (DATTL) and the deep poste-
rior tibiotalar ligament (DPTTL)
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 1. Anterior TTL: originates from the anterior col-
liculus and the anterior part of the intercollicular 
groove of the medial malleolus and inserts on 
the medial surface of the talus just distal to the 
anterior part of the medial talar articular surface

 2. Posterior TTL: originates from the upper segment 
of the posterior surface of the anterior colliculus, 
from the intercollicular groove, and of the anterior 
surface of the posterior colliculus of the medial 
malleolus. It inserts onto the medial surface of the 
talus under the tail of the articular facet.

Superficial layer (Fig. 16.42):

 1. TNL: originates from the anterior border of 
the anterior colliculus of the medial malleolus 
and inserts onto the dorsomedial aspect of the 
navicular bone. This is best imaged in the 
axial and coronal planes.

 2. TSL: originates from the anterior segment of 
the anterior colliculus of the medial malleo-
lus. It inserts on the superior border of the 
superomedial part of the spring ligament com-
plex. This is best imaged in the coronal plane.

 3. TCL: originates from the medial aspect of the 
anterior colliculus of the medial malleolus and 
inserts on the medial border of the sustentacu-
lum tali. This is best imaged in the coronal 
plane.

 4. Superficial posterior tibiotalar ligament

Measurement parameters selected from 
Mengiardi et  al.’s 2007 data are presented 
below.

Deep layer
Anterior TTL Posterior TTL

All 1.5 (1–4) mm 8.2 (6–11) mm
Female 1.4 (1–2) mm 7.9 (6–10) mm
Male 1.7 (1–4) mm 8.6 (6–11) mm
P-value 0.31 0.014

Superficial layer
TNL TSL TCL

All 1.6 (1–2) mm 2.0 (1–4) mm 1.2 (1–3) mm
Female 1.4 (1–2) mm 1.8 (1–3) mm 1.1 (1–2) mm
Male 1.9 (1–2) mm 2.2 (1–4) mm 1.3 (1–3) mm
P-value 0.001 0.003 0.46

 Reproducibility/Variation

Unknown.

 Clinical Relevance/Implications

Injuries of the MCL complex are clinically rele-
vant as they may, if not treated properly, lead to 
chronic pain and instability.

Fig. 16.41 Coronal MR images of the ankle, depicting the deep layers of the tibiotalar ligament (TTL)
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 Analysis/Validation of Reference  
Data

Normal values were assessed in 56 healthy vol-
unteers (29 female and 27 male; mean age 
40.7  years (range, 23–60  years)) (Milner and 
Soames 1998a; Milner and Soames 1998b).

 Conclusion

There are currently limited surgical options in 
reconstructive surgery, but the MCL ligamentous 
measurements, footprint data and spatial orienta-
tions would need to be taken into consideration 
for future development of therapeutic options.

TCL

TNL

TSL

Fig. 16.42 Coronal views of the ankle, depicting the superficial layers of the tibiocalcaneal ligament (TCL), tibiona-
vicular ligament (TNL) and the tibiospring ligament (TSL)
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16.13  Plantar Aponeurosis (Fascia)

 Definition

Plantar fascia (central portion) at origin from 
medial calcaneus by direct measurement using 
US or MRI.

 Indications

Plantar fasciitis, heel pain.

 Technique

US (Fig. 16.43).
MRI.

 Full Description of Technique

Uzel et al. (2006) employed a 5–10 MHz linear 
array transducer. Sites of measurement were at 
the proximal insertion of fascia to medial calca-
neal tubercle (Plantar fascia proximal (PFp) and 
5 mm distal to this point (PFd).

Three groups were identified:

 1. without Athletic Activity (n = 50),
 2. minor activity (n = 30) and
 3. >6 h of athletic activity (n = 30).

Statistics used: paired T Test.
Normal Measurements:

A

PFp = 3.5 +/− 0.5 mm (range 2.6–4.8 mm) in 
group 1
3.6+/− 0.6 mm (range 2.7–6.3 mm) in group 2
3.8 +/− 10.5 mm (range 3.1–5.1 mm) in group 3

B PFd = 3.0 +/− 0.5 mm (range 2.3–4.4 mm) in 
group 1
3.0 +/− 0.5 mm (range 2.2–4.2 mm) in group 2
3.3 +/− 0.5 mm (range 2.5–4.9 mm) in group 3

Pascual Huerta and Alarcon Garcia (2007) 
used a 10  MHz linear array transducer. Mea-
surements were obtained at four sites:

 (a) 1 cm proximal to insertion in calcaneus,
 (b) at insertion,
 (c) 1 cm distal,
 (d) 2 cm distal to insertion.

96 feet were included in study.
Normal Measurements:

 (a) 1.99 +/− 0.65 mm (range 0.9–3.7 mm)
 (b) 3.33 +/− 0.69 mm (range 1.9–5.0 mm)
 (c) 2.7 +/− 0.69 mm (range 1.3–4.9 mm)
 (d) 2.64 +/− 0.69 mm (range 1.2–4.5 mm)

No differences between (c) and (d). These 
sites are a good indicator for global thickness.

Gibbon and Long (1999) used a 5–10 MHz 
linear transducer. 96 adult heels were studied. 
Measurement was done at crossing of plantar 

Fig. 16.43 Ultrasonography of the plantar fascia depict-
ing plantar fasciitis
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fascia with anterior inferior calcaneus. 20 males, 
28 females, age range 21–67  years (mean 
48 years).

Normal Measurements: 2.4–4.3 mm (mean 
3.3 mm).

MRI in the sagittal (T1) and coronal (PD/T2) 
planes was used by Berkowitz et al. (1991) using 
a 1.5 T scanner and 3 mm section thickness. As in 
ultrasound the maximum thickness of the plantar 
fascia is measured proximally at its calcaneal 
insertion.

Normal Measurements.

Male 3.00 mm +/− 0.0 mm
Female 3.44 mm+/−0.53 mm

 Reproducibility/Variation

In Uzel et al.’s (2006) study every distance was 
measured twice in millimeters to 1 decimal place; 
average of both measurements was taken.

In Pascal Huerta et  al.’s (2007) study 95% 
confidence is given. However only 1 measure-
ment was done and by 1 examiner.

In Gibbon’s (1999) study three measurements 
were done and average recorded by (1999) 1 
observer.

In Berkowitz’s (1991) study two measure-
ments were done in 9 asymptomatic feet.

 Clinical Relevance/Implications

To differentiate between age and activity related 
normal values and diagnosis of plantar fasciitis. It 
is important to be aware of normal as well as age 
and activity related changes, not to be mistaken 
for pathology.

 Analysis/Validation of Reference Data

Three different studies provide clear data on this 
measurement of plantar fascia. Reproducibility is 
tested with a similar normal value provided by 
MRI.  Age, physical activity and gender differ-
ences exist.

 Conclusion

Provided measurements are very helpful in daily 
practice.

 G. M. M. J. Kerkhoffs et al.
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16.14  Spring Ligament Complex

 Definition

The spring ligament complex is composed of the 
ligaments between the calcaneus and the navicu-
lar bones at the superomedial and inferomedial 
aspect of the foot (Fig.  16.44). In combination 
with the plantar fascia, the plantar ligaments and 
the posterior tibialis tendon they form a stabiliz-
ing system for the longitudinal arch of the foot, 
which if dysfunctional promotes a flatfoot 
deformity.

 Indications

These measurements can serve as a reference in 
cases of suspected ligamentous lesions.

 Technique

US
MRI: Coronal—for smCNL and iplCNL. 
Transverse oblique—for smCNL and 
mpoCNL.

 Full Description of Technique

The spring ligament complex consists of three 
components:

 1. Superomedial Calcaneonavicular Ligament 
(smCNL): the smCNL originates from the 
medial aspect of the sustentaculum tali and 
has a broad insertion on the superomedial 
aspect of the navicular bone. The tibiospring 
ligament, part of the superficial layer of the 
MCL complex described previously, always 
exhibits a broad attachment onto the smCNL.

 2. Medioplantar Oblique Calcaneonavicular 
Ligament (mpoCNL): the mpoCNL originates 
from a region just anterior to the middle artic-
ular facet of the calcaneus and inserts at the 
medioplantar portion of the navicular bone.

 3. Inferioplantar Longitudinal Calcaneonavicular 
Ligament (iplCNL): the iplCNL originates from 
the coronoid fossa of the calcaneus anteriorly 
and inserts at the inferior beak of the navicular 
bone.

 Ultrasonography (Harish et al. 2007)
The transducer is aligned with one end of the 
probe at the sustentaculum tali and the other at 
the superomedial aspect of the navicular with 
slight dorsal angulation. The ligament is differen-
tiated from its surrounding fat by its hyperechoic 
fibrillar echotexture.

On ultrasonography the mean dimension of 
the smCNL in healthy volunteers:

Normal value 3.0 mm (range 1.9–4.7 mm).

 MRI (Yao et al. 1999)
Imaging protocol in the Mengiardi et  al. (2005) 
study used a standard protocol for imaging ankles. 
Sagittal T1-weighted spin-echo MR images were 
obtained in the coronal (450/14, 4-mm section 
thickness, 16-cm field of view, matrix size of 
256 _ 512, two acquisitions), transverse oblique 
(45° between the coronal and transverse planes, 
435/ 14, 4-mm section thickness, 15-cm field of 
view, matrix size of 256 * 512, two acquisitions), 
and sagittal (450/14, 3-mm section thickness, 

smCNL

mpoCNL

iplCNL

Fig. 16.44 The spring ligament complex consisting of 
three seperate ligaments. iplCNL = inferioplantar longitu-
dinal calcaneonavicular ligament, mpoCNL = medioplan-
tar oblique calcaneonavicular ligament, 
smCNL = superomedial calcaneonavicular ligament
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22-cm field of view, matrix size of 256 _ 512, one 
acquisition) planes.

Imaging planes: T2-weighted fast spin-echo 
MR images were obtained in the coronal 
(4000/91, 3-mm section thickness, 16-cm field of 
view, matrix size of 256 * 512, two acquisitions) 
and transverse (4000/ 86, 4-mm section thick-
ness, 15-cm field of view, matrix size of 256 * 
512, two acquisitions) planes. In addition, a fast 
spin-echo short-tau inversion-recovery 
sequence—short inversion time inversion recov-
ery (4000/30/150 [repetition time msec/echo 
time msec/inversion time msec], 3-mm section 
thickness, 17-cm field of view, matrix size of 256 
* 256, two acquisitions)—was performed in the 
sagittal plane.

Measurements on MRI are selected from 
Mengiardi et  al.’s evaluation of the spring liga-
ment complex. Coronal (smCNL and iplCNL) 
and transverse oblique (smCNL and mpoCNL) 
planes are best at imaging the ligament 
components.

smCNL mpoCNL iplCNL
3.2 (2–5 mm) 2.8 (1–5 mm) 4.0 (range 2–6 mm)

 Reproducibility/Variation

The thickness is significantly correlated with age. 
In women the smCNL and iplCNL are signifi-
cantly thinner compared to men. In Tanaguchi 
et  al.’s anatomical study the mean thickness of 
the smCNL was 2.5 mm (range of 1.4–4.6 mm), 
while Yao et al.’s (1999) MRI study measured it 
as 4.7  mm at the same location. Inter-observer 
variation occurs at this site due to the difficulty in 
differentiating the PTT, the gliding layer separat-
ing it from the smCNL, and the smCNL which 
occurs in 86% of cases (Taniguchi et al. 2003).

 Clinical Relevance/Implications

The spring ligament complex has two very 
important functions. Firstly it embraces and sup-
ports the medial and plantar parts of the talar 
head. Secondly it forms part of the stabilizing 
structures for the longitudinal arch of the foot. 
Coexisting lesions are often seen involving the 
PTT and the spring ligament in a high percent-
age of acquired flatfoot deformity. In patients 
with flatfeet the spring ligament complex is often 
involved. Given these normal values a smCNL 
thickness of > 4 mm can be considered abnormal.

 Analysis/Validation of Reference Data

 Ultrasonography
Four cadaveric feet and 40 asymptomatic adults.

 MRI
Five cadaveric feet (2 left and 3 right) and 78 
healthy volunteers (37 men and 41 women, mean 
age 48 years (range 23–83).

Difficulties have been encountered in all the 
MR studies in measuring the smCNL as it is not 
always easy in the majority (86%) to differentiate 
it as a distinct structure from the adjacent 
PTT.  Mengiardi et  al.’s measurements are the 
ones that closely correlate with anatomically 
based measurements.

 Conclusion

Ultrasonography and MRI are both useful tech-
niques in the evaluation of the spring ligament 
complex.

 G. M. M. J. Kerkhoffs et al.
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16.15  Talar Tilt

 Definition

Talar tilt test is a subtalar laxity measurement. It 
is defined by ankle stress radiography in the fron-
tal plane. The talar tilt test is used to examine the 
integrity of the calcaneofibular or the deltoid lig-
ament. For talar tilt the talocrural angle is mea-
sured by drawing two tangent lines on an 
anteroposterior ankle radiograph, one to the infe-
rior articular surface of the tibia and the other to 
the most proximal talar contour.

 Indications

Indication for and evaluation of operative treat-
ment for chronic lateral ankle laxity.

 Technique

Stress Radiography.

 Full Description of Technique

Radiographs are taken in a standardized manner 
in a radiographic suite with standard equipment 
(Telos, Marburg, Germany) by 1 or 2 orthopaedic 
radiology technologists. To obtain talar tilt radio-
graphs (Fig. 16.45), the patient lies supine, and 
the respective knee is flexed to 20°. The heel is 
fixed in the freely rotating foot plate of the stress 
apparatus with the ankle in about 15° of plantar 
flexion and 20° of internal rotation. A lateral sup-
port is placed laterally and inferior to the fibular 
head. Proximal to the medial malleolus, a medio-
lateral directed force (15 kp) is administered 
through another pad of the device.

 Reproducibility/Variation

The ICC for intratester reliability is 0.78 for the 
talar tilt stress radiography. Intertester reliability: 
ICC for talar tilt was 0.95 to 0.97 (Beynnon et al. 
2005).

 Clinical Relevance/Implications

Stress radiography to measure talar tilt is an 
important research tool to evaluate the integrity 
of the ankle ligaments in studies of chronic ankle 
instability. This ability to objectively measure 
mechanical instability in a functionally unstable 
ankle is important in understanding the nature 
and cause of the instability (Chandnani et  al. 
1994; Lohrer et al. 2008)

 Analysis/Validation of Reference Data

Limited studies which promote the importance of 
comparative assessment with the contralateral side.

 Conclusion

In conclusion, our results indicate that stress 
radiographs of the ankle joint can reliably be read 
if the proposed measurement techniques are 
applied. Further studies addressing the consis-
tency and accuracy of different films that are 
repeatedly taken on the same subjects are needed 
to improve clinical relevance. Then, generally 
accepted normal values for the respective mea-
sures need to be established. Only measurement 
techniques with proven reliability should be used.

Fig. 16.45 Talar tilt radiography
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16.16  Talonavicular Coverage 
Angle

 Definition

The navicular axis is formed by a perpendicular to 
a line connecting the medial and lateral aspects of 
the navicular proximal articular surface. The talar 
axis is defined similarly as the perpendicular to the 
line joining the talar articular borders. The talona-
vicular coverage angle is formed by the talar and 
navicular axes. As forefoot abduction increases, 
the talonavicular coverage angle increases.

 Indications

The indication for the measurement of the talona-
vicular coverage angle is to understand the rela-
tionship between radiographic measurements and 

physical examination of a flatfoot deformity in the 
adult in comparison to a normal control group. 
With the understanding of this relationship goes 
the proposal of a new standard for the radio-
graphic definition of a flatfoot deformity in adults. 
Standing anteroposterior radiograph of patients 
with posterior tibial tendon (PTT) dysfunction 
shows abnormal talonavicular coverage angle.

 Technique

AP radiograph.

 Full Description of Technique

Measurement technique of the AP talonavicular 
coverage angle (Fig. 16.46). On the AP weight- 
bearing radiograph, points are marked on the 

E

F

A

y

x

B

DC

Talonavicular Coverage Angle

Talonavicular Coverage Angle

TNCA

Fig. 16.46 Measurement of talonavicular coverage angle (TNCA, angle y) on a weight-bearing anterior–posterior 
radiograph of the foot
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most medial (Point A) and lateral (Point B) mar-
gins of the articular surface of the talus, and a line 
is drawn connecting these two points (Line AB). 
Similar points are marked on the most medial 
(Point C) and lateral (Point D) margins of the 
articular surface on the navicular (line CD), and a 
line is drawn connecting these two points (Line 
CD). A perpendicular line is drawn from each of 
these lines, forming the AP Talonavicular 
Coverage Angle (Angle y).

 Reproducibility/Variation

Younger et al. (2005) produced data on the correla-
tion on the lateral radiograph showing intra- 
observer (0.01) and inter-observer (0.3) results of 
two readings done on two separate occasions of the 
talonavicular coverage angle (Younger et al. 2005).

 Clinical Relevance/Implications

There is no widely accepted definition of what 
constitutes a flatfoot in the adult. However, aspects 
of the deformity include collapse of the medial 
longitudinal arch, hindfoot valgus, eversion of the 
subtalar joint, and forefoot abduction.

Radiographs cannot define symptoms of a flat-
foot, and the radiographic differences between a 
symptomatic adult flatfoot and an asymptomatic 
adult flatfoot are still to be determined (Table 1).

 Analysis/Validation of Reference Data

A new validated value for the AP talonavicular 
coverage angle is 10° for normal feet and 22° 
for flatfeet (Coughlin and Kaz 2009).

 Conclusion

The talonavicular coverage angle is reaffirmed as 
a valid radiographic parameter of a flatfoot 
deformity.

Table 1 Radiographic measurement comparison

Measurement (SD) of AP talonavicular coverage angle

Control group
Flatfoot 
group Statistical significance

10.4° (4.2) 22.3° (6.7) t = −9.882, p < 0.01
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17.1  Introduction

Various radiological measurements have been 
described in the long bones of the upper and 
lower limbs. These help in the diagnosis of dis-
eased states but are also important as a useful 
tool in planning surgical treatment and subse-
quent follow-up of such conditions. In certain 
conditions, radiological measurements are used 
to assess disease progression (e.g. infantile tibia 
vara vs. physiological bowing). These measure-
ments may be related to an individual long bone 
or the alignment of the bones and joints in the 
entire limb. Within individual bones, there may 
be an abnormality in the length of the bone (e.g. 
ulnar variance), angular deformity in a sagittal 
or coronal plane at various levels (e.g. post- 
traumatic deformity) or an abnormality in the 
anatomical twist around the longitudinal axis 
(e.g. femoral and tibial torsion). Deformity in 
individual bones or the joint surfaces associated 
with soft tissue laxity may result in abnormal 
alignment of the entire limb. This results in 

J. Singh (*) • P. N. M. Tyrrell
Department of Radiology, Robert Jones & Agnes 
Hunt Orthopaedic Hospital, Oswestry, UK
e-mail: jaspreet.singh2@nhs.net

V. N. Cassar-Pullicino
Department of Radiology, Robert Jones and Agnes 
Hunt Orthopaedic Hospital NHS Foundation Trust, 
Oswestry, UK
e-mail: Victor.Pullicino@rjah.nhs.uk

17

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-540-68897-6_17&domain=pdf
mailto:jaspreet.singh2@nhs.net
mailto:Victor.Pullicino@rjah.nhs.uk


682

abnormal biomechanics and disproportionate 
transmission of load within the weight bearing 
joints. It is widely accepted that a malaligned 
state may lead to degenerative changes in the 
adjacent joints. Indeed the most important long- 
term consequence of a deformity in a long bone 
or malalignment in the entire limb is the early 
development of degenerative arthritis. Within 
the paediatric population, there is an increased 
potential of remodelling with growth, and this 

factor should be kept in mind whilst planning 
treatment. There may be spontaneous correction 
of angulation with growth and a larger angular 
deformity may be tolerated as compared to 
adults. In terms of length discrepancies, one 
should also keep in mind the predicted length at 
skeletal maturity. It is therefore important to be 
aware of the technique of performing these mea-
surements and to have knowledge of the normal 
reference values.
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17.2  Bicipital Groove

Bicipital groove dimension.

Medial wall angle Normal 48–56°
Abnormal <30°

Sulcus depth Normal 4.5 mm
Abnormal <3 mm

 Indications

Biceps tendon subluxation/dislocation.

 Techniques

Radiography
Bicipital groove view.

US
Transverse section at the level of the bicipital 
groove.

CT/MR
Axial sections at the level of the bicipital groove.

 Full Description of Technique

The bicipital groove view is obtained with the 
patient supine and the arm in external rotation. 
The cassette is placed superior to the shoulder 
and perpendicular to the longitudinal axis of the 
humerus. The X-ray beam is directed cranially, 
parallel to the coronal axis of the humerus with a 
15° medial angulation (Cone et  al. 1983; 
Levinsohn and Santelli 1991), (Fig. 17.1a).

Fig. 17.1 (a) View of 
the bicipital groove. The 
width (W) and depth (D) 
of the groove have been 
depicted. The medial 
wall angle is measured 
between lines A and B 
as described in the text. 
(b) Transverse 
ultrasonographic view of 
the bicipital groove. (c) 
Axial CT section 
through the bicipital 
groove

B

Medial
wall angle

D
A

W

a

b c
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With ultrasound, the shoulder is scanned in 
seated position with humerus in a neutral posi-
tion. The bicipital groove is examined with the 
transducer in a transverse position, strictly per-
pendicular to the groove over the anterior aspect 
of the shoulder (Fig. 17.1b).

CT and MRI can also be used to depict the 
bicipital groove. The bony anatomy is best appre-
ciated on multi-slice CT (Fig. 17.1c) and three- 
dimensional reconstructions can be obtained.

 Reproducibility/Variation

Following measurements have been made from 
the radiographs: width of the sulcus (W), depth 
of the sulcus (D) and medial wall angle. The 
medial wall angle is measured between a line 
tangent to the two tuberosities (line A) anteriorly 
and a line parallel to the medial wall of the sul-
cus (line B) (Fig. 17.1a).

Cone et al. (1983) studied 54 specimens and 
100 patients. They found a wide variation in the 
medial wall angle with a mean value of 56° for 
the specimen group and 48° for the patient group. 
The mean width was 8.8 and 11  mm, and the 
mean depth was 4.3 and 4.6 mm respectively.

Farin and Jaroma (1996) evaluated the groove 
in 350 consecutive patients with ultrasound and 
radiography. They concluded that sonography 
was as accurate for evaluation of the dimensions 
of the bicipital groove as groove radiographs, 
but pathological changes of the walls of the 
groove could not be reliably evaluated with 
sonography.

 Clinical Relevance/Implications

Cone et al. (1983) found that 90% of the patients 
had a sulcus depth greater than 3 mm and sug-
gested that the tendon may have a tendency to 
subluxate/dislocate in individuals with a shal-
low groove ie less than 3  mm. Levinsohn and 
Santelli (1991) suggest that a medial wall angle 
of 30° or less may contribute to subluxation/
dislocation.

Pfahler et  al. (1999) studied the bicipital 
groove anatomy and tendon changes with mutual 
ultrasonography and radiography in 67 patients. 
They found a statistically significant correlation 
between groove anatomy and long head of biceps 
tendon disease.
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17.3  Humerus: Baumann’s Angle

 Definition

Angle formed between the long axis of the 
humerus and physis of the capitellum.

Normal 70° (range 69–81°)
Abnormal >81°

 Indications

Supracondylar fracture humerus.

 Technique

Radiography: Anteroposterior (AP) radiograph 
of the lower humerus.

 Full Description of Technique

The film is placed posterior and parallel to the 
distal humerus and perpendicular to the X-ray 
beam. If the orientation of the X-ray beam is 
within a 10° arc, medial or lateral to the fore-
arm, there is no distortion of the Baumann’s 
angle (Worlock 1986). However, an orientation 
of the X-ray beam greater that 20° in the cranio 
caudal direction from the perpendicular invali-
dates the measurement (Webb and Sherman 
1989). Baumann’s angle is formed by the inter-
section of a line drawn along the long axis of 
the humerus and the growth plate of the capi-
tellum (Fig. 17.2).

 Reproducibility/Variation

Measurement of the Baumann’s angle on AP 
radiographs has been shown to have a good reli-
ability with intra-observer and inter-observer cor-
relation coefficients of 0.80 and 0.78 respectively 
(Silva et al. 2009).

Baumann’s angle is reported to vary between 
69 and 81°. A study looking at 577 elbow radio-
graphs found no significant difference in mea-
surements between boys and girls or between the 
right and left side (Keenan and Clegg 1996). The 
angle can be difficult to measure in children less 
than 2–3  years of age when there has not been 
enough ossification of the bony architecture, or in 
early adolescence when the metaphyseal border 

Baumann’s
angle

Fig. 17.2 Measurement of the Baumann’s angle, formed 
by the intersection of a line drawn along the long axis of 
the humerus and the growth plate of the capitellum
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becomes too irregular. In such instances, it may be 
difficult to trace a line along the capitellar physis, 
and therefore the measurement of the angle maybe 
inaccurate and may have poor reproducibilty.

 Clinical Relevance/Implications

Baumann’s angle is helpful in assessing adequacy of 
reduction of supracondylar fracture of the humerus. 
Comparison should be made between the injured 
and uninjured side as there is less than 2° of differ-

ence (Dodge 1972). An increase in the Baumann’s 
angle results in a cubitus varus deformity (decrease 
in carrying angle of the elbow). A 5° change in 
Baumann’s angle causes an approximately 2° 
decrease in the carrying angle. A study of 27 chil-
dren (Worlock 1986) revealed that the Baumann’s 
angle after reduction of fracture could be used to pre-
dict the final carrying angle. Also there was no sig-
nificant difference between the Baumann’s angle 
measured immediately after reduction and later at 
follow-up indicating that no significant growth dis-
turbance occurred after the injury.

J. Singh et al.
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17.4  Humeral Torsion

 Definition

Angle between the plane of the humeral head 
articular surface proximally and the transepicon-
dylar axis distally.

Normal 17.9° (range 14.5–21.3°)
Abnormal >22°

 Indications

Prior to implanting a humeral head prosthesis, 
treatment of malunited fractures and severe 
arthritic deformity of the humerus, assessment of 
osseous adaptations in the “throwing” athletes 
(baseball pitchers, handball players, javelin 
throwers etc).

 Technique

CT: Axial sections through the first 6 cm of the 
proximal part of the humerus and axial sections 
through the distal epiphysis.

 Full Description of Technique

The humeral head axis is defined as a line per-
pendicular to the plane formed by the boundar-
ies of the humeral head articular surface (line 
A). The boundaries of the articular surface of 
the humeral head can be identified by two dif-
ferent methods. A section passing through the 
centre of the head of the humerus is used. The 
first method uses the boundaries of the anatom-
ical neck, which is indicated by a notch 
between the humeral head and lesser tuberosity 
anteriorly, and the humeral head and greater 
tuberosity posteriorly (Fig. 17.3a, b). The sec-
ond method defines the articular surface using 
the limits of the subchondral bone (Boileau 
et al. 2008).

A line joining the most prominent medial and 
lateral extensions of the distal humerus defines 
the transepicondylar axis (line B) (Fig. 17.3c, d).

The angle between the humeral head axis and 
the transepicondylar axis is the angle of humeral 
torsion/humeral head retroversion (Fig. 17.3e, f).

 Reproducibility/Variation

Humeral head retroversion has been measured 
using three methods—radiographic, CT scan and 
direct measurement in cadaveric specimens. CT 
scan methods measure humeral head retroversion 
more accurately as compared to radiographic 
methods. A study of 65 fresh humeri (Boileau 
et  al. 2008) from 39 cadavers revealed a mean 
retroversion angle of 17.9° (95% confidence 
limit, 14.5–21.3). Hernigou et al. (2002) studied 
120 cadaveric humeri and found the mean angle 
of retroversion to be 17.6  ±  12.3°. They found 
good interclass correlation coefficient (between 
0.85 and 0.90) for measurements made in the dis-
tal part of the humeral head and the epicondylar 
axis. Despite a wide variation in the actual angle 
of torsion, there was little side to side variation in 
the same individual (mean difference of 2.1°).

 Clinical Relevance/Implications

Determining humeral head retroversion using CT 
prior to operative intervention is more accurate 
than palpating epicondylar axis or using the fore-
arm as a goniometer during surgery. CT is also 
useful in assessing rotational deformity of the 
humerus in fracture malunion or severe arthritis.

The landmarks in the proximal humerus can 
be difficult to identify in certain cases such as 
presence of large osteophytes, osteolysis or 
severely comminuted fractures. In such patients, 
the angle of retroversion can be extrapolated 
from measuring the contralateral normal 
humerus, as only little side-to-side differences 
have been found between the two normal humeri 
of the same individual (Hernigou et al. 2002).
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Various studies have been performed to 
determine the role of humeral head retroversion 
in increased gleno humeral external rotation in 
professional throwing athletes (Crockett et  al. 
2002; Reagan et al. 2002; Osbahr et al. 2002). It 
has been found that in these athletes, in 90° of 
abduction, there is increased external rotation 
and decreased internal rotation in the dominant 
extremity and this correlates with an increase in 
the humeral retroversion. The total range of 
motion is same in both glenohumeral joints, 
implying that the arc of motion is further exter-
nally rotated or “spun back” on the dominant 
side (Crockett et al. 2002). Studies have shown 
that there is an increase in the humeral retrover-
sion by 10–15° in the dominant arm of the 
throwing athletes. Interestingly, there is no dif-
ference in the non dominant shoulders of the 
throwing and non throwing athletes, suggesting 

that increased retroversion is a developmental 
process which is likely secondary to remodel-
ling of the proximal humerus during growth. It 
is postulated that this adaptive change is benefi-
cial, as increased external rotation may help in 
generating greater velocity. It also appears to be 
protective in nature. Pieper (1998) studied 51 
professional handball players. He noted that of 
the 38 athletes who were asymptomatic, there 
was a significant increase in humeral head retro-
version by a mean of 14.4°. Amongst the other 
13 athletes with chronic shoulder pain, there 
was no significant difference between the retro-
version of the dominant and non dominant 
shoulders. He suggested that this osseus adapta-
tion allowed increased external rotation without 
putting excessive strain on the anterior soft tis-
sue structures, thus avoiding chronic pain and 
injury.

Angle of
humeral
torsion

e

B

A

fd

c

B

b

a

A

Fig. 17.3 (a, b) A section through the centre of the 
humeral head showing the boundaries of the humeral head 
articular surface and the humeral head axis (line A). (c, d) 
The transepicondylar axis (line B) is drawn by joining the 

most prominent medial and lateral extensions of the distal 
humerus. (e, f) The angle between the humeral head axis 
and the transepicondylar axis is the angle of humeral tor-
sion/humeral head retroversion
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17.5  Ulnar Variance

 Definition

Relative lengths of the distal articular surfaces of 
the radius and ulna. It is positive if the ulna is 
longer or negative if the ulna is shorter.

Normal −0.9 mm (Range −4.2 mm to +2.3 mm)
Abnormal < −4 mm, > + 2.4 mm

 Indications

Ulnar impaction syndrome (positive variance), 
avascular necrosis of the lunate/Keinbock’s dis-
ease (negative variance, controversial).

 Technique

Radiography–PA radiograph of the wrist.

 Full Description of Technique

Ulnar variance is measured on a PA radiograph of 
the wrist with forearm and wrist in neutral posi-
tion, elbow at 90° flexion and shoulder at 90° of 
abduction. Three methods of measuring ulnar 
variance have been described (Steyers and Blair 
1989). These include

 (a) “The project a line technique”: a line is pro-
jected from the articular surface of the radius 
towards the adjacent ulna. Distance between 
this line and the carpal surface of the ulna is 
the variance (Fig. 17.4a).

 (b) Method of perpendiculars: A line is drawn 
through the distal ulnar aspect of the radius, 
which is perpendicular to the long axis of the 
radius. Distance between this and the distal 
aspect of the ulna is the variance (Fig. 17.4b)

 (c) Concentric circle technique: A template of 
concentric circles is superimposed on the 
radiograph. The curve closest to the radial 

cba

Fig. 17.4 Methods of measuring ulnar variance as described in the text. (a) “The project a line technique”. (b) “The 
method of perpendiculars”. (c) “The concentric circle technique”
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articular surface is chosen and the distance 
from this to the cortical outline of the ulna 
head is taken as the variance (Fig. 17.4c).

 Reproducibility/Variation

Steyers and Blair (1989) compared the three com-
monly used methods of measuring ulnar variance. 
Their study showed that all three measurement 
methods have a high degree of intraobserver and 
interobserver reliability. The method of perpen-
diculars was most reliable for both inter-observer 
(r = 0.9801) and intra-observer (r = 0.9719) reli-
ability, but the differences amongst the techniques 
were very small. They advocated that a clinician 
might choose a technique of their preference 
when measuring ulnar variance.

The mean ulnar variance is −0.9 mm with a 
normal range between −4.2 and 2.3 mm (Schuind 
et al. 1992).

 Clinical Relevance/Implications

Variations in measurement may be developmen-
tal, post-surgical or post-traumatic.

Negative ulnar variance may be associated 
with avascular necrosis of the lunate/Keinbock’s 
disease. A study performed on 44 patients with 
Keinbock’s disease and 99 normal control sub-
jects (Bonzar et al. 1998) confirmed an associa-
tion between negative ulnar variance and 
Keinbock’s disease even after correcting for 
age which was found to influence negative 
variance.

Positive ulnar variance is associated with 
ulnar impaction syndrome. Chronic impaction 
between the ulnar head and the carpus leads to 
degenerative triangular fibrocartilage tears, chon-
dromalacia of the ulna, lunate and triquetrum and 
subsequently degernerative arthritis of the ulno-
carpal and distal radioulnar articulations (Imaeda 
et al. 1996; Cerezal et al. 2002).
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17.6  Leg Length Discrepancy

 Definition

Difference in the total leg length as compared to 
the contralateral side.

 Indication

Developmental anomalies, post-traumatic.

 Techniques

Radiography—Orthoroentgenology.
CT—scanogram.

 Full Description of Technique

In the past, evaluation of leg length has been 
made using orthoroentgenology. In this tech-
nique, three distinct exposures are made over the 
hip, knee and ankle in turn to minimise the mag-
nification error. A single long film is used and a 
radio-opaque ruler is placed along side at about 
the height of the bone to avoid magnification 
(Green et al. 1946).

With the advent and now easy accessibility of 
CT, a CT scanogram is now the recommended 
method for measuring leg length. A full scout 
view of the lower limb is obtained from the hip 
joint down to the level of the ankle joint. The 
patient lies supine on the scanner table top. There 
is no significant magnification if the lower limb is 
placed in the centre of the gantry. The femur 

length is measured from the most superior aspect 
of the femoral head to the distal aspect of the 
medial femoral condyle. The tibial length is mea-
sured from the superior aspect of the medial tibial 
plateau to the tibial plafond (Helms and McCarthy 
1984) (Fig. 17.5a, b).

 Reproducibility/Variation

Various studies have revealed that a CT scano-
gram has excellent reliability and less gonadal 
radiation as compared to other methods utilising 
plain radiographs (Sabharwal and Kumar 2008). 
Aitken et  al. (1985) compared CT scanogram 
versus conventional scanogram using plain radi-
ography. All studies were reviewed by two radi-
ologists independently and revealed high 
interobserver correlation (r = 0.99).

 Clinical Relevance/Implications

Leg length inequality is associated with gait 
abnormalities and pelvic obliquity and may lead 
to degenerative arthritis of the lower extremity 
and the lumbar spine. Length discrepancies may 
arise due to congenital abnormalities or may be a 
consequence of trauma. Whilst planning treat-
ment, it is important to be able to predict limb 
length at skeletal maturity.

Adults with a leg length discrepancy less than 
2 cm are generally asymptomatic and only 10% 
required a shoe lift (Gross 1978). Most people 
agree that a discrepancy projected to be greater 
than 2.5 cm requires treatment, although clinical 
judgement must be weighed in individual cases.
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Length
of femur

Length
of tibia

Length
of entire
lower limb

a bFig. 17.5 (a) 
Measurement of the 
femoral, tibial and total leg 
length. (b) CT scanogram 
depicting measurement of 
the femoral and tibial 
length in a case of 
malunited fracture shaft of 
left femur
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17.7  Femoral Neck Anteversion

 Definition

Inclination of the axis of the femoral neck with 
reference to the transcondylar plane of the distal 
femur.

Normal adults CT 22.2°, MRI 15.7°
Abnormal Increased Anteversion CT > 28°, 

MRI > 20°
Retroversion <0°

 Indications

For assessment prior to derotation osteotomy.

 Techniques

CT: Transverse image through the centre of 
femoral head, transverse image through the 
base of the femoral neck and transverse image 
through the distal femur at the level of the fem-
oral condyles.
MRI: Oblique axial image along the axis of the 
femoral neck and axial image through the level of 
the femoral condyles.

 Full Description of Technique

CT: To facilitate this examination, previous 
authors have described using a special footboard 
attached to the CT table for ensuring immobilisa-
tion, especially in children. No hip or knee flex-
ion is allowed. Two blocks of transverse sections 
are obtained using the scout view as the localiser. 
The proximal sections should include the head of 
the femur, superior border of the greater trochan-
ter and the base of the femoral neck. The distal 
sections are through the femoral condyles.

The femoral neck axis may be measured in 
one of two ways

 (a) A single section that includes the head and 
neck (Fig.  17.6a) or the neck alone 
(Fig. 17.6b) (Hernandez et al. 1981). A line is 
drawn through the femoral neck that visually 
best describes the neck axis.

 (b) A pair of sections through the centre of the 
head and the base of the neck. Murphy et al. 
(1987) showed that this method is more 
accurate than the first method. The centre of 
femoral head is plotted on the proximal sec-
tion (Fig. 17.7a, d). The centre of the base of 
the femoral neck is plotted on the distal sec-
tion (Fig.  17.7b, e). These two sections are 
then superimposed, and the femoral neck 
axis is formed by joining the two centre 
points (Fig.  17.7c, f). Although more accu-

b

A

Femoral
neck axis

A

Femoral
neck axis

a

Fig. 17.6 Femoral neck axis measured on a single axial 
section. Measurement can be performed either through 
the proximal or the distal aspect of the femoral neck. (a) 

Proximal section through the head and neck of the femur. 
(b) Distal section through the neck of the femur alone
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rate, this method can be more time-consum-
ing. It is easier to perform if there is software 
available which makes it possible to super-
impose multiple images.

The angle between the femoral neck axis and 
the CT table is measured (angle A). A line joining 
the most posterior aspects of the femoral con-
dyles represents the transcondylar axis 
(Fig.  17.8a, b). The section with the maximum 
diameter of the condyles is chosen. The angle 
between the transcondylar axis and the CT table 
is measured (angle B). The difference between 

these two angles is the angle of femoral neck 
anteversion (Fig. 17.9).

In anteversion the two angle measurements 
are added whilst in retroversion they are 
subtracted.
MR: A coronal scout view of the pelvis and hips is 
obtained. Oblique axial sections are obtained 
along the axis of the femoral neck (Fig. 17.10a). 
The inclination of the neck axis is measured on a 
single image showing the centres of the head and 
femoral neck (Fig. 17.10b). This is thought to be a 
more true representation of the femoral neck axis 
(Tomczak et  al. 1997). A block of sections is 

b

Transcondylar
axis

B

a
Fig. 17.8 (a, b) 
Measurement of the 
transcondylar axis

fe

A

d

c

A

Femoral neck axisba

Fig. 17.7 Femoral neck axis measured on pair of sections 
through the centre of the head and the base of the neck. (a, 
d) Centre of the femoral head. (b, e) Centre of the base of 

the femoral neck. (c, f) Superimposition of the two 
images. A line joining the two centre points describes the 
femoral neck axis
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obtained through the level of the femoral condyles 
and the transcondylar axis obtained as described 
in the CT technique. Angles A and B are measured 
as described above, with subsequent calculation 
of the femoral neck anteversion.

 Reproducibility/Variation

Various techniques for measuring femoral ante-
version have been described in the literature. 
Normally, the femoral neck is anteriorly inclined 
as compared to the transcondylar axis and this is 
designated by a positive angle. When the femo-
ral neck is posteriorly inclined, the term retro-
version is used and the angle has a negative sign.

The angle of anteversion may vary depending 
on the technique used. Normal range is accepted 
to be around 12–15° of anteversion in adults. 
Tomczak et  al. (1997) found a mean value of 
angle of femoral torsion in adults to be 22.2° by 
CT imaging and 15.71° by MR imaging. 
Schneider et al. (1997) found the mean value of 
femoral antetorsion to be 10.4 ± 6.2°.

Hernandez et  al. (1981) reported good reli-
ability with low intraobserver and interobserver 
mean errors of 2° and 3° respectively. Schneider 
et  al. (1997) reported an average difference of 
2.4  ±  3.2° during repeat measurement by the 
same observer after more than 3 months.

 Clinical Relevance/Implications

Abnormal measurements may be due to develop-
mental causes such as femoral dysplasia, slipped 
capital femoral epiphysis, Perthe’s disease or sec-
ondary to trauma. On average, femoral anteversion 
ranges from 30 to 40° at birth and decreases progres-
sively throughout growth to about 15° at skeletal 
maturation. It is important to accurately measure the 
angle of anteversion and compare with the contralat-
eral side prior to planning derotation osteotomy.

A

B

Angle
of femoral
torsion

Fig. 17.9 A superimposed image showing the difference 
between the femoral neck axis and the transcondylar axis, 
which is the angle of anteversion. The summation of 
angles A + B calculates the angle of anteversion. The fem-
oral neck axis has been determined on a single section 
through the femoral head and neck

Femoral
neck axis

ba

Fig. 17.10 MRI determination of the femoral neck axis. (a) A coronal scout view with the lines of reference running 
along the plane of the femoral neck. (b) An axial oblique image of the femoral neck showing the neck axis
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17.8  Lower Limb Alignment

 Definition

Alignment refers to the colinearity of the hip, 
knee and ankle. Orientation refers to the position 
of each articular surface relative to the axis of the 
individual bone (femur and tibia) (Tetsworth and 
Paley 1994).

Normal LDFA 85–90°
Normal MPTA 85–90°

 Indications

Assessment and progression of osteoarthritis, 
preoperative planning, e.g. high tibial osteotomy, 
follow-up of knee implants.

 Technique

Radiography—Weight-bearing full-length radio-
graphs are the standard of reference for planning 
corrective lower limb surgery. Supine views are 
inappropriate as they significantly underestimate 
the extent of valgus malalignment in particular 
(Brouwer et  al. 2003). A full-length, weight- 
bearing radiograph of the lower limb is manda-
tory. The X-ray beam is centred at the knee joint 
level and a graduated filter is placed in front of 
the beam to visualise the hip, knee and ankle 
with a uniform density. With the patients stand-
ing under full weight bearing, hips and knees are 
extended fully and positioned with the patella 
and the tibial tuberosity facing directly forward. 
This may require internal lower limb rotation to 
achieve correct positioning to ensure that the 
patella is facing forward. The patella needs to be 
radiographically located equidistant between the 
distal femoral condyles. Long leg radiographs 
are unreliable if the patella is rotated more than 
10° to the frontal plane (Wright et  al. 1991) 
(Fig. 17.11a).

 Full Description of Technique

Alignment is determined by a line extending 
from the centre of the hip to the centre of the 
ankle, known as the mechanical axis of the limb. 

a b

Fig. 17.11 (a) It is important to ensure that the patella 
and the tibial tuberosity are facing anteriorly before mea-
surements relating to alignment are carried out. If the 
patella is rotated, as shown in this CT scanogram, then the 
measurements obtained will be unreliable. (b) Normal 
mechanical axis of the lower limb
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This usually passes immediately medial to, or 
through the centre of the knee (Fig. 17.11b). Any 
deviation from this colinearity results in malalign-
ment. A deviation of the mechanical axis by more 
than 1 cm from the centre of the knee joint sug-
gests a deformity in the more proximal tibia or 
femur. The mechanical axis deviation (MAD) is 
measured by drawing a perpendicular segment 
from the axis to the centre of the knee (Fig. 17.12).

The mechanical axis of the femur is located as 
a line drawn from the centre of the femoral head 
to the centre of the knee. The mechanical axis of 
the tibia is a line drawn from the centre of the 
knee to the centre of the ankle joint. The angle 
between these two mechanical axes is the femoro- 
tibial angle (Fig. 17.12).

The anatomical axis of the femur is repre-
sented by a line drawn along the longitudinal axis 
of the femoral diaphysis, from the piriform fossa 
to the centre of the knee. The anatomic axis is 
approximately 6° of valgus from the mechanical 
axis (Fig. 17.13).

The centre of the femoral head is found by 
drawing a circle around the femoral head.

For determining the centre of the knee, five 
different points have been described in the litera-
ture. These are: centre of femoral notch, centre of 
tibial spine notch, centre of soft tissues, centre of 
tibia and centre of femoral condyles (Fig. 17.14). 
Moreland et  al., in their measurements, used a 
visually selected midpoint of all these five points. 
For practical purposes, it is easiest to use the cen-
tre of the tibial spines or the femoral notch to 
mark the centre of the knee.

The centre of the ankle is a visually selected 
midpoint of the following three measured points: 
centre of soft tissues, centre of bones and centre of 
talus (Fig. 17.15). For practical purposes, the  centre 
of the talus or the tibial plafond is easiest to use.

The line joining the distal most aspects of both 
femoral condyles in the frontal plane describes 
the knee joint orientation line of the distal femur. 
The angle between this line and the mechanical 
axis of the femur, as measured on the lateral 
aspect, defines the joint orientation of the distal 
femur and is known as the lateral distal femoral 
angle (LDFA) (Fig. 17.16).

A line drawn parallel to the proximal tibial artic-
ular surface describes the knee joint orientation  
line of the proximal tibia. The angle between this 
line and the mechanical axis of the tibia, as mea-
sured on the medial aspect, defines the joint orien-

MAD

FTA

Fig. 17.12 Diagram showing varus deformity of the 
lower limb. The mechanical axis passes medial to the cen-
tre of the knee, and the mechanical axis deviation (MAD) 
is measured as described in the text. The angle between 
the mechanical axes of the femur and the tibia is the 
femoro- tibial angle (FTA)
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Anatomic
axis

Mechanical
axis

Fig. 17.13 Diagram showing the anatomical and 
mechanical axis of the femur. The anatomic axis is about 
6° in valgus from the mechanical axis

A

E
D

B

C

Fig. 17.14 Five different points described for determin-
ing the centre of the knee: (A) centre of femoral notch, (B) 
centre of femoral condyles, (C) centre of tibial spine 
notch, (D) centre of soft tissues and (E) centre of tibia

A

B

C

Fig. 17.15 Three different points described for determin-
ing the centre of the ankle: (A) centre of soft tissues, (B) 
 centre of bones and (C) centre of talus

LDFA

JLCA

MPTA

Fig. 17.16 Diagram showing the joint orientation line of 
the distal femur and the proximal tibia. The lateral distal 
femoral angle (LDFA), medial proximal tibial angle 
(MPTA) and the joint line convergence angle (JLCA) are 
measured as described in the text
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tation of the proximal tibia and is known as the 
medial proximal tibial angle (MPTA) (Fig. 17.16).

The angle formed between the joint orienta-
tion lines of the distal femur and the proximal 
tibia is known as the joint line convergence angle 
(JLCA) (Fig. 17.16).

In isolated foot and ankle deformity it is still 
very important to determine the alignment of the 
whole of the lower limb with special reference to 
the tibia. On the AP view the mid-tibial diaphy-
seal anatomic axis forms an 89° angle (range 
86–92°) with the talar dome (see hindfoot align-
ment view in ankle chapter). Normally the tibial 
longituidinal axis is seen to pass just medial to 
the centre of the talus on the AP view. Incidentally 
normally the centre of the calcaneum is also lat-
eral to the midaxis of the tibia. On the standing 
lateral view the tibial midaxis passes through the 
lateral talar process. With the foot in the planti-
grade position the sagittal anterior distal tibial 
angle is formed on this view by the intersection 
of the midaxis of the tibia with the anterior-to- 
posterior tibial line which is normally 80°.

 Reproducibiltiy/Variation

In a study of 25 normal male volunteers 
(Moreland et  al. 1987), it was shown that the 
mechanical axis passes immediately medial to 
the centre of the knee. The angle between the 
femoral and tibial mechanical axis (FTA) mea-
sured 1.3 ± 2°. Hsu et al. reviewed weight bear-
ing long leg radiographs in 120 subjects and also 
found that the mechanical axis passes just medial 
to the centre of the knee. They found the FTA to 
be 1.2 ± 2.2°.

The joint orientation line of the distal femur 
was measured in a study of 127 healthy volun-
teers (Chao et al. 1994). They found that the dis-
tal femoral articular surface is in a slight valgus 
alignment of 88.6 ± 2.8°. Other researchers have 
obtained similar values. McKie et  al. found the 
distal femur valgus to be 87.8 ± 1.6°. Cooke et al. 
obtained full-length radiographs in 79 young 
adults and found the distal femur orientation to 
be in 86 ± 1.2° of valgus. Based on these data, the 
normal orientation of the distal femoral joint line 

is considered 87° valgus (Tetsworth and Paley 
1994), with a normal LDFA between 85 and 90°.

The joint orientation line of the tibial articular 
surface is in slight varus as compared to the 
mechanical axis of the tibia. Chao et  al. (1994), 
found the measurement to be 87  ±  2.5°. Cooke 
et al. (2007) found the proximal tibia in 87 ± 1° of 
varus. McKie et  al. and Moreland et  al. (1987) 
confirmed these values and noted the measure-
ment as 87.2 ± 1.9° and 87.2 ± 1.5° respectively. 
Based on these observations, the normal relation-
ship of the proximal tibial joint orientation and the 
mechanical axis of the tibia is considered to be 87° 
varus, with a normal MPTA between 85 and 90°.

More recently, some studies have assessed ana-
tomic alignment on short film radiographs centred 
at the knee (Fig. 17.17). These are easier to perform 
and are done in routine everyday practice. Local 
anatomical alignment is measured, rather than the 

Anatomical
axis of femur

Anatomical
axis of tibia

Joint orientation
line of femur

Joint orientation
line of tibia

LDFA

JLCA

MPTA

Fig. 17.17 Measurement of alignment parameters on a 
short film of the knee. The lateral distal femoral angle 
(LDFA), medial proximal tibial angle (MPTA) and the 
joint line convergence angle (JLCA) are shown
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actual mechanical alignment. Strong correlation has 
been demonstrated between measurements obtained 
from long length films and those obtained from the 
anatomical axis in a short film (Kraus et al. 2005). It 
is recognised that these short films are more easily 
obtainable, but they do not capture proximal and 
distal anatomy where there may be an unrecognised 
deformity, and hence the full-length films with mea-
surement of the mechanical axes remain the gold 
standard for evaluation of alignment in the lower 
limb (Hunter and Wilson 2009).

 Clinical Relevance/Implications

Osteoarthritis is believed to be a result of local 
mechanical factors on the background of systemic 
susceptibility (Hunter and Wilson 2009). The 
mechanical axis represents the path of transmis-
sion of forces in the lower extremity. By defini-
tion, malalignment occurs when the centre of the 
knee does not lie close to this line. The goal of 
deformity correction is to not only restore normal 
alignment but also maintain or restore the normal 
orientation of each joint to the mechanical axis. 
One of the most important factors for long-term 
success after an osteotomy or joint replacement is 
to ensure an ideal lower extremity mechanical 
axis alignment. The knowledge of normal values 
helps in planning the osteotomy type, wedge 
angle and location and the precise placement of 
prosthetic components in joint replacements.

Valgus osteotomy of the proximal tibia is used 
in young patients with a progressively symptom-
atic varus knee and mild to moderate osteoarthri-
tis. Ideal alignment following osteotomy 
produces a mechanical axis that passes through 
the mid third of the lateral compartment of the 
knee i.e. there should be a slight overcorrection 
of the mechanical axis (Fig.  17.18). The total 
amount of correction required is a combination 
of the angular deformity between the tibia and 
femur, joint line convergence angle and the over-
correction amount.

Pre-operative
mechanical axis

Ideal alignment
of the mechanical
axis after osteotomy

Fig. 17.18 The ideal alignment of the mechanical axis 
following high tibial osteotomy. After osteotomy the 
mechanical axis should pass through the mid third of the 
lateral compartment (deliberate overcorrection)
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The osteotomy should ideally be performed at 
the centre of rotation of angulation (CORA). This 
is the point of intersection of the proximal and 
distal mechanical axes (Fig. 17.19). If the LDFA 
is within normal limits, then extension of the 
mechanical axis of the femur can be used to 
describe the proximal axis of the tibia. The proxi-
mal and distal mechanical axes form a medial and 
lateral angle at the CORA.  A transverse line is 
drawn through the CORA bisecting this angle. 
The points of intersection (A and B) on the medial 
and lateral cortex describe the apex points for a 
closing or opening osteotomy respectively 
(Fig. 17.19). The CORA in most genu varum con-
ditions is at or near the knee joint. Angular correc-
tions distal to this level results in a secondary 
deformity that requires lateral translation of the 
distal part (Paley et al. 1994).

The tibial osteotomy angle can be measured 
by a method described by Murphy (1994). This 
calculates the total amount of correction 
required to obtain a postoperative mechanical 
axis that passes through the mid third of the lat-
eral compartment of the knee joint. The pro-
posed postoperative mechanical axis is drawn 
and the projected postoperative position of the 
centre of the ankle is marked on this line (virtual 
ankle point, VA). Next two lines are drawn; 
firstly a line is drawn from the apex of the pro-
posed osteotomy (point A for a closing wedge 
osteotomy) to the centre of the ankle. A second 
line is drawn from point A to the virtual ankle 
point. The angle between these two lines is the 
angle of correction (angle α) (Fig.  17.20a–c). 
The same process can be used for calculating 
the angle of correction for an opening wedge 
osteotomy. In this case the apex of the osteot-
omy is substituted by point B instead of point A 
(Fig. 17.21a, b). A closing osteotomy will result 
in a degree of shortening of the tibia, whereas an 
opening osteotomy maintains the original length 
of the convex cortex of the varus tibia.

ACORA

B Bisector line

Fig. 17.19 Diagram showing the point of centre of rota-
tion of angulation (CORA). This is the level where the 
osteotomy should be carried out. The bisector line through 
the CORA determines the apex points for either a closing 
(point A) or an opening (point B) wedge osteotomy. 
Further details are described in the text
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cb

VA

a

A

VA

a

a

Fig. 17.20 Magnitude of 
correction for a closing wedge 
osteotomy. (a) The proposed 
postoperative mechanical axis 
is shown with the projected 
position of the ankle joint 
(VA). A line is drawn from 
point A to the centre of the 
ankle, and a second line is 
drawn from point A to point 
VA. The angle between these 
two lines (angle α) is the angle 
of correction. (b) A wedge of 
bone of magnitude α is 
removed with apex at point A. 
(c) The final alignment after 
closure of osteotomy site. Note 
that the mechanical axis passes 
through the lateral 
compartment
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ba

B

a

a

VA

Fig. 17.21 Magnitude of correction for an opening 
wedge osteotomy. (a) The proposed postoperative 
mechanical axis is shown with the projected position of 
the ankle joint (VA). A line is drawn from point B to the 
centre of the ankle and a second line is drawn from point 
B to point VA. The angle between these two lines (angle 
α) is the angle of correction. (b) The final alignment after 
an opening osteotomy of magnitude α with the apex at 
point B. Note that the mechanical axis passes through the 
lateral compartment
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17.9  Tibial Torsion

 Definition

Anatomical twist of the proximal versus the dis-
tal articular axis of the tibial bone around the lon-
gitudinal axis.

Normal 20–30° (range 0–40°)
Abnormal <0°, >40°

 Indications

For assessment prior to derotation osteotomy.

 Techniques

CT/MRI—Two blocks of axial images are 
required, one just below the level of the knee and 
the other just above the ankle joint.

 Full Description of Technique

Tibial torsion is measured by drawing reference 
lines through the proximal aspect of the tibia and 
the distal tibio fibular articulation. The section of 
the proximal tibia is taken just above the fibular 

head. A tangent joining the dorsal ridges defines 
the reference line from this section (Jend et  al. 
1981; Schneider et al. 1997) (Fig. 17.22a, b). In 
the distal tibia, the section just above the ankle 
joint is chosen. Different methods of obtaining the 
reference line at this level have been described: a 
line joining the centre of a circle superimposed on 
the tibial pilon and the midpoint of the fibular 
notch (Jend et al. 1981) (Fig. 17.23a–d) or a line 
between the centres of the tibia and the fibula 
(Laasonen et al. 1984). A line passing through the 
medial and lateral malleolus (bimalleolar axis) 
has also been used to define the distal axis. The 
first method is considered to be the most accurate 
as it does not incorporate the fibula, the position 
of which can be variable.

The angle between the lines of reference and 
the horizontal is calculated and the torsion is cal-
culated as the difference between the proximal 
angle (angle A) and the distal angle (angle B) 
(Fig.  17.24) which are added together. Lateral/
external torsion is denoted as positive.

 Reproducibility/Variation

A study of 98 patients using MRI (Schneider 
et  al. 1997) found an average tibial torsion of 
41.7° with standard deviation of 8.9°. This cor-
relates well with CT based measurements made 

A

b

A

a

Fig. 17.22 (a, b) Tibial torsion assessment. Measurement of the proximal tibial axis of reference along the dorsal 
ridges of the proximal tibia
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by Jend et al. (1981), where they measured tibial 
torsion in 70 limbs and reported a value of 40° 
with a standard deviation of 9. Jakob et al. (1980) 

found a mean value of tibial torsion of 30° in 45 
cadaveric tibiae.

 Clinical Relevance/Implications

Rotational deformity of the tibia can be develop-
mental or post-traumatic. Internal tibial torsion is 
the most common cause of intoeing in children 
and presents usually at about 2 years of age. 
Internal rotation decreases with growth and at 
maturity the tibia is normally laterally rotated. 
Hutter and Scott (1949) considered internal rota-
tion (less than 0°) or severe external rotation 
(greater than 40°) to be abnormal. Staheli (1989) 
stated that operative correction is indicated if the 
torsion is greater than three standard deviations 
from the mean and indicated a value of <−15° or 
> +30°.

d

B

c

B

ba

Fig. 17.23 Measurement of the distal tibial axis of reference for tibial torsion assessment. (a) Centre of the tibial pilon. 
(b) Centre of the fibular notch. (c, d) A line joining the two centre points describes the distal line of reference

A

B

Angle
of tibial
torsion

Fig. 17.24 Superimposed image showing the proximal 
and distal tibial axes of reference and subsequent calcula-
tion of the tibial torsion. Tibial torsion angle is A + B
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17.10  Tibia: Metaphyseal–
Diaphyseal Angle

 Definition

Angle between the proximal tibial metaphysis 
and the tibial diaphysis.

 Indications

Physiological bowing, infantile tibia vara 
(Blount’s disease).

Further coverage in knee measurement section 
in Chap. 13.

 Technique

Radiography: A standing AP radiograph of the 
lower extremity is obtained with the X-ray beam 
centred over the knee.

 Full Description of Technique

A line is drawn connecting the medial and lateral 
beaks of the proximal tibial metaphysis (metaph-
yseal line, line A) (Fig.  17.25a). A second line 
(line B) is drawn perpendicular to the longitudi-
nal axis of the tibia such that it intersects the 
metaphyseal line. A line along the lateral cortex 
or a line through the middle of the diaphysis can 
define the longitudinal axis of the tibia. The angle 
at the intersection of these two lines is the 
metaphyseal–diaphyseal angle (Fig.  17.25b) 
(Levine and Drennan 1982).

 Reproducibility/Variation

Various studies have shown that MDA measure-
ments are consistently reproducible with excellent 
interobserver and intraobserever reliability 
amongst reviewers. There is no significant vari-

b

A

B

a

A

Fig. 17.25 Measurement 
of the metaphyseal–
diaphyseal angle. (a) 
Metaphyseal line connects 
the medial and lateral 
beaks of the proximal tibial 
metaphysis (line A). (b) A 
line is drawn perpendicular 
to the longitudinal axis of 
the tibia (line B) such that 
it intersects the 
metaphyseal line. The 
angle between line A and 
B is the metaphyseal–
diaphyseal angle
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ability amongst the two methods used to designate 
the long axis of the tibia, i.e. lateral cortical line or 
central diaphyseal line (Auerbach et  al. 2004; 
Lavelle et al. 2008; Foreman and Robertson 1985).

A cut-off of 11° has been suggested in litera-
ture to differentiate physiological bowing from 
Blount’s disease (Levine and Drennan 1982). In 
this study, of the 30 affected extremities, 29 had 
an initial MDA of >11°. Three of the 58 extremi-
ties with an MDA angle of <11° developed any 
diagnostic changes of Blount’s disease later.

 Clinical Relevance/Implications

MDA is useful in the assessment of bow leg 
deformity and helps in differentiating 

 physiological bowing from infantile tibia vara 
(Blount’s disease). Feldman and Schoenecker 
(1993) compared 106 children (179 extremities) 
who had physiological bowing with 19 children 
(32 extremities) who had Blount’s disease. When 
an MDA angle of 11° was used as a cut-off, they 
found a false positive error of 33% and a false 
negative error of 9%. If an MDA of <9° (physi-
ological bowing) or >16° (Blount’s disease) was 
used, then the error rate decreased to less than 
5%. They suggested that if the angle is between 
9 and 16°, then treatment with bracing should be 
considered only if there is instability on 
walking.
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17.11  Tibia: Post-Traumatic 
Deformity Secondary 
to Malunion

 Definition

Post-traumatic deformity of the tibia secondary 
to malunion.

 Indications

Post-traumatic deformity of the tibia secondary 
to malunion.

 Techniques

Radiography: Anteroposterior (AP), lateral and 
both oblique views of the tibia. Standing AP view 
of the entire lower limb for alignment.

CT: Scanogram and axial sections through the 
tibia with sagittal and coronal reformats.

 Full Description of Technique

The AP standing radiograph is used to assess the 
alignment of the lower limb and measure mechani-
cal axis deviation (MAD) as described in the “Lower 
limb alignment” section elsewhere in this chapter. 
Angular deformity is measured from the anatomic 
axis of each tibial segment. The junction of the 
proximal and distal axes is called the “centre of rota-
tion of angulation” or CORA (the level at which an 
osteotomy should be performed), and the angle 
between these two axes is the angle of deformity 
(Fig. 17.26a–c). Leg length discrepancy and rota-
tional deformity can be measured by CT scanogram 
and axial sections through the proximal and distal 
tibia respectively. These are described in detail in 
the relevant sections elsewhere in this chapter.

CORA

cb

CORA

a

CORA

Fig. 17.26 Post-traumatic 
deformity of the tibia.  
(a) Angular deformity in 
the coronal plane.  
(b) Procurvatum deformity 
in the sagittal plane.  
(c) Recurvatum deformity 
in the sagittal plane
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 Clinical Relevance/Implications

Most clinicians believe that deformities of the 
tibial shaft result in alteration in the load distri-
bution across the knee and ankle joints with con-
sequent development of osteoarthritis. However, 
long-term follow-up clinical studies have not 
always supported this hypothesis. Merchant and 
Dietz (1989) reviewed 37 patients with isolated 
tibial fractures at an average of 29  years after 
injury. They found no correlation between the 
degree of deformity and the radiographic and 
clinical outcome. Van der Schoot et  al. (1996) 
looked at 88 patients with isolated tibial shaft 
fractures with an average follow-up of 15 years 
after the injury. They evaluated the influence of 
angular malunion on the incidence of osteoar-
thritic changes in the adjacent joints, and found a 
statistically significant relationship between tib-
ial malalignment and degenerative changes in 
the knee and ankle. Puno et al. (1991) retrospec-
tively reviewed 28 patients with tibial fractures, 
at an average of 6–12  years after injury. They 

were able to demonstrate a significant correla-
tion between clinical outcome and ankle 
 malorientation, but no similar correlation with 
knee malorientation.

The definition of what actually constitutes a 
tibial malunion has never been agreed upon and 
the maximum degree of acceptable angulation 
and shortening to avoid long term osteoarthritis 
remains controversial. It is important to remem-
ber that in addition to the angle of deformity, the 
level of deformity and the presence of translation 
also contribute to malalignment. The degree of 
acceptable deformity noted by various authors is 
extremely variable. Generally, patients can toler-
ate angulation of 5–8°, malrotation of up to 
15–20° and shortening of 2 cm (Mechrefe et al. 
2006). Disability from tibial malunion is pro-
duced mainly by varus and recurvatum deformi-
ties which are more poorly tolerated.

In children less than 9 years of age, deformity 
of axial alignment may correct spontaneously 
with growth, especially if it is near a joint and the 
epiphyseal growth plate has not been injured.
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17.12  Tibial Plateau Angle

 Definition

Posteroinferior slope of the tibial plateau in rela-
tion to the longitudinal axis of the tibia.

 Indications

Tibial plateau fractures, preoperative planning 
for total knee arthroplasty.

 Techniques

Radiography: lateral view of the knee.

 Full Description of Technique

Moore’s method
A true lateral view of the knee joint is obtained. 
Three lines are drawn:

 (a) Tangent to the tibial crest
 (b) Tangent to the proximal tibial articular surface
 (c) Perpendicular to the tibial crest line 

(Fig. 17.27a).

Dejour’s method
The following three lines are drawn on a true lat-
eral radiograph of the knee.

 (a) Longitudinal axis of the tibia is drawn through 
the diaphysis by connecting two points that 
are equidistant from the anterior and posterior 
cortices, one just below the level of the tibial 
tuberosity and the other 10 cm below this.

 (b) Tangent to the medial tibial plateau (line con-
necting the uppermost anterior and posterior 
edges of the medial tibial plateau)

 (c) Perpendicular to the longitudinal axis of the 
tibia.

The angle between lines “b” and “c” describes 
the tibial plateau angle also known as the poste-
rior tibial slope.

 Reproducibility/Variation

The angle so determined by the “Moore” tech-
nique measures between 7 and 22° with a mean of 
14° and a standard deviation of 3.6° (Moore and 
Harvey 1974). Using the “Dejour” technique, the 
mean tibial slope was found to measure 10 ± 3°, 
with a difference of up to 9° between the two knees 
of the same patient (Dejour and Bonnin 1994).

A

B

C

A

ba

B

C

Fig. 17.27 (a, b) 
Measurement of the 
tibial plateau angle 
(angle between lines B 
and C) as described in 
the text using two 
different radiographic 
methods

J. Singh et al.



711

 Clinical Relevance/Implications

The aforementioned angle is useful in determin-
ing the depression due to fracture of the tibial 
plateau. Based on this angle, Moore and Harvey 

also advocated a “tibial plateau view” where the 
X-ray beam is directed at an angle of 15° to the 
tibial crest, thereby providing a more accurate 
assessment of the amount of depression as the 
beam is parallel to the tibial articular surface.
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17.13  Tibial Plateau Angle 
(Posterior Tibial Slope): MRI

The biomechanical importance of the tibial pla-
teau angle (TPA) has been described abundantly 
in literature. The TPA is conventionally measured 
on a lateral radiograph, but this measurement has 
not been satisfactory. Various longitudinal axes 
have been defined (please refer to the previous 
section) with a wide variation in the reported val-
ues. Matsuda et  al. (1999) described an MRI 
method for measuring the TPA that involved 
scanning the entire tibia from the tibial plateau to 
the ankle. Such a full-length scan is prone to 
plane-distortions, which can lead to a bowed 
appearance of the bone, therefore precluding 
accurate measurements (Doran et  al. 2005). 
Three dimensional computed reconstructions are 
complex and time-consuming. Hudek et  al. 
(2009) have described a technique based on a 
standard knee MRI, thereby circumventing the 
plane distortions. Both, medial and lateral TPA 
can be measured separately, with a good correla-
tion and reproducilbilty.

The tibial plateau angle contributes to the 
anteroposterior stability of the knee and is also 
important factor in complications post knee 
arthroplasty, if not correctly restored. A separate 
measurement of medial and lateral TPA is impor-
tant for corrective surgery after malunion of a 
tibial plateau fracture, reconstruction after tumor 

resection and in unicondylar knee arthroplasty. In 
such instances, the technique described below 
should be used.

 Technique

The measurement of the tibial plateau angle 
(TPA) is done as follows.

A central sagittal image is chosen in which the 
intercondylar eminence and the attachment of the 
PCL are visualised. Subsequently, two circles are 
superimposed over the proximal tibia. The cranial 
circle should be in contact with the anterior, pos-
terior and cranial tibial cortex. The caudal circle 
should be in contact with the anterior and poste-
rior cortex, with the centre of the circle superim-
posed on the circumference of the cranial circle. 
The longitudinal axis is defined as the line joining 
the centres of these two circles (Fig. 17.28a).

Once the longitudinal axis has been defined, 
the sagittal images corresponding to the mid point 
of the medial and lateral tibial plateaus are cho-
sen. The longitudinal axis defined above is then 
superimposed on these images and a reference 
line is drawn at a right angle to the longitudinal 
axis. The medial TPA is measured between the 
orthogonal reference line and a tangent connect-
ing the uppermost anterior and posterior cortical 
edges of the medial tibial plateau. The lateral TPA 
is measured between the orthogonal reference 

Intercondylar
eminance

MRI-LAa

Medial Plateau
Orthogonal
to the MRI-LA

Medial
plateau
PTS

b

Lateral Plateau

Orthogonal
to the MRI-LA

Lateral
plateau
PTS

c

Fig. 17.28 Measurement of the tibial plateau angle using 
MRI technique. (a) Central sagittal slice showing the two 
superimposed circles and the longitudinal axis of the tibia. 
(b) Centre of the medial tibial plateau with depiction of 

the medial tibial plateau angle. (c) Centre of the lateral 
tibial plateau with depiction of the lateral tibial plateau 
angle
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line and a tangent along the uppermost even part 
of the plateau (Fig. 17.28b, c).

 Values/Reproducibility

The average medial TPA is 4.8° on MRI. Hudek 
et  al. (2009) found that the angle was 3.4° 
smaller as compared to measurement on lateral 
radiographs. They computed a predictive equa-
tion relating the two measurements: lateral 
radiographs = MRI * 0.88 + 4.3. There was a 
good correlation between the two methods 
(ICC  =  0.73). The reproducibility on lateral 
radiographs was better than for MRI, this was 
considered to be secondary to the fact that the 
radiographic method relies on a single image, 
whereas on MRI, several images are assessed. 
However, the typical error on MRI was only 
slightly higher. The mean difference between 
the medial and lateral TPA was −0.43 ± 3.7°. 

In 21 patients, a difference of greater that 5° 
was observed between the medial and lateral 
TPA.

 Advantages/Disadvantages

In this method, only the proximal tibia is required 
for defining the longitudinal axis, therefore it can 
be performed on a routine standard MRI.  It 
allows separate assessment of the tibial plateaus, 
which is difficult on a lateral radiograph. 
However, MRI determination of the TPA is more 
complex and time-consuming. It is not practical 
to perform this in all cases as a routine, but the 
technique can be used in patients who have a 
standard knee MRI for other clinical reasons and 
also in cases of corrective surgery after malunion 
of a tibial plateau fracture, reconstruction after 
tumour resection and in unicondylar knee 
arthroplasty.
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17.14  Upright MRI in Lower Limb 
Measurements

Early applications of MRI technology to lower 
limb measurement were done in the supine posi-
tion. Hinterwimmer et al. (2008) showed that this 
supine MRI method underestimates limb length 
and valgus alignment emphasising the require-
ment for weight bearing solutions. Upright MRI 
of the lower limb (Liodakis et al. 2011) holds sig-
nificant promise as a new radiation-free tech-
nique for the measurement of the mechanical 
axis deviation (MAD), hip knee angles (HKA), 
leg length discrepancy and all the angles needed 
in frontal plane alignment (as described earlier 
by Paley) namely mLPFA, mLDFA, mMPTA, 
mLDTA and JLCA. Comparative studies with the 
standard full-length radiographs show that 
upright MRI of the frontal plane angles are pre-
cise, reliable and reproducible. There is very 
good correlation coefficients in the measured 
angles (except JLCA) along with a very high 
inter-observer and intra-observer agreement. 
However the leg length and MAD were signifi-
cantly underestimated by MRI.

 Technique

A whole body upright MRI scanner is required 
allowing full weight positioning. The scout views 

are obtained using coronal images of the pelvis/
femur (six slices) with a 10 mm thickness. Then 
axial images of the femoral head and neck are 
obtained for femoral anteversion along with the 
knee/ankle torsion measurements based on axial 
images of the femur and tibia. As the centres of 
the femoral head, knee and ankle joints are not 
depicted on a single coronal MR image, multiple 
images are used and overlapped together using 
Adobe Photoshop software. In addition computer 
planning software is also required to calculate the 
mechanical axis and lower limb alignment.

 Advantages/Disadvantages

The ionising radiation free upright MRI tech-
nique has the potential to replace both the stan-
dard full weight-bearing alignment radiographs 
and the CT studies currently used for torsion 
assessment of the long bones. The technique 
however takes about 30  min to complete with 
additional post-processing time. In addition the 
quality of the images is also dependent on the 
limb length with poor quality images beyond 
85  cm. Overall the patient needs to be shorter 
than 1.75 m to ensure acceptable depiction of the 
femoral head. Currently this means that the tech-
nique is recommended in the paediatric popula-
tion and those shorter than 1.75 m.
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In this section the imaging modalities developed 
and validated for the diagnosis and assessment 
disease activity have been divided into three main 
sections: rheumatoid arthritis (1), ankylosing 
spondylitis (2) and osteoarthritis (3).
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18.1  Introduction

P. J.  O’Connor, Chairman ESSR Arthritis 
Subcommittee

This section has been prepared by European 
Society of Musculoskeletal Radiology arthritis 
subcommittee. This group has extensive experi-
ence of arthritis imaging in clinical practice and 
clinical trials. This is reflected in the depth of 
practical knowledge in applying imaging scoring 
systems detailed in this text.

The use of scoring systems in arthritis has 
been an established part of practice for over 
40  years. The oldest systems are based around 
radiography and have undergone much iteration 
over their years of development.

Recently there has been a revolution in arthri-
tis therapy with the introduction of a new gener-
ation of biologic treatments. These are proving 
exceptionally effective and have become impor-
tant in clinical practice. The development and 
assessment of these expensive therapies have led 
to increased interest in the scoring of disease 

activity using imaging. This mainly applies to 
proof of concept trials, but as clinicians become 
increasingly aware of the degree of subclinical 
disease imaging can demonstrate, it is becoming 
part of clinical management. The main imaging 
modalities under development are magnetic res-
onance and ultrasound visualisation of synovial 
inflammation, bone marrow oedema and ero-
sion; this section focuses down specifically on 
these areas.

We aim to describe the use and validity of 
scoring systems with reference to three main 
groups of conditions:

• Rheumatoid arthritis
• Spondyloarthropathy
• Osteoarthritis

This does not mean the use of these new 
imaging techniques is limited to these conditions 
but simply reflects the weight of published data 
to date. The group expects the use of these 
modalities to extend into new rheumatologic 
areas in time.
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18.2  Rheumatoid Arthritis

Philip  James  O’Connor, J.  Farrant, and 
Richard Hodgson

Rheumatoid arthritis (RA) is an autoimmune 
multisystem disorder of unknown aetiology. It 
has an incidence in the community of approxi-
mately 1% affecting women more frequently 
than men. In terms of health economics, it is an 
important cause of morbidity and mortality.

The defining pathological features of RA are 
synovitis, bone marrow oedema and bone ero-
sion. Erosions are important in RA diagnosis and 
their presence is a key indicator of prognosis 
(Brower 1990). Erosions are common in RA 
patients (Pierre-Jerome et al. 1997), the majority 
developing during the first 2 years of the disease 
(van der Heijde et al. 1995).

MRI and ultrasound allow visualisation of 
synovitis and erosion with bone marrow oedema 
visible only on MRI.  Radiography mainly 
assesses bone and joint space change.

 Imaging Modalities

Imaging has potential value in the diagnosis of 
early rheumatoid arthritis.

A study of 50 patients with possible early RA 
underwent gadolinium (Gd-DTPA)-enhanced 
MR imaging of both hands. A third more patients 
were correctly diagnosed using MRI than using 
the classification tree of the American Rheumatism 
Association (Sugimoto et al. 2000).

Multiplanar imaging modalities such as ultra-
sound (US), computed tomography (CT) and 
MRI have been shown in several studies to dem-
onstrate erosions with greater sensitivity than con-
ventional radiography (CR), particularly in early 
RA (Wakefield et al. 2000; Alasaarela et al. 1998).

Erosions generally only become visible on 
conventional radiography (CR) after a substantial 
amount of bone is destroyed (Cimmino et  al. 
2000) with one study showing that erosions of 
the metacarpophalangeal (MCP) joints only 
became radiographically visible once MRI-
estimated bone erosion volumes reached 20–30% 
of the metacarpal head.

OMERACT (Outcome Measures in 
Rheumatoid Arthritis Clinical Trials) is an inter-
national, multidisciplinary group set up with the 
aim of standardising techniques, joint pathology 
definitions and scoring systems for the use of 
imaging in RA (Conaghan et al. 2001). It deter-
mines the validity, reliability and feasibility of 
each imaging modality leading to a higher degree 
of international consensus. The group has devel-
oped an MRI scoring system for rheumatoid 
arthritis and is now turning its attention to other 
areas and disease entities. They are also starting 
to look at outcome measures using ultrasound. 
Anatomical coverage of the RA score is currently 
restricted to the wrists and hands but may pro-
vide  a basis for a more comprehensive score 
(Conaghan et al. 2001).

 Radiographic Scoring Systems

The traditional signs of RA seen using conven-
tional radiography (CR) such as joint space loss, 
erosions and subluxations represent changes that 
occur at a late stage in the disease process by 
which time the joint is irreparably damaged.

The limitations of CR include its inability to 
directly visualise key structures such as synovium, 
cartilage, soft tissue and bone marrow. 
Furthermore a two-dimensional radiographic rep-
resentation of three-dimensional (3D) structures 
obscures changes seen with other modalities 
(Lassere et  al. 2001). CR is cheap and readily 
available, and although it is a useful tool in moni-
toring established disease progression, it remains 
a relatively blunt instrument in early disease. 
Radiographic scoring systems have been exhaus-
tively assessed and are now have a unique posi-
tion in imaging outcome measure in rheumatoid 
arthritis. They have FDA acceptance as an imag-
ing outcome measure in phase three clinical trials 
and are considered a gold standard assessment for 
joint damage in long-term longitudinal studies.

Radiographic changes are specific but have 
low sensitivity to change compared to MR and 
ultrasound meaning studies need to run for lon-
ger periods with more patients to achieve signifi-
cance. As a result there has been great interest in 
developing MR and ultrasound scoring systems 
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for proof of concept clinical trials where shorter 
study period and smaller patient recruitment time 
can be significant factor in bringing a product to 
market more quickly.

It is beyond the remit of this chapter to assess 
the literature and advantages and disadvantages 
of plain film scoring systems in detail and the 
reader is referred to established rheumatology 
texts and publications for this purpose.

In brief there are numerous approaches to 
radiographic scoring of disease activity.

Steinbrocker and Kellgren described global 
assessments of damage, i.e. these scores reflect 
change in the whole patient. There is general 
acceptance that there is a degree of heterogeneity 
in disease progression within rheumatoid. Joints 
may progress or respond to treatment differently 
within individual patient, as such a global assess-
ment may not effectively reflect treatment 
change. As a result radiographic scoring system 
became more focused on individual joints.

Larsen, Sharp and the simple erosion narrow-
ing score (SENS) described systems involving 
individual joint assessments.

This includes the Larsen and variants and the 
Sharp technique and variants ascribe scores for 
erosion and joint space narrowing separately as 
the key radiographic features of damage.

These more focused techniques are based on 
postero-anterior radiographs of the hands and 
wrists alone for the Sharp and Genant-Sharp 
scores and hands, wrist and feet for the Sharp- 
Van der Heidje, SENS and Larson and variants. 
All techniques are highly specific for RA disease 
change and demonstrate similar intra- and inter- 
reader reliability values of above 0.7 and sensi-
tivity to change.

Reading can be performed in single order 
blinded to patient and sequence, paired but 
blinded to sequence and paired with known 
sequence. In the initial validation of scoring 
systems, it is important that as little bias as pos-
sible is introduced into the scoring system 
assessment, thus single order blinded to the 
patient, and sequence is required. Once this 
assessment has been performed, paired scoring 
can be introduced to improve reproducibility 

and sensitivity to change (Boini and Guillemin 
2001).

 Sharp Score and Variants

 Original Sharp Score
In 1971 John Sharp proposed a scoring system 
for the hand and wrist (Sharp et al. 1971). This 
involved scoring joint space narrowing (JSN) and 
erosion separately with 29 erosion and 27 JSN 
sites assessed. Erosion was scored between 0 and 
5 (max 290) and JSN 0–4 (max 216). This has 
undergone many modifications many of which 
are no longer in use. This section describes only 
major modifications of note.

 Modified Sharp Score
A modification of the Sharp score was proposed 
in 1985; this is now considered the standard 
Sharp score (Sharp et al. 1985).

The score includes 17 areas for erosion (5 PIP, 
5 MCP, 1st CMC and 6 wrist sites) and 18 areas 
for JSN.

Each erosion scores one point with a maxi-
mum of 5 for each site giving a maximum score 
of 170.

JSN is scored 1 for focal JSN, 2 for diffuse 
<50%, 3 for diffuse JSN >50% and 4 for fusion. 
The maximum JSN score is 144.

 Van der Heidje Modified Sharp Score
In 1989 a modification including assessment of 
the MTP joints of the feet was described (Lassere 
et al. 1999). Sixteen joints in the hands and wrist 
and six joints in each foot (5 MTP and the 1st IP) 
were assessed for erosion and JSN. The scoring 
is semiquantitative with erosion scored on a 0–5 
scale depending on the amount of joint surface 
involved (5 represents complete collapse). The 
maximum erosion scores are thus 160 for the 
hands and wrist and 120 for the feet. JSN is com-
bined with a score for subluxation: 0 = normal, 
1 = focal or borderline change, 2 = diffuse <50%, 
3 = diffuse >50% or subluxation and 4 = ankylo-
sis. The maximum JSN scores are 120  in the 
hands and wrists and 48 in the feet.
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 Genant Modified Sharp Score
In 1998 Genant and coworkers described a modi-
fication to the Sharp score (Genant et al. 1998). 
This changes the scoring increments for erosion 
and JSN to 0.5 and ascribes a definition for bor-
derline/subtle changes. The areas assessed are 
unchanged from the modified Sharp.

For erosion 0  =  normal, 0.5  =  borderline 
change, 1  =  mild definite erosion, 1.5  =  mild 
worse, 2  =  moderate, 2.5  =  moderate worse, 
3 = severe and 3.5 = severe worse. This gives a 
maximum erosion score of 98. JSN is scored on a 
9-point scale: 0 = normal, 0.5 = questionable of 
subtle change, 1 = mild change, 1.5 = mild worse, 
2 = moderate, 2.5 = moderate worse, 3 = severe, 
3.5 = severe worse and 4 = ankylosis; the maxi-
mum JSN score is 104.

The scores for each hand are then summed 
and normalised to a 0–100 scale.

 Simple Erosion Narrowing Score (SENS)
In 1999 Van der Heijde described the SENS 
method (van der Heijde et al. 1999). This is sim-
plified method based on the Sharp-Van der Heijde 
score with the same joints scored. The system 
simply sums the number of affected joints for JSN 
and erosion. JSN and erosion are scored in each 
joint giving a maximum score for each joint of 2; 
this results in maximum total SENS score of 86.

 Larson Scoring and Variants

 Original and Modified Larson Scores
In 1974 a scoring system based on a standard film 
set of the hands, wrist and feet was developed. The 
film set represents six stages of disease progressing 
from normality to advanced rheumatoid damage 
with the reader matching the film being read to the 
film set.

The system has been modified several times; 
in the 1977 system, the grading was 0 = normal; 
1 = periarticular soft tissue swelling, periarticular 
osteopaenia; 2 = definite early destruction (ero-
sion, JSN); 3 = moderate destruction; 4 = severe 
destruction; and 5 = arthritis mutilans. The wrist 
is considered as one unit with the score weighted 

by a factor of 5. Joints assessed that are in each 
upper limb are 5 DIPs, 4 PIPs, 5 MCPs, wrist and 
in each foot 5 MTP and the 1st IP.  The score 
ranges from 0 to 250.

Because periarticular osteopaenia is difficult 
to quantify and highly observer dependant, it is 
generally excluded from Larson and Larson- 
based scoring systems.

 Ultrasound Scoring Systems
Ultrasound is at an early stage of development as 
an imaging outcome measure in RA.  Many of 
the studies quoted in the literature have been 
designed and undertaken by rheumatologists 
with differing levels of experience of imaging 
and ultrasound.

Technological developments will also be 
important in ultrasound of RA. The widespread 
introduction of 4D ultrasound with mechanical 
probe movement and eventually high-frequency 
matrix probes will have a substantial impact on 
reproducibility and reliability in ultrasound.

US is increasingly being considered to be an 
extension of the clinical examination and in many 
centres in Europe and North America is being 
undertaken by rheumatologists at the time of 
clinic appointment. This view of ultrasound as an 
extension of the clinical examination is 
unfounded. Ultrasound is an imaging modality; it 
should be treated as such and closely correlated 
with other imaging modalities and the clinical 
setting. One of the gravest dangers to the credi-
bility of ultrasound as an assessment of rheuma-
tological disease is failure to coordinate with 
other imaging modalities. Using ultrasound as a 
stand-alone technique is difficult; if rheumatol-
ogy cannot provide this level of detailed correla-
tion, then clinico-radiological conference review 
is advised in cases where other imaging has been 
undertaken.

There is little validity data in terms of compar-
ing with histology and MRI, although these data 
are increasing. There is one concurrent pathology 
validation (Mcgonagle) though this study was 
somewhat limited by the small numbers of 
patients examined. There are several validation 
papers using MR as a comparator both for  
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synovitis and erosions. The degree of validation 
conferred by MR varies widely with a mix of 
high-field and low-field MR techniques 
employed. The majority of studies have single 
observer MR with either all or more often only a 
portion of the ultrasounded joints examined. The 
reader must be aware of the nature of the MR 
validation before accepting the quoted sensitivity 
and specificities. Reliability data is scarce par-
ticularly relating to intra-observer and interma-
chine reliability. Longitudinal evidence is also 
scarce with few blinded studies assessing respon-
siveness to therapies. There is also little data 
available on the US appearance of normal joint 
structures (Wakefield et al. 2005).

 Erosion

The OMERACT definition of erosion for US is 
an intraarticular discontinuity of the bone surface 
visible in at least two planes (Wakefield et  al. 
2005).

US scoring systems can be semiquantitative, 
measuring the number, joint and extent of ero-
sions with a global score of 0–3 or 4. Quantitative 
assessment allows grading of erosions into grades 
1–3 (1; less than 2 mm, 2; 2–4 mm and 3; greater 
than 4 mm).

US has been shown more sensitive than CR 
in detection of erosions (Wakefield et al. 2000; 
Weidekamm et al. 2003). A comparison of US 
and CR in the detection of erosions in MCP 
joints found that US detected sixfold more ero-
sions than CR in early disease and 3.4-fold more 
in late disease (Wakefield et  al. 2000). In this 
study all of the sonographic erosions not seen 
on radiography corresponded to MRI bone 
abnormalities, and the Cohen’s kappa values for 
intra- and interobserver reliability of sonogra-
phy were 0.75 and 0.76, respectively (Wakefield 
et al. 2000). Another study of 150 small joints 
and 2 observers (musculoskeletal radiologist 
and rheumatologist with limited US experience) 
reports inter-reader ICC value of 0.78 for ero-
sion detection (grade 0–3) which was better 
than those for US detection of synovitis 
(Szkudlarek et al. 2003).

The ability of US and MRI to detect bone ero-
sions in early-advanced rheumatoid arthritis has 
been compared where no erosion was evident on 
CR (Magnani et al. 2004). A significantly higher 
number of erosions were detected by US in MCP 
joints although no significant difference between 
US and MRI in detecting bone erosion was 
observed in wrist joints. Ten controls underwent 
examination of the same joints by US, and none 
showed bone erosions at US examination. The 
authors suggest that US is at least as sensitive as 
MRI in detecting bone erosions in MCP and wrist 
joints and that it is a useful diagnostic tool for 
early arthritis and may be utilised in the follow- up 
of patients with an established diagnosis of RA.

 Synovitis

The OMERACT definition of synovitis for US is 
hypoechogenic thickened intraarticular tissue 
that is non-displaceable and poorly compressible 
that may exhibit Doppler signal (Wakefield et al. 
2005).

It provides direct visualisation and assessment 
of synovitis, the primary site of disease in 
RA.  Treatment response or disease activity can 
be assessed, and US can be used to guide therapy 
and therapeutic strategy. Real-time dynamic 
imaging, close clinical correlation and excellent 
spatial resolution allow symptom-based, anatom-
ical and functional assessment. A good represen-
tation of the patient’s disease can be achieved by 
multiple joint assessment during one session, an 
advantage US has over MRI particularly if 
contrast- enhanced MRI is to be used.

US can evaluate several features of both intra- 
and extraarticular disease. The US markers of 
intraarticular disease are effusion, synovial 
hypertrophy and vascularity, erosions and prolif-
erative new bone formation. Extraarticular mani-
festations including tenosynovitis, enthesopathy, 
tendon rupture and bursae can also be assessed.

Normal synovium is not visualised sono-
graphically. When thickened it appears as intraar-
ticular tissue of variable echogenicity depending 
on the degree of synovial oedema. Oedematous 
synovium is of low echogenicity and can even be 
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anechoic making it difficult to differentiate from 
effusion. Two techniques can aid the diagnosis; 
compression will move the fluid but not the 
synovium, and using colour or power Doppler 
sonography (PDS) may detect vascular flow in 
synovitis that will not be seen in fluid.

Since accurate assessment of synovial volume 
is difficult using ultrasound, many studies have 
concentrated on the use of Doppler techniques to 
provide a measure of disease activity by assess-
ing the vascularity of the inflamed synovium. 
PDS offers greater sensitivity than colour Doppler 
and has been shown to reliably assess synovial 
blood flow (Newman et al. 1994; Walther et al. 
2001). PD ignores velocity signal but estimates 
the total strength of signal, it can demonstrate 
less flow in smaller vessels and there is no alias-
ing effect as is seen with colour flow. PDS can 
reliably depict soft tissue hyperaemia associated 
with tendons and bursae (Newman et al. 1994).

There are several potential pitfalls that the 
operator should be aware of when applying 
PDS. PDS findings are influenced by the exam-
iner, the spatial and temporal resolution of the 
machine and the acoustical conditions involved 
in image processing. The probe must be used 
with minimal pressure to avoid compressing ves-
sels, obliterating flow and thereby obtaining false 
negative results.

Edge artefact is related to strong specular 
reflectors and appears as steady colour along the 
rim of cortical bone or tendons. This can make 
adjustment of the gain setting difficult. The gain 
threshold should be set so that there is no 
observed signal in bone (Rubin 1999).

Flash artefact manifests as a colour signal 
caused by tissue motion. This motion is most 
commonly seen when there is surrounding 
hypoechoic effusion and is more of a problem 
when using PDS than with colour Doppler.

Artefacts may be distinguished from true flow 
by the stable location of the artefact and absence 
of pulsation.

PDS with contrast agent Levovist (Schering, 
Germany) has been shown to be concordant with 
MRI in all cases (Magarelli et  al. 2001). With 
arthroscopy as reference, contrast-enhanced PDS 
(CEPDS) was found to be more accurate than 

PDS in demonstrating increased synovial vascu-
larity in knees (Fiocco et  al. 2003). This study 
showed that CEPDS offered more reproducible 
PD signal scores as well as higher sensitivity 
(80% vs. 30%), but lower specificity (62% vs. 
87%). While increasing the sensitivity of PDS, 
there are considerations such as additional costs, 
time and invasiveness.

Much of the available data in this field is pre-
liminary, often with lack of consensus regarding 
standard examination technique or technical 
parameters. However there are studies that have 
attempted to quantify synovial inflammation 
from Doppler imaging. The objective quantifica-
tion of PD (QPD) signal by counting pixels in a 
specific area of interest has been used to demon-
strate a significant decrease in QPD post- 
intravenous steroid treatment (Teh et al. 2003).

Spectral Doppler resistive index (RI) aims to 
provide a more quantitative objective assessment 
of synovial vascularity although its reproducibil-
ity is unknown. The Doppler spectrum of three 
random synovial arteries was electronically 
traced in five wrists and the RI calculated. 
Following injection of intraarticular steroid, the 
RI increased in four patients consistent with 
decreased synovial blood flow (Terslev et  al. 
2003).

US has been compared to the gold standard of 
microscopic or macroscopic pathological evi-
dence of synovitis (Walther et  al. 2001; Fiocco 
et al. 1996; Schmidt et al. 2000), but studies exist 
for larger joints rather than smaller joints. Walther 
et  al. (Walther et  al. 2001, 2002) have found a 
close correlation between histological vascularity 
and semiquantitative grades of PD signal in the 
synovium in knee joints (n = 23) and hip joints 
(n = 24) in patients undergoing arthroplasty for 
either RA or OA. Both studies showed a highly 
significant correlation between power Doppler 
US findings and histopathological findings. B 
mode US-detected synovial thickness and 
arthroscopic grade of synovitis in knee joints also 
show significant correlation (Fiocco et al. 1996).

MRI has been used as a gold standard in many 
studies evaluating the use of US in synovial 
assessment as there is much evidence document-
ing agreement between pathologic and MRI 
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findings of synovitis (Gaffney et  al. 1995; 
Ostergaard et  al. 1997a, 1998; Ostendorf et  al. 
2001).

Studies comparing US and MRI in RA finger 
joints have shown a high level of agreement for 
synovitis, assessed by B mode (Fiocco et  al. 
1996; Szkudlarek et  al. 2004) and particularly 
PDS (Terslev et al. 2003; Szkudlarek et al. 2001).

A prospective study of 60 patients showed that 
US was more sensitive than MRI in detecting 
synovitis, whereas MRI was more sensitive for 
detection of small erosions (Backhaus et  al. 
1999). PD signal and early MRI enhancement in 
rheumatoid MCP joints have been shown to be 
closely correlated; the sensitivity and specificity 
of PDS, with MRI as a reference, were 0.89 and 
0.98, respectively (Szkudlarek et al. 2001). Both 
these studies however use only a binary score for 
assessment of synovitis (present or absent).

Szkudlarek et al. used a semiquantitative volume- 
based grading of MTP joint synovitis (grades 0–4) to 
compare B mode US and T1-weighted contrast-
enhanced MRI. With MRI considered the reference 
method, the sensitivity, specificity and accuracy of B 
mode US for the detection of synovitis were 0.87, 
0.74 and 0.79 (Ejbjerg et al. 2004). The authors sug-
gest that the visualised inflammatory changes are 
similar or identical using both modalities (Szkudlarek 
et al. 2004).

However the results of the above studies must 
be treated with caution as few patients are 
involved in the studies (Szkudlarek et  al. 2004, 
2001) and there is only a single observer in each 
resulting in lack of intra-observer agreement val-
ues (Szkudlarek et  al. 2004, 2001; Backhaus 
et al. 1999).

The use of US in longitudinal studies has 
demonstrated changes consistent with treatment 
response. PD signal and B mode synovial thick-
ness decrease significantly when steroids (Teh 
et al. 2003; Terslev et al. 2003; Stone et al. 2001) 
or TNF antagonists (Terslev et al. 2003; Ribbens 
et al. 2003; Hau et al. 2002) are administered.

Again this evidence is based upon studies that 
contain relatively few patients and often one observer. 
One study relied upon subjective visual scale read-
ings of one sonographer (Stone et al. 2001).

Generally weak correlation has demonstrated 
between US measures, clinical examinations and 

biochemical markers (Terslev et  al. 2003; 
Ribbens et al. 2003; Hau et al. 2002).

No data regarding smallest detectable differ-
ence has been reported with US.

To detect change US must be reproducible, and 
it can be expected reproducibility will improve 
with technology developments in 4D ultrasound.

The problems with reproducibility are based 
on variations between results obtained by differ-
ent observers and different US machines. The 
intra- and interobserver variations of US have not 
been widely tested (Szkudlarek et  al. 2003; 
Ribbens et al. 2003), and the interscanner varia-
tion remains untested. Inter-scan variability poses 
a significant problem. Results for the same 
patient scanned at different time intervals using a 
different scanner may not be comparable.

Studies have shown good interobserver agree-
ment on assessment of hand and foot joint syno-
vitis. A four-grade semiquantitative evaluation of 
synovitis, joint effusion and power Doppler sig-
nal by two sonographers revealed ICCs of 0.81, 
0.61 and 0.72, respectively, and unweighted 
kappa estimations of 0.63, 0.48 and 0.55, respec-
tively, showing moderate to good correlation 
(Szkudlarek et al. 2003).

One study involving RA small joints included 
both reproducibility and longitudinal data. In this 
study intra- and interobserver variations on B 
mode US-determined synovial thickness in wrist, 
MCP and PIP joints of 11 patients were assessed 
with intra-observer coefficients of variation of 
1.9–2.6% and interobserver coefficients of varia-
tion of 10.2–11.0% (Ribbens et  al. 2003). 
Treatment with a TNF antagonist changed the 
synovial thickness more than the coefficient of 
variation in most joints, suggesting this measure 
is sensitive to change in clinically relevant situa-
tions (Ribbens et al. 2003).

There is only one study with data on the 
importance of US findings with respect to later 
radiographic or functional status (Taylor et  al. 
2004). This recent randomised controlled trial 
of TNF antagonist therapy in early RA showed 
that baseline US-determined synovial thicken-
ing and degree of vascularity in the MCP joints 
correlated with the radiographic joint damage in 
the following year in the placebo group, but not 
in the group receiving biological therapy.
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The prognostic value of MRI regarding devel-
opment of erosions is not directly transferable to 
US. Correlation between US and MRI findings of 
synovitis has been demonstrated, but several stud-
ies have shown that the strongest MRI predictor 
of future erosive damage is presence of bone mar-
row oedema (Ostergaard 1999; McGonagle et al. 
1999; Conaghan et  al. 2003a; McQueen et  al. 
2003a; Savnik et al. 2002a) not synovitis.

 MRI Scoring Systems

Magnetic resonance imaging allows the direct 
visualisation of many bone and soft tissue changes 
in rheumatoid arthritis. Synovitis volume, bone 
marrow oedema and bone erosions are suitable 
for serial measurement. The OMERACT 
RAMRIS system is designed to allow straightfor-
ward, reproducible scoring of all these features. 
Alternatively, synovial volumes may be directly 
and quickly measured using semiautomated tech-
niques. There is the potential for similar systems 
for measuring erosions. Dynamic contrast- 
enhanced MRI depends on the rate of enhance-
ment of the synovium after intravenous contrast 
agent. Measurements depend on the underlying 
physiology of the inflamed synovium, in particu-
lar the vascularity and capillary permeability 
which are expected to closely mirror inflamma-
tory activity in the joint. Measurements from MRI 
have been shown to correlate with clinical, labora-
tory, imaging and histological measures of inflam-
mation, predict erosive progression and respond 
rapidly to various types of treatment. They are 
therefore expected to be good measures of disease 
activity, progression and response to therapy.

MRI has important implications for the diag-
nosis and correct management of patients with 
early unclassified polyarthritis. MRI studies of 
four groups of patients (established RA, early 
RA, other arthritis and arthralgias) have shown 
bone marrow oedema was found in 68% of 
patients with established RA and the number of 
bones with oedema was significantly higher than 
in any of the other patient groups (Savnik et al. 
2001a). Twenty patients with recent onset knee 
effusion underwent MRI, and prominent peri- 
entheseal bone marrow oedema was a feature in 

six out of ten spondyloarthropathy patients but 
was not found in the RA patients studied 
(McGonagle et al. 1998).

MRI scans performed at the first presentation 
of RA, often by the presence of bone marrow 
oedema or synovitis, can be used to diagnose and 
predict future radiographic damage, allowing 
DMARDS to be targeted to patients with aggres-
sive disease (Ostergaard 1999, 2003a; McQueen 
et al. 2003a, 1998).

 Scoring Systems

The Outcome Measures in Rheumatoid Arthritis 
Clinical Trials (OMERACT) group have devised 
and tested a rheumatoid arthritis MRI scoring 
system (RAMRIS) for the wrist and metacarpo-
phalangeal (MCP) joints. This aims to provide a 
well-defined, reproducible measurement system 
applicable across different sites (McQueen et al. 
2003b). Of the various measurements consid-
ered, bone erosions, bone marrow oedema and 
synovitis volume provided acceptable reproduc-
ibility (Lassere et al. 2003).

OMERACT defines a core set of MR sequences 
(Ostergaard et  al. 2003b). T1-weighted images 
acquired before and after the administration of 
gadolinium-based, intravenous contrast are 
required to demonstrate enhancing synovitis. 
These images are also helpful for identifying cor-
tical defects, a defining characteristic of bone ero-
sions. Erosions must be visible in two planes to 
meet the RAMRIS criteria, so axial and coronal 
images are recommended. Small erosions need 
images from thin slices for reliable visualisation, 
and the OMERACT studies used slice thickness 
of 3  mm (Lassere et  al. 2003; Conaghan et  al. 
2003b; Bird et al. 2003a). Bone marrow oedema 
is best assessed on pre-contrast T2-weighted 
images, typically in the coronal plane. Figure 18.1 
shows examples of synovitis, erosions and mar-
row oedema on T1-weighted post- contrast and 
T2-weighted pre-contrast images. Studies looking 
at low-field (0.2 T) MR systems for OMERACT 
scoring have shown good correlation with stan-
dard field systems (1.5  T) for scoring synovitis 
and erosions but not marrow oedema (Schirmer 
et  al. 2006; Ejbjerg et  al. 2005a). Contrast dose 
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affects the synovitis scores (Eshed et al. 2006), so 
a standard dose of 0.1 mmol/kg is usually used 
(Lassere et al. 2003; Conaghan et al. 2003b; Bird 
et al. 2003a). There is some evidence to suggest 
that MRI of the feet may be more sensitive to 
early changes (Ostendorf et al. 2004).

The scores for each of synovitis, bone ero-
sions and bone marrow oedema are made up 
from the sum of scores from individual joints. 
Synovitis is scored 0–3  in each of the distal 
radioulnar, radiocarpal, intercarpal-CMC and 
second to fifth MCP joints. Bone changes are 
scored in each of the carpal bones, distal radius, 
distal ulna and metacarpal bases. Erosions are 
scored 0–10 and oedema 0–3 as a fraction of the 
bone involved. Atlases have been produced to 
standardise scoring and facilitate inter-reader 
and inter-site comparisons (Conaghan et  al. 
2005; Ejbjerg et al. 2005b).

The EULAR (European League Against 
Rheumatism)-OMERACT RA MRI reference 
imaging atlas is an international reference set 
of images for bone erosions, bone oedema and 
synovitis aiming to standardise assessment of 
the disease and allowing semiquantitative scor-
ing. Coronal and axial pre-contrast images were 
chosen to grade erosions from 0 to 10 accord-
ing to the percentage of bone occupied by ero-
sion. T2-weighted fat-saturated or STIR 
sequence images provided the most sensitive 
visualisation and scoring for bone oedema 
(Bird et al. 2005).

 Erosions

There is no pathological correlation data avail-
able for MRI erosions in rheumatoid. MRI can-

not be compared to the previous gold standard for 
bone erosions CR. CR is an ineffective gold stan-
dard as MRI has been found to be more sensitive 
in the detection of early rheumatoid erosions, and 
long-term follow-up is ineffective as all patient 
cohorts are subject to disease-modifying therapy. 
A study using miniarthroscopy of MCP joints has 
reported macroscopic evidence of erosive disease 
that correlated with MR erosions, but only sur-
face areas of the lesions were visible (Ostendorf 
et  al. 2001). Some reassurance comes from the 
fact that ultrasound (Wakefield et  al. 2000) and 
CT (Perry et  al. 2005) reveal the same erosive 
lesions as MRI.

Comparison with CT gives us some idea of 
their nature and to what extent they represent cor-
tical and trabecular bone destruction (Alasaarela 
and McQueen). These studies show that there is 
13–23% mismatch between MR erosion and 
lesions detected with CT. It is accepted that rou-
tine imaging using commercially available sys-
tems CT is a more reliable imaging modality to 
assess bone structure. CT is therefore more likely 
than MR to represent a gold standard in terms of 
assessing bone destruction in rheumatoid 
patients. These studies indicate that not all ero-
sions seen at MR represent bone destruction; 
focal oedema in the cortex and underlying bone, 
partial voluming, observer error and even normal 
variation are all possible explanations for these 
findings.

Several studies have demonstrated superior 
sensitivity in depiction of erosions on MRI in 
early disease compared with CR (Foley-Nolan 
et  al. 1991; Jorgensen et  al. 1993; Ostergaard 
et  al. 1995; Klarlund et  al. 1999, 2000a; 
Lindegaard et  al. 2001) (McQueen et  al. 1998; 
Ostergaard et  al. 1999). MRI has the ability to 

Fig. 18.1 T2 fat-suppressed axial images 
of the fingers showing failure of fat 
suppression in the index and ring fingers. 
This is  characterised by increased signal in 
the bone marrow and subcutaneous fat that 
crosses anatomical boundaries
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visualise lesions 6–12 months before they appear 
on CR (McQueen et al. 1998, 2001). One study 
revealed carpal erosions on MRI in 45% of RA 
patients at 4 months from the onset of symptoms, 
whereas only 15% had erosions on CR (McQueen 
et al. 1998), rising to 74% at 1 year on MRI and 
28.6% on CR (McQueen et al. 1999). Two stud-
ies showed that all radiographically detected ero-
sions were present on MRI (Foley-Nolan et  al. 
1991; Jorgensen et  al. 1993). However, this 
increased sensitivity may be at the cost of reduced 
specificity in erosion identification. The use of 
Gd-DTPA and multiplanar imaging to reduce 
partial volume artefact (McQueen et  al. 1998) 
helps to avoid false positives. Occasionally ero-
sions are detected one CR and not MRI (Klarlund 
et al. 2000a).

There is conflicting data regarding the pro-
gression of MRI-detected erosions to erosions 
detected by CR. One study shows that only one 
in four of the MRI erosions progressed to 
radiographic erosion during the first year of the 
disease (McQueen et al. 2001), possibly owing 
to healing or observer error, although radio-
graphic identification of erosions at the wrist is 
notoriously difficult in early RA (Scott and 
Farr 1986), to the extent that many sites have 
been excluded from the van der Heidje modifi-
cation of the Sharp score. This study also 
showed that patients with a high total MRI 
score, including erosion, bone oedema, synovi-
tis and tendonitis scores, were more likely to 
develop erosions on CR at 2 years (McQueen 
et al. 2001).

Longitudinal studies demonstrate the persis-
tence and progression of MRI erosions. These 
studies indicate that MRI erosions are not usually 
reversible and are present in 95% (McQueen 
et al. 1999) to 100% (Klarlund et al. 2000a) of 
those patients that had erosions at baseline. If 
MRI erosions were absent at baseline and the 
total MRI score was low, CR erosions were 
unlikely to develop 1 year later with negative pre-
dictive values of 0.91 and 0.92, respectively 
(McQueen et al. 1999).

The reliability of the OMERACT scoring sys-
tem has been assessed in several studies. Intra- 
reader variation is low (interclass correlation 
coefficient >0.9) (Haavardsholm et al. 2005). The 

results for inter-reader correlation are less good 
with substantial variation between studies for 
synovitis (0.58–0.78), erosions (0.3–0.83) and 
oedema (0.32–0.95) (Lassere et  al. 2003; 
Conaghan et  al. 2003b; Haavardsholm et  al. 
2005; Ostergaard et  al. 2001a). This variation 
may reflect the different characteristics of the 
patients groups studied (Conaghan et al. 2003b). 
There is also controversy over the relative reli-
ability of wrist and MCP scores (Lassere et  al. 
2003; Conaghan et al. 2003b; Bird et al. 2005). 
Studies looking at changes in OMERACT scores 
have shown slightly poorer inter-reader correla-
tion (Conaghan et al. 2003b; Haavardsholm et al. 
2005). Smallest detectable differences have been 
estimated at less than 36% (Conaghan et  al. 
2003b; Haavardsholm et al. 2005; Ejbjerg et al. 
2005c) for all measures, which has been com-
pared favourably with clinical scores (Conaghan 
et al. 2003b). One should bear in mind though the 
%SDD quoted relates to the maximum score seen 
not the mean, this could give the reader a false 
impression of the modality performance in 
detecting changes in the average patient.

Several studies have applied the OMERACT 
scoring system to diagnosis, measurement of dis-
ease activity, prognosis and response to treat-
ment. Low-grade changes have occasionally been 
seen in normal subjects (Ejbjerg et  al. 2004). 
Higher scores for oedema in the MCP joints have 
been found in rheumatoid arthritis compared to 
other types of inflammatory arthritis (Solau- 
Gervais et al. 2006), suggesting a potential use in 
diagnosis. Synovitis and marrow oedema scores 
correlate with other measures of inflammation 
such as ESR, CRP and radiolabelled nanocolloid 
uptake, while erosion score correlates with ESR 
(Palosaari et al. 2004). OMERACT scores appear 
more sensitive to early erosions than plain X-rays 
(Ejbjerg et  al. 2006), but not to long-term 
 progression (Bird et al. 2004). Importantly, syno-
vitis, oedema and erosion scores all predict ero-
sive progression (Ostergaard et al. 2005; Palosaari 
et al. 2006). In patients receiving anti-TNFα ther-
apy, there was a significant reduction in scores of 
synovitis (after 3  months) and marrow oedema 
(after 1  month) with significantly less erosive 
progression at 1  year (Tam et  al. 2006; Quinn 
et al. 2005).
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 Bone Erosion Volume

Studies have measured the volume of erosions by 
expert manual outlining. Post-contrast, 
T1-weighted images are useful for highlighting 
defects in the cortical bone necessary to diagnose 
an erosion (Bird et al. 2003b). They may, how-
ever, be insensitive to erosions filled with fibrous 
tissue (Perry et  al. 2005). Erosion volumes are 
usually measured in the coronal plane (Bird et al. 
2003b; Ostrowitzki et  al. 2004). Although thin 
slices are expected to improve accuracy, this has 
not been clearly demonstrated (Bird et al. 2003a).

Published work suggests reproducibility in the 
wrist is good, with intra-reader, inter-reader and 
inter-scan correlation coefficients over 0.9 and 
good correlation with OMERACT scores (Bird 
et al. 2005, 2003b). Both volume measurements 
and OMERACT scores are capable of detecting a 
similar (20%) change in erosions (Bird et  al. 
2003b). Interobserver agreement is poorer in the 
MCP joints, however (Bird et al. 2003a, 2005), 
with little evidence of benefit from training (Bird 
et al. 2005) or thinner slices (Bird et al. 2003a). 
This has been attributed to difficulty in estimat-
ing the proximal bone outline prior to erosion 
(Bird et al. 2005).

Erosion volume has been shown to correlate 
with the joint alignment and motion score (Bird 
et al. 2003a).

A semiautomated technique has allowed ero-
sion volume to be calculated after manual outlin-
ing of the approximate joint area, using the 
combination of a T1-weighted spin echo and gra-
dient echo image (Ostrowitzki et al. 2004; Carano 
et  al. 2004). Results have been correlated with 
erosion scores. A fully automated method has 
been demonstrated in a rat model of inflamma-
tory arthritis (Leung et al. 2006). The automated 
and semiautomated methods for determining ero-
sion volume do not distinguish between oedema 
and erosions (Ostrowitzki et  al. 2004; Leung 
et al. 2006). Little work has been published look-
ing at the independent quantification of bone 
marrow oedema, despite evidence that this is 
important in predicting erosive progression 
(McQueen et al. 2003a; Palosaari et al. 2006).

Thus, there is little evidence of any improve-
ment in accuracy by using volume measurements 
of erosions over OMERACT scoring, particularly 
in the MCP joints. Automated and semiautomated 
scores may, however, provide time-saving advan-
tages and do offer the potential to objectively 
measures of bone volume loss in the future.

 Bone Marrow Oedema

Bone marrow oedema is the term used to describe 
regions seen within the trabecular bone which 
have the imaging characteristics of fluid but 
where the cortex appears intact. It is a common 
but far from universal feature of rheumatoid 
arthritis and has been shown in 36–68% of 
patients with rheumatoid arthritis (McGonagle 
et al. 1999; McQueen et al. 2003a, 1998; Savnik 
et  al. 2001a; Ostendorf et  al. 2004). It appears 
with high signal intensity on T2-weighted fat- 
suppressed or STIR images and with low signal 
intensity on T1-weighted images. The fluidlike 
signal intensity led to the description of 
“oedema”; however, these lesions also enhance 
avidly following intravenous contrast, suggesting 
they are associated with increased vasculature, 
consistent with inflammation within the trabecu-
lar bone. This is supported by correlative studies 
with histology which suggest that the marrow 
oedema corresponds to regions of subchondral 
inflammation (McQueen and Ostendorf 2006; 
Jimenez-Boj et al. 2007; McQueen et al. 2007). 
There is also evidence that marrow oedema cor-
relates with other measures of disease activity, 
including imaging measurements (MRI synovial 
volume, synovial vascularity, erosions and bone 
scintigraphy), clinical scoring (DAS, pain, 
Ritchie) and laboratory measurements (ESR, 
CRP, RF, anti-CCP, LLP3, IL6) (McQueen et al. 
1998; Palosaari et  al. 2004; Tamai et  al. 2007, 
2006).

RAMRIS includes a system for scoring bone 
marrow oedema in the wrist and MCP joints. 
OMERACT define bone marrow oedema as a 
lesion within the trabecular bone with signal 
characteristics of increased water content and 
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poorly defined margins. Such lesions may occur 
alone or around an erosion or other abnormality. 
Oedema is scored for each bone or bone area on 
a scale of 0–3 depending on the proportion of 
bone involved within 1 cm of the joint line (0: no 
oedema; 1: 1–33% bone oedematous; 2: 34–66% 
bone oedematous; 3: 67–100% bone oede-
matous).

The reliability of the RAMRIS scoring system 
for bone marrow oedema has been assessed in a 
number of studies. Intra-reader variation was 
good with ICCs of 0.82–0.98 (Haavardsholm 
et  al. 2005; Durez et  al. 2007). However inter- 
reader reproducibility was considerably more 
variable with ICCs of 0.32–0.95 (Lassere et  al. 
2003; Conaghan et  al. 2003b; Haavardsholm 
et  al. 2005; Ostergaard et  al. 2001a; McQueen 
et al. 2007; Durez et al. 2007), perhaps reflecting 
the differences in the extent of oedema present in 
the different patient groups studied (Conaghan 
et  al. 2003b). In contrast to other parameters, 
RAMRIS scoring of oedema appears to be mark-
edly affected by the magnetic field strength, such 
that inter-reader ICCs are poorer at 0.2 T than 1 T 
(Bird et al. 2007; Conaghan et al. 2007) due to 
the poor sensitivity at low field (Ejbjerg et  al. 
2005a), although there seems little difference 
between 1.5 and 3 T (Wieners et al. 2007). The 
smallest detectable change has been estimated at 
3.7–9.5 (Conaghan et  al. 2003b; Haavardsholm 
et al. 2005).

There is now a convincing body of evidence 
that bone marrow oedema is linked to erosive 
progression on MRI and plain radiographs. 
Several studies have shown the presence of 
oedema is linked to the progression of erosive 
changes. A study of 40 patients with early and 
established RA showed the presence of bone 
marrow oedema in the wrist was the strongest 
predictor of erosive progression on MRI 
(Savnik et al. 2002a). Follow-up of 42 patients 
with early RA showed the presence of bone 
marrow oedema increased the risk of erosive 
progression on MRI (McQueen et  al. 1999). 
RAMRIS scoring of bone marrow oedema has 
also been shown to predict bone erosion. A 
study of 84 patients with early RA was  followed 

up with MRI and plain radiography over 1 year. 
A RAMRIS bone marrow oedema score of >2 
was found to be an independent predictor of 
MRI or X-ray erosive progression 
(Haavardsholm et  al. 2008). Twenty-seven 
patients with early RA were followed over 
2  years. RAMRIS scoring of marrow oedema 
was the best predictor of erosive progression 
shown on MRI (Palosaari et  al. 2006). In 31 
patients, baseline RAMRIS oedema score was 
found to be predictive of radiographic erosions 
after 6 years (McQueen et al. 2003a).

Bone marrow oedema has also been shown to 
respond to TNF blocking treatment. A group of 
20 patients with early RA showed a significant 
reduction in the RAMRIS oedema score after 
just 4  weeks of treatment with infliximab. A 
drop in the synovitis score was not seen until 
3  months. A three-arm randomised trial of 44 
patients with early RA compared methotrexate 
alone with methotrexate and intravenous corti-
costeroid with methotrexate with infliximab. 
Over 1 year there was a reduction in bone mar-
row oedema, such that scores were significantly 
lower in the infliximab group (Durez et  al. 
2007). A study of five patients receiving etaner-
cept showed a substantial reduction in the bone 
marrow oedema score over 16 weeks, although 
this was not significant, most likely due to the 
small numbers of patients.

There are a number of problems with the 
RAMRIS system for scoring oedema. It depends 
on the fraction of bone involved, so the same 
amount of oedema may score differently depend-
ing on its location. Because the scoring system 
only measures the extent of bone involvement, it 
may be slow to respond to changes in disease 
activity. It can only be used in those patients in 
whom oedema is present. And finally, the scoring 
system is relatively coarse. A previous 10-scale 
score for marrow oedema was abandoned due to 
poor interobserver agreement (Lassere et  al. 
2003).

Despite these limitations, the RAMRIS system 
remains the best validated technique for scoring 
bone oedema and been shown to predict erosive 
outcome and respond rapidly to treatment.  
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It compares favourably with synovial volume as a 
marker for disease activity and has the added 
advantage of reflecting disease activity within the 
bone, at the site of erosion. It may therefore be 
expected to be a good predictor of the effect of 
treatment on erosive progression, although this 
has yet to be demonstrated.

 Pitfalls in Scoring Erosions and Bone 
Marrow Oedema

Normal features can also cause confusion, for 
example, the interosseous ligaments at the wrist 
and the nutrient foramina of the carpal bones can 
simulate erosions (McQueen et al. 2005a). Small 
erosive-like lesions occur in around 2% of meta-
carpal and wrist bones in normal subjects (Ejbjerg 
et al. 2004).

Articular ligaments attaching to the MCP joint 
recesses and carpal ligamentous attachments 
with adjacent synovial inflammation can mimic 
erosive change or bone marrow oedema due to 
partial voluming (McQueen et al. 2005b).

For this reason slice thickness is an important 
consideration. A slice thickness of 3 mm or less 
is required to detect fine anatomical detail, but 
even then small erosions can be missed due to 
partial volume averaging. There is however a 
trade-off as thinner slices make reviewing the 
images more time consuming and the signal-to- 
noise ratio decreases (McQueen et al. 2005b).

Imaging erosion in joints that have been 
altered anatomically by the disease process can 
be difficult to interpret as you are essentially try-
ing to image what is missing.

Patients with progressive disease but a 
decreasing erosion count is a potential pitfall. For 
example, a patient can have two erosions affect-
ing a metacarpal head that enlarge and coalesce 
over the duration of a study. Despite disease pro-
gression the erosion count can decrease.

Healing erosions is also problematic in ero-
sion scoring. Erosion visualisation relies on 
increased signal in adjacent tissues on T2 or T1 
post-gadolinium scans to highlight the eroded 
cortex or subchondral plate. Anti-inflammatory 

therapy can reduce synovitis and bone oedema 
and thus decrease erosion conspicuity.

Failure of fat suppression is also a problematic 
artefact that can mimic bone marrow oedema; 
failure of the high signal to conform to normal 
anatomical boundaries is this key to identifying 
this artefact.

 Synovitis

The OMERACT definition of synovitis on MRI 
is an area in the synovial compartment that shows 
above normal post-gadolinium enhancement of a 
thickness greater than the width of the normal 
synovium (Ostergaard et al. 2003a). Unfortunately 
no indication of the width of normal synovium is 
given for those wishing to apply this definition.

MRI plays an important role in the early 
detection of RA providing simultaneous assess-
ment of osseous (including bone marrow) and 
soft tissue structures (both intra- and extraarticu-
lar) and can differentiate between synovium and 
cartilage. Thus, it is often considered to be the 
gold standard for synovial imaging (McQueen 
et al. 1998; McQueen 2000).

On T1 imaging the intraarticular synovial tis-
sue is of intermediate signal and of high signal on 
T2 imaging. Pre- and post-intravenous Gd-DTPA 
T1-weighted imaging is excellent in assessing 
the synovium, and synovial enhancement allows 
distinction from fluid.

Inflamed synovium enhances immediately, 
and Gd-DTPA then diffuses rapidly to the adja-
cent joint fluid (Winalski et  al. 1993; Peterfy 
et al. 1994a). This causes a blurring of the mar-
gins of the synovium which can lead to an over-
estimation of synovial volume. Early scanning 
after administering the gadolinium minimises 
this problem, but there is debate regarding opti-
mal timing for quantification of synovial volume. 
One study suggests the first few seconds postin-
jection (Peterfy 2001) and another 5  min 
(Sugimoto et al. 2000), and a further study states 
that MR imaging should be performed within the 
initial 10 min and that small time variations are 
insignificant (Ostergaard and Klarlund 2001).

P. J. O’Connor et al.



733

 Volume of Synovial Proliferation

In an effort to improve on the reproducibility and 
sensitivity of scoring systems, various techniques 
have been put forward for the direct measure-
ment of synovial volume (in mm3).

As with OMERACT scoring, visualisation of 
the inflamed synovium for volume measurement 
requires intravenous contrast to reliably exclude 
other tissues (Savnik et al. 2001b). Higher doses 
improve synovial conspicuity and slightly 
increase the measured volume of enhancing tis-
sue (Oliver et  al. 1996). Strongly T1-weighted 
MR sequences optimise contrast between the 
enhancing synovitis and the surrounding tissues. 
While the precise protocol affects the delineation 
of the edges of the synovium, in particular the 
outer border, this is rarely important unless com-
paring images acquired with different imaging 
parameters. The delay between contrast adminis-
tration and scanning is important as the volume 
of enhancing synovitis increases initially (see 
later) before stabilising after about 4 min. After 
approximately 10 min, contrast reaches the syno-
vial fluid (Ostergaard et al. 2001b), obscuring the 
synovium/fluid interface. Imaging is therefore 
best performed between these times. Post- 
contrast images are the most important, but pre- 
contrast images (Savnik et al. 2001b; Ostergaard 
et  al. 2001b) or subtraction images (Ostergaard 
et al. 1996a) can be helpful to confirm enhance-
ment. In the absence of pre-contrast images, fat 
suppression may be useful (Tam et  al. 2006). 
Images oriented in the axial plane are often the 
most useful for analysis (Savnik et  al. 2001b; 
Ostergaard et  al. 1996a) although coronal sec-
tions are sometimes used in the wrist and hand 
(Zikou et al. 2006). Thin slices are advantageous, 
particularly at the edges of the synovium, and this 
can be achieved using 3D sequences (Savnik 
et al. 2002a; Tan et al. 2003).

The most straightforward technique for 
 measuring synovitis involves a skilled operator 
outlining the synovial tissue on each slice of a MR 
dataset. This has been reported in the knee, wrist 
and hand. Several studies have looked at the 
reproducibility of such measurements (Ostergaard 

et  al. 1996a, b, 1997b). Intra-observer, interob-
server and inter-scan errors were around 5% in the 
knee (Ostergaard et al. 1996a) and slightly higher 
in the wrist (Ostergaard et al. 1996b) with com-
bined reproducibility errors of 18% (Ostergaard 
et  al. 1996a). Changes of as little as 20% are 
detectable in the wrist (Bird et al. 2003b), better 
than achievable using OMERACT.  Correlation 
between scoring and direct measurement ranged 
from moderate (r  =  0.7) (Bird et  al. 2003b) to 
good (r = 0.88) (Ostergaard et al. 1996b). In one 
study synovitis volume measurement was a better 
predictor of erosive progression than OMERACT 
score (Ostergaard et al. 1996b).

Outlining the synovitis manually can take 
1–2  h per scan (Savnik et  al. 2001b, 2002b; 
Ostergaard 1997). Thresholding in combination 
with rough manual outlining can substantially 
reduce analysis times, e.g. to 15 min (Ostergaard 
1997). Image intensity thresholds are set as per-
centage enhancements (Ostergaard and Klarlund 
2001; Ostergaard 1997; Creamer et  al. 1997), 
relative to muscle (Tam et  al. 2006; Lee et  al. 
2003) or interactively (Zikou et  al. 2006; 
Argyropoulou et  al. 2005). Other similarly 
enhancing tissues are excluded either by initial 
approximate outlining of the synovium 
(Ostergaard 1997; Lee et  al. 2003) or removal 
after thresholding (Zikou et  al. 2006; 
Argyropoulou et  al. 2005). Reproducibility of 
such semiautomated measurements is poorer 
than manual outlining and is dependent on the 
threshold chosen, with an increase in overall 
reproducibility error of at least 6% compared to 
manual measurement (Ostergaard 1997). This 
has been attributed to partial volume effects and 
synovial fluid enhancement, both of which could 
be minimised with a suitable imaging protocol. 
Volumes are significantly lower than those mea-
sured manually, but correlation is good, particu-
larly in the wrist. Automated identification using 
the technique of principle component analysis 
has also been successfully demonstrated 
(Klarlund et al. 2000b). An alternative approach 
to reducing imaging times by measuring the 
thickness of the synovium at four points, rather 
than the entire area of a slice (Savnik et  al. 
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2002b), was less successful at reducing imaging 
times (45 min) and correlating with manual mea-
sures (r  =  0.7). Semiautomated methods have 
been used to show correlations between synovial 
volume and clinical measures of disease activity 
(Tam et  al. 2006; Zikou et  al. 2006; Creamer 
et  al. 1997; Argyropoulou et  al. 2005; Palmer 
et  al. 1995) as well as responses to treatment 
(Tam et al. 2006; Argyropoulou et al. 2005).

Several studies have shown interesting results 
using measurements of synovial volume. 
Significant differences have been shown between 
rheumatoid arthritis patients and normal controls 
(Ostergaard et  al. 1994a) or arthralgia patients 
(Savnik et al. 2001a), although not between rheu-
matoid and other inflammatory arthritides 
(Savnik et  al. 2001a). Correlations have been 
demonstrated with pain (Tam et al. 2006; Palmer 
et  al. 1995), tenderness (Argyropoulou et  al. 
2005; Palmer et al. 1995), swelling (Zikou et al. 
2006; Creamer et  al. 1997; Argyropoulou et  al. 
2005; Palmer et  al. 1995) and global clinical 
scores (Tam et  al. 2006; Argyropoulou et  al. 
2005) as well as with ESR (Zikou et al. 2006) and 
FDG uptake (Palmer et al. 1995). A dependence 
on anatomical location has been observed (Tan 
et  al. 2003). Comparison with histology in the 
knee has shown the volume of synovitis is related 
to disease activity with correlations with overall 
histological inflammation, specifically fibrin 
deposition and cellular infiltration (Ostergaard 
et al. 1997a). Evidence for synovial volume as a 
marker for disease progression comes from the 
correlation between synovial volume and erosive 
progression (Savnik et  al. 2002a; Ostergaard 
et al. 1999, 2000). Synovial volume has also been 
shown to change in response to treatment. The 
decrease in synovial volume after synovectomy 
correlated with the duration of clinical remission 
(Ostergaard et al. 2001b). Reduction in the vol-
ume of enhancing synovitis has been demon-
strated with DMARDS (Ostergaard et al. 2000) 
including methotrexate (Palmer et  al. 1995; 
Polisson et al. 1995), oral steroids (Palmer et al. 
1995) and  anti-TNFα therapy (Tam et al. 2006; 
Argyropoulou et al. 2005). A rapid response has 
been demonstrated to intraarticular steroids, with 
a significant decrease in synovial volume after 
1  day (Ostergaard et  al. 1996a), with longer 

remission in patients with smaller pretreatment 
volumes.

Thus, measurements of synovial volume are 
relatively precise and reproducible and com-
pares favourably with OMERACT scoring. 
Semiautomated techniques can be performed in 
acceptable times. Synovial volume correlates 
with histological markers of inflammation, rap-
idly demonstrates change with treatment and 
predicts erosive progression. It is therefore likely 
to represent a good marker for disease activity.

 Dynamic Contrast-Enhanced MRI

Dynamic contrast-enhanced MRI (DCE-MRI) 
provides measurements which are sensitive to 
various underlying physiological parameters, 
including capillary permeability and synovial per-
fusion. As such it is expected to be a good marker 
for inflammation in rheumatoid arthritis and to be 
more responsive to changes in disease activity 
than simple static volume measurements.

In DCE-MRI, sequential images are acquired in 
rapid succession, every few seconds, while gadolin-
ium-based contrast agent is administered intrave-
nously. This allows the time course of the synovial 
enhancement to be determined. Figure 18.2 shows 
images obtained before and at increasing times after 
contrast injection, demonstrating rapid enhance-
ment of the inflamed synovium.

 Basic Principles
Gadolinium-based contrast agents move from the 
blood into the extravascular space where they 
reduce the T1 relaxation time of tissues, increas-
ing the signal intensity on T1-weighted images. 
The enhancement of a tissue depends on the con-
centration of gadolinium and the pre-contrast T1. 
The contrast agent is unable to enter cells. It is 
initially in the synovial vessels; however, the cap-
illaries in inflamed synovium are relatively per-
meable, so contrast moves from the plasma to the 
extravascular, extracellular fluid (ECF) of the 
synovitis. The net signal enhancement at any 
time in the synovium is therefore the weighted 
sum of the enhancement from the gadolinium in 
the plasma and that in the ECF. The rate at which 
plasma moves from the vessels to the ECF 
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depends on the synovial vascularity (perfusion 
and capillary surface area) and the capillary 
 permeability. These parameters are difficult to 
separate, but are expected to be good markers of 
inflammatory activity.

Typical signal intensity curves from DCE- 
MRI after IV administration of a bolus of con-
trast are shown in Fig.  18.3 for arterial plasma 
and synovium.

In the artery, the initial peak due to the bolus 
of gadolinium is followed by decay due to mix-
ing, redistribution into the extracellular, extra-
vascular fluid and excretion, with smaller 
recirculation peaks. In the inflamed synovium, 
there is an initial steep rise as the high concen-
tration of gadolinium in the vessels. The initial 
shoulder represents the gadolinium peak in the 
plasma in the synovial vessels. This is usually 
relatively small as the synovial plasma volume 
is much smaller than the synovial ECF volume 
and in many cases, particularly when the tem-
poral resolution is low, it may be impossible to 
distinguish. The concentration of gadolinium 
in the synovitis continues to rise until the fall 
in the plasma concentration means gadolinium 
starts to move in the opposite direction, from 
synovium into blood. Thus, the synovial gado-
linium concentration, and hence the signal 
intensity, reaches a peak sometime after the 

arterial peak and then decreases slowly in the 
late phase.

Various measurements have been made from 
the enhancement curves. These depend to different 
extents on several underlying parameters, includ-
ing the volume transfer constant (Ktrans) which 
itself depends on the permeability of the capillary 
walls to gadolinium and the synovial vascularity, 
the proportion of the synovium occupied by 
plasma in vessels (vp) and the proportion of the 
synovium occupied by ECF (ve). They also depend 
to different extents on the bolus of contrast  
arriving at the synovium which, in turn is affected 

Fig. 18.2 Sections through 3D datasets acquired every 26 s, before during and after intravenous contrast administration

Vessel

R
el

at
iv

e 
en

ha
nc

em
en

t

Synovium

Time after injection

Fig. 18.3 Enhancement in signal intensity after intrave-
nous contrast in vessel and synovium
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by the injection rate, the cardiac output and local 
blood flow.

In general, in active rheumatoid arthritis, 
synovial vascularity and capillary permeability 
are high. This leads to an increase in the ECF and 
the synovial volume. The early enhancement rate 
(EER) is frequently measured in rheumatoid 
arthritis (see Fig. 18.4). This is very sensitive to 
Ktrans. The sensitivity to vp and ve depends on the 
duration the early enhancement rate is measured 
over; the shorter the time the stronger the depen-
dence on vp and the weaker the dependence on ve.

The maximum enhancement of the synovitis 
depends on both Ktrans and ve, and to a lesser 
extent on vp. It is also sensitive to the arterial con-
trast profile. The time to maximum enhancement 
is shortened by high values of Ktrans and vp but 
lengthened by ve; it therefore tends to be erratic 
and is not expected to be a good measure of dis-
ease activity. The late phase or static phase 
enhancement corresponds to the enhancement 
measured using conventional (non-dynamic) 
contrast-enhanced MRI. This depends primarily 
on ve, is less sensitive to Ktrans and is insensitive to 
vp. However it has the advantage of being insensi-
tive to the arterial contrast profile and hence the 
injection rate of the gadolinium. Several studies 
have attempted pharmacokinetic modelling of 
the enhancement curves to explicitly determine 
the underlying parameters (Hodgson et al. 2007; 
Tofts et  al. 2007; Workie and Dardzinski 2005; 

Kirkhus et al. 2006; Workie et al. 2004; Zierhut 
et al. 2007).

Dynamic contrast-enhanced MRI is techni-
cally demanding, for several reasons. Because the 
synovium surrounds the joint, having a high sur-
face area to volume ratio, segmentation is much 
more challenging than for an approximately 
spherical structure, such as a tumour. Accurate 
segmentation to separate the synovium from sur-
rounding tissues therefore requires high spatial 
resolution in all three dimensions. In addition, 
high temporal resolution is also required to accu-
rately define the initial rise in the early enhance-
ment rate. These conflicting demands place 
significant technical demands on the imaging 
apparatus and protocols. In order to achieve 
strongly T1-weighted images with high spatial 
and temporal resolution, almost all studies have 
used gradient echo imaging sequences such as 
FLASH or SPGR.  However, a wide range of 
imaging parameters have been used depending on 
system capabilities, the joint being imaged and 
the trade-off between spatial and temporal resolu-
tion. Despite the technical challenges, clinical 
studies have been performed at field strengths 
between 0.2 and 3  T (Palosaari et  al. 2004; 
Hodgson et al. 2006; Cimmino et al. 2003). High 
field systems have the advantages of inherently 
better signal-to-noise ratios and improved T1 con-
trast. Several joints have been studied including 
the wrist (Cimmino et al. 2005; Huang et al. 2000; 
Lee et  al. 1997), metacarpo-phalangeal joints 
(Szkudlarek et  al. 2003, 2001; Tan et  al. 2003), 
knee (Ostergaard et al. 1994b, 1996c; Reece et al. 
2002) and shoulder (Hermann et  al. 2003). 
Imaging of the knee has the advantage that larger 
volumes of synovitis are generally available for 
analysis. In the wrist synovial volumes are often 
smaller and the topology of the multiple joints is 
more irregular making segmentation more diffi-
cult. The resolution achievable depends on the 
joint being studied. In the majority of cases 2D 
multislice imaging sequences have been used in 
order to rapidly cover the joint. These have 
allowed images to be acquired with a temporal 
resolution as low as 6 s (Oliver et al. 1996; Tan 
et al. 2003; Kalden-Nemeth et al. 1997; Rhodes 
et al. 2004; Veale et al. 1999). Imaging of a single 
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Fig. 18.4 Diagrammatic representation of the early 
enhancement rate (EER), static or late phase enhancement 
(SE), maximum enhancement (ME) and time to maxi-
mum enhancement (tmax)
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slice allows rapid imaging which well character-
ises the enhancement curve (Rhodes et al. 2004; 
Veale et al. 1999), however consistent slice posi-
tioning is critical to obtaining reproducible results. 
Multislice imaging allows more extensive sam-
pling of the synovitis, with a trade- off in temporal 
resolution (Palosaari et  al. 2004; Gaffney et  al. 
1998). The spatial resolution achievable depends 
on the joint under investigation and slice thick-
nesses are typically around 5  mm in the knee 
(Ostergaard et al. 1998; Rhodes et al. 2004; Konig 
et  al. 1990) and 2–3  mm in the hand and wrist 
(Szkudlarek et  al. 2001; Palosaari et  al. 2004; 
Huang et  al. 2000) with in-plane resolutions of 
less than 1 mm2. 3D imaging sequences give good 
T1 contrast and high resolutions in all three planes 
at the expense of longer imaging times (Palosaari 
et  al. 2004; Palosaari et  al. 2006). Recently, 3D 
FLASH sequences have been used to acquire 
images with resolutions of less than 1 mm in all 
three directions with a temporal resolution of 
9–13 s (Hodgson et al. 2007; Tofts et al. 2007). 
Optimum imaging parameters (TR, TE and flip 
angle) vary according to the system capabilities, 
resolution and choice of imaging sequence. In 
general short echo times are advantageous for 
increasing signal and reducing T2 contrast which 
opposes the desired T1 contrast, with values used 
as low as 2 ms (Hodgson et al. 2007). The choice 
of repetition time is in theory a balance between 
better temporal resolution at short TR and higher 
signal-to-noise ratios at longer TR, but in practice 
is often as short as technically possible. TR values 
used range from 2 to 270  ms (Hodgson et  al. 
2007; Hermann et  al. 2003), with most around 
20–50 ms (Ostergaard et al. 1998, 1994b; Konig 
et al. 1990), shorter for 3D sequences (Hodgson 
et al. 2007). Optimum flip angle depends on the 
TR. Higher flip angles have the advantage of giv-
ing signal intensity which depends linearly on 
gadolinium concentration (Buckley and Parker 
2003), however optimum contrast-to-noise is at 
lower flip angles (Dale et  al. 2003). The EER 
depends linearly on the dose of gadolinium used 
at lower concentrations leading to improved accu-
racy at higher doses (Backhaus et  al. 2002). 
However most studies have used standard doses 
of 0.1 mmol/kg.

Several studies have looked at the reproduc-
ibility of dynamic contrast-enhanced MRI data. 
Intra-reader variation has been measured at 3.9% 
(Cimmino et  al. 2005) with ICC of 0.91–0.99 
(Palosaari et al. 2004; Huang et al. 2000; Rhodes 
et  al. 2004; Gaffney et  al. 1998). Inter-reader 
variation of 2.8% (Cimmino et al. 2005) has been 
reported with ICCs of 0.95–0.96 (Rhodes et  al. 
2004). Inter-scan variations of 26% (Hodgson 
et al. 2007) and an ICC of 0.93 have been reported 
(Gaffney et  al. 1998). Combined inter-scan and 
inter-reader median variation has been measured 
at 26% (Ostergaard et  al. 1996c). These results 
compare favourably with other imaging measures 
(Table 18.1).

Dynamic contrast-enhanced MRI has been 
compared with a number of other markers of dis-
ease activity and outcome, including histological, 
laboratory, clinical and imaging measures.

Table 18.1 Radiological, histological, clinical and labo-
ratory measures which have been shown to correlate with 
dynamic contrast-enhanced MRI

Correlation with 
dynamic contrast- 
enhanced MRI References
Erosive 
progression

Palosaari et al. (2006), Huang 
et al. (2000)

Histological 
inflammation

Gaffney et al. (1995), Ostergaard 
et al. (1998), Gaffney et al. 
(1998), Konig et al. (1990), 
Tamai et al. (1994)

ESR/CRP Ostergaard et al. (1998), Palosaari 
et al. (2004), Huang et al. (2000), 
Nagele et al. (1993)

Joint swelling Ostergaard et al. (1994b)
Pain Ostergaard et al. (1994b), Konig 

et al. (1990)
DAS, ACR, 
Paulus clinical 
scores

Cimmino et al. (2003), Lee et al. 
(1997), Kalden-Nemeth et al. 
(1997)

HAQ Cimmino et al. (2003)
Static MRI Palosaari et al. (2004), Huang 

et al. (2000), Hermann et al. 
(2003), Beckers et al. (2006)

Power Doppler 
ultrasound

Szkudlarek et al. (2003, 2001)

Scintigraphy Palosaari et al. (2004)
PET Beckers et al. (2006)
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As previously discussed, erosive progression 
represents the imaging gold standard for disease 
progression in rheumatoid arthritis. Two studies 
have compared dynamic contrast-enhanced MRI 
of synovitis with erosive progression using the 
RAMRIS scoring system to assess erosions. One 
study looked at 42 patients over 1 year (Huang 
et  al. 2000) and the other at 24 patients over 
2  years (Palosaari et  al. 2006). Both studies 
showed a correlation between the EER at the start 
of the study and the increase in RAMRIS score, 
indicating DCE-MRI of synovitis is a predictor 
of erosive progression.

Comparisons with histology have shown a 
link between DCE-MRI and histological mea-
sures of inflammation (Gaffney et  al. 1995; 
Ostergaard et al. 1998). The EER correlates well 
with vascular area and vascular proliferation 
which is consistent with the expected strong 
dependence of the early enhancement rate on 
vascularity (Ostergaard et al. 1998; Gaffney et al. 
1998; Konig et  al. 1990; Tamai et  al. 1994). 
Cellular infiltration, fibrin deposition and peri-
vascular oedema are also correlated, which may 
be due to an increase in capillary permeability 
which would also be reflected in the EER 
(Ostergaard et  al. 1998; Tamai et  al. 1994). 
Fibrosis, however, does not appear to correlate 
(Ostergaard et al. 1998). These results are there-
fore consistent with the expected behaviour of 
the EER and suggest it is likely to be a good 
marker for acute inflammation and disease activ-
ity in rheumatoid arthritis.

Dynamic contrast-enhanced MRI has been 
linked to clinical pain and joint swelling as well 
as clinical assessment scores such as the Disease 
Activity Score (Cimmino et  al. 2003), Paulus 
score (Kalden-Nemeth et al. 1997) and American 
College of Rheumatology Score (Lee et al. 1997) 
as well as global outcomes including the Health 
Assessment Questionnaire (Cimmino et  al. 
2003). It has also been correlated with joint 
swelling (Ostergaard et  al. 1994b) and pain 
(Ostergaard et  al. 1994b; Konig et  al. 1990). 
Laboratory measures of inflammation including 
ESR have also been linked (Ostergaard et  al. 
1998; Palosaari et  al. 2004; Huang et  al. 2000; 
Nagele et al. 1993) although this is more contro-

versial (Gaffney et  al. 1995; Ostergaard et  al. 
1996b; Kalden-Nemeth et al. 1997), perhaps sug-
gesting a relatively weak link.

Early enhancement rates have been shown to 
correlate with other imaging measurements. 
Correlation with power Doppler ultrasound 
(Szkudlarek et al. 2003, 2001) and radiolabelled 
nanocolloid uptake (Palosaari et  al. 2004) are 
consistent with the EER dependence on synovial 
blood flow and capillary permeability, although 
Doppler vascularity is limited to assessment of 
larger vessels than DCE-MRI. Correlations with 
MR measures of synovial volume (Huang et al. 
2000; Beckers et al. 2006) may be due to a num-
ber of factors, including increased vascular vol-
ume and increased capillary permeability leading 
to increased extravascular fluid and cells. FDG 
PET activity also correlates with the RER 
(Beckers et al. 2006), suggesting a link between 
enhancement rate and metabolic activity.

Dynamic contrast-enhanced MRI has been 
used in a number of studies to show a response to 
various kinds of treatment including steroids, 
DMARDs and TNF blocking drugs. TNF block-
ing therapy has been the most extensively investi-
gated. A study of 19 patients looked at the EER 
and maximum enhancement in the wrist after inf-
liximab. There was a significant reduction after 
14 weeks of treatment. The wrist or knee of 19 
RA patients were imaged before and 1  month 
after starting infliximab. Again, a significant 
reduction in the EER was demonstrated. Two 
studies have used pharmacokinetic modelling to 
assess the response to TNF blocking drugs. A 
study of 12 patients showed a significant reduc-
tion in KPS after TNF blocking treatment but not 
after methotrexate (Gardener et al. 2003). And a 
study of 11 patients showed reductions in Ktrans 
and ve 2 weeks after starting TNF blocking ther-
apy (Hodgson et  al. 2007). Other treatment 
regimes have also been investigated. A longitudi-
nal study of 15 patients receiving intraarticular 
steroids looked at the change in EER from 1 day 
to 6  months after injection (Ostergaard et  al. 
1996c). This showed a reduction in the EER as 
soon as 1  week after treatment, the earliest 
response to therapy that has been demonstrated. A 
fall in the RER after 1 year of DMARD therapy 
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was shown in the wrists of 42 patients after 1 year 
(Huang et al. 2000). A randomised controlled trial 
of 34 patients with RA looked at the knee before 
and 4  months after starting treatment. Patients 
were randomised to receive either leflunomide or 
methotrexate. There was a significantly greater 
response in the RER to leflunomide (Reece et al. 
2002). A study of a small group of patients showed 
a fall in enhancement rate 14 months after starting 
methotrexate and hydroxychloroquine (Lee et al. 
1997).

The success of scoring of marrow oedema as a 
predictor of erosive progression has led to the use 
of DCE-MRI for assessing bone changes. A study 
of 25 patients with rheumatoid arthritis showed 
more extensive changes than were apparent using 
conventional MRI (Hodgson et al. 2008). It also 
demonstrated a response to TNFα blocking treat-
ment before any change was apparent in 
OMERACT scores. This suggests DCE- MRI 
may have a role in assessing bone changes as 
well as synovitis.

Dynamic contrast-enhanced MRI has been 
successfully used in a number of situations that 
suggest it may make a good surrogate outcome 
measure. In particular is reproducible, correlates 
with erosive progression and histological mea-
sures of inflammation and responds to treatment. 
However there remains little information on 
whether changes in DCE-MRI parameters as a 
result of treatment accurately predict changes in 
clinical outcome. For example, it may be possible 
to reduce synovial inflammation without affect-
ing erosive changes in the bone, although DCE- 
MRI of bone marrow may overcome this. Given 
the success of DCE-MRI as a research tool, it is 
tempting to apply it clinically. TNF blocking 
drugs are revolutionising the treatment of RA, 
successfully reducing disease activity in 50–70% 
of patients (Tam et  al. 2006; Buch et  al. 2005; 
Hyrich et al. 2006; van Riel et al. 2006). Many 
patients who do not respond may improve with 
another class of TNF blocker. There is therefore a 
clinical need to determine whether a patient is 
responding to a particular drug, so expensive, 
potentially harmful therapy can be discontinued 
if it is not working and an alternative treatment 
started. DCE-MRI has been proposed as a means 

of detecting an early response to treatment (Tam 
et  al. 2006; Quinn et  al. 2005; Hodgson et  al. 
2006). However, it remains to be demonstrated 
how soon DCE-MRI can show a response after 
starting therapy, whether the initial response pre-
dicts outcome in terms of erosive progression and 
whether significant responses can be demon-
strated in individual patients. It is to be hoped 
that future studies will help to answer these ques-
tions, allowing DCE-MRI to improve the routine 
clinical care of patients.

In summary, DCE-MRI has been performed 
using a wide range of equipment. Measurements 
depend on synovial vascularity and are therefore 
expected to reflect inflammatory activity. This is 
supported by good correlation with histological 
measures of inflammatory activity. DCE-MRI 
has been shown to predict erosive progression 
and respond to treatment. It is therefore likely to 
be a good biomarker of disease activity in rheu-
matoid arthritis. Its use to date has been largely 
confined to clinical trials, and its utility in assess-
ing the response of individual patients remains 
unproven.

 Conclusion

MRI and ultrasound are well suited to providing 
quantitative measures in rheumatoid arthritis 
because of their ability to visualise bone and soft 
tissues in three dimensions. The MR OMERACT 
scoring systems has been well validated and 
allows straightforward quantitation of bone ero-
sions, bone marrow oedema and synovial volume, 
all of which predict erosive progression. Synovial 
volume can be measured directly by manually 
outlining the inflamed synovium on MR scans, 
but such measurements are time consuming. 
Semiautomated techniques have been developed 
which allow measurement in acceptable times. 
Such measurements may be more reproducible 
and sensitive than OMERACT scoring, correlate 
with histological inflammation and respond 
quickly to treatment. Currently there is little con-
vincing benefit to direct volume measurement of 
erosions, but automated techniques under devel-
opment may allow fast, objective measurements 
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of bone loss. Finally, the use of dynamic contrast-
enhanced MRI provides measurements which 
reflect the underlying pathophysiology of the 
inflamed synovium and may provide the most 
responsive measurements of disease activity. 
DCE-MRI measurements have also been shown 

to correlate well with other measures of acute 
inflammation, predict erosive progression and 
respond to treatment. However, the value of MRI 
measurements for defining remission, determin-
ing optimal treatment and predicting long-term 
response to therapy remains to be established.
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18.3  Spinal Involvement 
in Ankylosing Spondylitis: 
Anatomy, Pathology, 
Pathogenesis and Imaging

Nathalie Boutry, Xavier Demondion, Chadi Khalil,  
and Anne Cotten

 Introduction

Ankylosing spondylitis (AS) is a chronic inflam-
matory disease that principally affects the axial 
skeleton (i.e. the sacroiliac joints and the spine) 
and also the appendicular skeleton (i.e. the syno-
vial and cartilaginous joints and the entheses) 
(Resnick and Niwayama 2002; Cotten 2005). 
Spinal involvement is responsible for chronic 
inflammatory back pain and stiffness. Typically, 
symptoms start in the lumbar spine and then 
spread to the thoracic and cervical regions. During 
the course of the disease (and ankylosis of the 
spine joints), clinical manifestations progres-
sively decrease, but patients experience decreased 
spinal mobility, paravertebral muscle atrophy, 
accentuated thoracic kyphosis and reduced chest 
expansion (Resnick and Niwayama 2002).

Modified New York diagnostic criteria for AS 
(van der Linden et al. 1984) take into account the 
axial involvement and include clinical (i.e. low 
back pain lasting for 3 months, limitation of lum-
bar spine motion, decreased chest expansion) and 
radiographic (i.e. uni- or bilateral sacroiliitis) 
findings. Conventional radiography of the pelvis 
and the spine has been the mainstay for diagnosis 
of axial involvement, but this modality is insensi-
tive to early bone and joint damage. Until 
recently, however, the absence of effective treat-
ment to preserve structural integrity limited the 
need for more sensitive imaging modalities. This 
situation changed following the introduction of 
the anti-TNF-α agents that have shown great 
promise for alleviating inflammatory symptoms 
of AS and possibly preventing structural changes 
in the spine. The latter include miscellaneous 
abnormalities of the vertebrae, discs, posterior 
joints, ligamentous attachments, paraspinal mus-
culature and atlantoaxial joint. Imaging can also 

be useful in the management of patients with 
established AS, not only in monitoring disease 
activity but also in detecting complications 
related to spinal involvement.

 Discovertebral Abnormalities
Early radiographic findings typically occur at the 
thoracolumbar and lumbosacral junctions (and 
coned views of these areas may be necessary to 
detect incipient lesions). With progression of the 
disease, spinal alterations extend to the rest of the 
thoracolumbar spine and eventually to the cervi-
cal spine. Discovertebral abnormalities include 
Romanus spondylitis, syndesmophytes, endplate 
erosion and destruction and discal calcifications 
and ossifications.

Romanus spondylitis—Also called “Romanus 
lesion”, it is an early and distinctive feature of AS, 
corresponding to osseous erosions along the ante-
rior aspect of the discovertebral junction, at the 
superior and inferior vertebral corners (Resnick 
and Niwayama 2002; Cotten 2005). On lateral 
views, this lesion is responsible for vertebral 
squaring (i.e. loss of the normal concavity of the 
anterior vertebral surface) (Fig. 18.5a). Romanus 
spondylitis (which has become rare nowadays) 
represents enthesitis at the insertion of the periph-
eral annulus fibrosus (Sharpey’s fibres) 
(Fig. 18.5b). Reactive sclerosis and bone forma-
tion are secondarily responsible for increased 
radiodensity of the vertebral body corners (“shiny 
corner” sign) and irregularities of the anterior ver-
tebral surface (Resnick and Niwayama 2002) 
(Fig. 18.5c). Magnetic resonance imaging (MRI) 
is superior to conventional radiography in depict-
ing  inflammatory changes associated with 
Romanus spondylitis. These exhibit low signal 
intensity on T1-weighted sequences and high sig-
nal intensity on T2-weighted and gadolinium-
enhanced T1-weighted sequences (Jevtic et  al. 
2000; Levine et  al. 2004; Maksymowych and 
Landewe 2006) (Fig.  18.6a–c). Enhancement is 
best detected by fat-suppressed gadolinium-
enhanced T1-weighted MR images. Signal inten-
sity changes are typically located within bone 
marrow of the anterior and, to a lesser extent, pos-
terior vertebral body corners, but they may be 
more extensive (Jevtic et al. 2000; Maksymowych 

18 Arthritis



742

and Landewe 2006) (Fig.  18.6a–c). 
Histopathologically, such abnormalities reflect 
interstitial bone marrow oedema and cellular infil-
tration (Appel et  al. 2006). Oedematous and 
inflammatory MR changes may also be observed 
in the vicinity of the peripheral annulus fibrosus, 
along the anterior longitudinal ligament and in the 
paravertebral connective tissue. These are best 
demonstrated on fat-suppressed T2-weighted 
and  gadolinium- enhanced T1-weighted MR 
sequences. Regression of inflammation within 
vertebral body corners may lead to low signal 

intensity on all sequences (due to sclerosis) or 
high signal intensity on T1-weighted sequences 
(due to fat replacement) (Jevtic et  al. 2000) 
(Fig. 18.7).

Syndesmophytes—They occur during the 
healing phase of enthesitis and represent gradual 
ossification of the peripheral annulus fibrosus. 
Radiographically, syndesmophytes appear as thin 
vertical outgrowths arising from the vertebral 
edges, predominantly in anterior and lateral 
aspects of the spine (Resnick and Niwayama 
2002) (Fig. 18.8a, b). Their vertical nature is due 

a c

b

Fig. 18.5 Romanus 
spondylitis. Lateral 
radiograph (a) reveals 
vertebral squaring. 
Reprinted with 
permission from 
reference (Cotten 2005). 
Photograph of the 
discovertebral junction 
(b) shows the peripheral 
annulus fibrosus 
(arrows) inserting at the 
vertebral body corners. 
af annulus fibrosus, ap 
annulus pulposus. 
Lateral radiograph (c) 
demonstrates vertebral 
squaring associated with 
sclerosis of the anterior 
vertebral corners. Note 
also the apophyseal joint 
ankylosis
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to apophyseal joint ankylosis that represents an 
early manifestation of AS (in contrast to paraver-
tebral ossifications as seen in other seronegative 
spondyloarthropathies that may indicate less 

involvement of the apophyseal joints) (Resnick 
and Niwayama 2002). As they enlarge, syndes-
mophytes extend from one vertebral body to the 
next, eventually bridging the intervertebral disc 
space (Resnick and Niwayama 2002) (Fig. 18.8a, 
b). This may ultimately result in a virtually com-
plete fusion of the thoracolumbar spine (“bam-
boo spine”). In the later stages of the disease, 
syndesmophytes may become thicker, extending 
into the anterior longitudinal ligament, the discs 
and the adjacent soft tissues. MRI is inferior to 
conventional radiography in depicting syndes-
mophytes (Maksymowych and Landewe 2006). 
It shows high signal intensity on T1-weighted 
sequences in the anterior part of the intervertebral 
discs (Jevtic et  al. 2000; Levine et  al. 2004) 
(Fig. 18.8c).

Discovertebral erosions and destruction—
Also called “Andersson lesions”, destructive 
abnormalities of the discovertebral junction may 
be seen in early and late phases of AS.  Their 
pathogenesis remains debated (and it is unknown 
whether inflammatory or traumatic mechanisms 
contribute to these alterations) (Resnick and 
Niwayama 2002). Discovertebral lesions have 
been classified into three types (although other 
varieties of discovertebral lesions may be encoun-
tered in AS) (Resnick and Niwayama 2002; 

a b c

Fig. 18.6 Romanus spondylitis. Sagittal T1-weighted 
(a), fat-suppressed T2-weighted (b) and gadolinium-
enhanced T1-weighted (c) spin echo MR images demon-
strate signal intensity changes at the anterior vertebral 

corners (arrowheads) and, more extensively, within verte-
bral bodies (asterisks). Note also the enhancement within 
peripheral annulus fibrosus (arrow)

Fig. 18.7 Romanus spondylitis. Sagittal T1-weighted 
spin echo MR image shows fatty changes within bone 
marrow of the anterior vertebral body corners at several 
levels (arrowheads)
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Cawley et  al. 1972). Type I lesions involve the 
central portion of the discovertebral junction that 
is covered by the cartilaginous endplate. Such 
localised lesions reflect intraosseous displace-
ment of disc material (i.e. Schmorl’s node forma-
tion), presumably because of AS-related 
osteoporosis and/or repetitive injuries to the dis-
covertebral junction secondary to apophyseal 
joint abnormalities (Resnick and Niwayama 
2002). Radiographically, type I lesions appear as 
endplate irregularities or small radiolucent areas 
limited by reactive sclerosis and connected with 
the intervertebral disc. MRI shows intraosseous 
disc herniations through focal endplate disrup-
tions (Levine et al. 2004) (Fig. 18.9a–c). Different 
patterns of signal intensity alterations may be 
seen within vertebral body marrow close to the 
endplates, reflecting oedematous, fatty or scle-
rotic changes (Levine et al. 2004) (Fig. 18.9a–c). 
Enhancement inside the Schmorl’s nodes or the 
disc may be seen after gadolinium injection 
(Fig. 18.9c). Type II lesions involve the periph-
eral portion of the discovertebral junction that is 
not covered by the cartilaginous endplate. These 
localised lesions remain unexplained (secondary 
to enthesitis, Schmorl’s node formation or 

kyphotic disc changes) (Resnick and Niwayama 
2002). Radiographically, they appear as irregular 
anterior or posterior defects with surrounding 
sclerosis (Resnick and Niwayama 2002), and it 
may be difficult to differentiate on MRI marrow 
signal intensity changes associated with type II 
lesions with those associated with Romanus 
spondylitis. Type III lesions involve both the cen-
tral and peripheral portions of the discovertebral 
junction. Such extensive lesions may be seen 
early in the disease process (associated with 
inflammation referred to as “spondylodiscitis”) 
or much more frequently, late in the disease pro-
cess (associated with improper fracture healing 
referred to as “pseudarthrosis”) (Resnick and 
Niwayama 2002; Levine et  al. 2004). 
Radiographically, type III lesions are character-
ised by extensive osseous resorption and sclero-
sis, whereas MRI shows diffuse endplate 
destruction, various degrees of oedematous, fatty 
or sclerotic changes within vertebral bone mar-
row, focal increased signal on T2-weighted 
images within intervertebral discs and no 
 evidence of soft tissue mass (Resnick and 
Niwayama 2002; Levine et  al. 2004; 
Maksymowych and Landewe 2006). In patients 

a b c

Fig. 18.8 Syndesmophytes. Anterior-posterior (a) and 
lateral (b) radiographs reveal typical syndesmophytes. 
Sagittal T1-weighted spin echo MR image (c) shows high 

signal intensity in the anterior part of the disc (arrow-
head). Note also the high signal intensity of the anterior 
vertebral corners
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with advanced disease (especially with spinal 
ankylosis), type III lesions usually result from 
improper fracture healing through the fused pos-
terior elements and the disc (Resnick and 
Niwayama 2002). In the absence of fracture, 
however, these alterations may result from abnor-
mal motion in a mobile spinal segment separating 
two adjacent ankylosed regions (Resnick and 
Niwayama 2002). Compared to conventional 
radiography, computed tomography (CT) may be 
useful to better assess the extent of spinal altera-
tions and the integrity (or not) of posterior 
 elements (Fig. 18.10).

Discal calcifications and ossifications—
Patients with ankylosed spine may develop calci-
fications and/or ossifications within intervertebral 
discs. On radiographs, these deposits (which are 
not specific of AS) may be central or eccentric, 
circular or linear (Resnick and Niwayama 2002). 
On MRI, calcifications may be observed as foci 

of low signal intensity on T2-weighted images, 
whereas ossifications appear as foci of high sig-
nal intensity on T1-weighted images (Fig. 18.11).

a b c

Fig. 18.9 Type I discovertebral lesions (Schmorl’s node 
formation). Sagittal T1-weighted (a), fat-suppressed 
T2-weighted (b) and gadolinium-enhanced T1-weighted 
(c) spin echo MR images show signal intensity changes 
within bone marrow close to the endplates, focal high 

 signal intensity in the disc spaces as well as enhancement 
inside Schmorl’s nodes (arrows). Note also the high sig-
nal intensity of some anterior vertebral corners (asterisks) 
related to previous spondylitis

Fig. 18.10 Type III discovertebral lesions. Sagittal CT 
reconstruction reveals extensive discovertebral erosions 
associated with bone sclerosis. Reprinted with permission 
from reference (Cotten 2005)

18 Arthritis



746

 Posterior Joint Abnormalities
Abnormalities of apophyseal, costovertebral and 
costotransverse joints are commonly observed in 
patients with AS. These include erosion of sub-
chondral bone, sclerosis and partial or complete 
joint ankylosis (Resnick and Niwayama 2002). 
Inflammatory changes may be more frequent and 
more prominent in the first and lower costoverte-
bral joints (because ribs articulate only with ver-
tebral bodies and not with intervertebral discs, in 
contrast to other costovertebral joints) (Ellrodt 

et  al. 1986; Khanna and Keightley 2005). 
However, posterior joint abnormalities can be 
difficult to detect radiographically at the thoraco-
lumbar spine and could require CT to precise 
bone and joint damage (Fig. 18.12). MRI demon-
strates subchondral oedematous and inflamma-
tory bone marrow changes, well-demonstrated on 
fat-suppressed T2-weighted and gadolinium- 
enhanced T1-weighted images (Fig.  18.13). 
Oedema and enhancement may extend to the 
pedicles and the posterior vertebral bodies 
(Fig. 18.13). In later stages, joint ankylosis is best 
seen on T1-weighted images (especially in the 
transverse plane) and appears as partial or com-
plete obliteration of the articular space. In the 
thoracic spine, complete ankylosis at the costo-
vertebral joints is responsible for reduced chest 
expansion, whereas in the cervical spine, similar 
abnormality of the apophyseal joints may be 
associated with osseous resorption of the anterior 
aspect of one or more vertebral bodies (Resnick 
and Niwayama 2002) (Fig.  18.14). The latter 
probably results from disuse (Resnick and 

Fig. 18.11 Discal ossifications. Sagittal T1-weighted 
spin echo MR image shows high signal intensity changes 
within intervertebral discs. Note also the spinal ankylosis. 
Reprinted with permission from reference (Cotten 2005)

Fig. 18.12 Posterior joint abnormalities. Transverse CT 
scan reveals arthritic changes of the right costovertebral 
joint, ankylosis of the left costovertebral joint and bone 
sclerosis of the anterior vertebral body related to spondy-
litis. Reprinted with permission from reference (Cotten 
2005)
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Niwayama 2002). Besides bone and joint involve-
ment, ossification of the apophyseal joint cap-
sules may also be encountered in patients with 
AS.  When extensive, such ossification creates 
two lateral vertical radiodense lines on frontal 
radiographs of the thoracolumbar spine.

 Posterior Ligamentous Abnormalities
Lesions of posterior spinal ligaments (i.e. the 
supraspinous and interspinous ligaments, the 
 ligamenta flava and, to a lesser extent, the poste-
rior longitudinal ligament) are prominent fea-
tures of AS (Resnick and Niwayama 2002). 
Initially, MRI is the only modality capable of 

visualising oedema and inflammation at ligamen-
tous   attachments (i.e. enthesitis), especially on 
 fat- suppressed  T2-weighted and gadolinium-
enhanced T1-weighted sequences (Fig. 18.15). In 
later stages, ligamentous calcification, ossifica-
tion and spinous process erosions become evi-
dent on plain radiographs. Extensive ossification 
of supraspinous and interspinous ligaments cre-
ates a  single central vertical radiodense line on 
frontal radiographs of the thoracolumbar spine 
(“dagger” sign). Together with ossification of the 
apophyseal joint capsules, it appears on frontal 
radiographs as three vertical radiodense lines 
(“trolley-back” sign) (Fig. 18.16). On MRI, liga-
mentous ossifications are visible as thickened 
ligaments with increased signal on T1-weighted 
images (which corresponds to bone marrow) (van 
der Linden et al. 1984). Spinous process erosions 
may also be encountered (especially in the lower 
cervical and upper thoracic regions), leading to 
tapering of spinous processes on lateral radio-
graphs (Resnick and Niwayama 2002).

Fig. 18.13 Posterior joint abnormalities. Sagittal fat- 
suppressed gadolinium-enhanced T1-weighted spin echo 
MR image shows signal intensity changes within bone 
marrow of the apophyseal joints and adjacent soft tissues. 
Note also the high signal intensity changes within pedi-
cles and posterior vertebral bodies related to costoverte-
bral joint arthritis (not shown)

Fig. 18.14 Posterior joint abnormalities. Lateral radio-
graph reveals anterior osseous resorption in the lower 
cervical region (arrowheads). Note the syndesmophyte 
formation at multiple levels and apophyseal joint anky-
losis. Reprinted with permission from reference (Cotten 
2005)
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 Paraspinal Musculature Involvement
Abnormalities of the paraspinal musculature 
have been described in patients with AS, contrib-
uting to stiffness and weakness (Gordon et  al. 
1984; Cooper et al. 1991). Atrophy is associated 
with extensive bony ankylosis of the spine 
(Gordon et al. 1984). Erector and multifidus spi-
nae muscles are involved, and CT scans demon-
strate gross atrophy with replacement of the 
normal muscle by fat (Gordon et  al. 1984) 

(Fig. 18.17). However, besides atrophy from dis-
use (that is observed in long-standing disease), 
paraspinal muscle fibrosis may be a specific 
pathological component of early AS (Cooper 
et al. 1991).

Fig. 18.15 Posterior ligamentous enthesitis. Sagittal fat-
suppressed gadolinium-enhanced T1-weighted spin echo 
MR image shows inflammatory changes at posterior 
ligamentous attachments (arrows). Note also the 
inflammatory changes of the anterior vertebral body corners 
of C4 and C5 (arrowheads), suggestive of spondylitis

Fig. 18.16 Extensive ossification of posterior ligaments 
(“trolley-back” sign). The central radiodense line (arrow-
heads) is related to the ossification of supra- and interspi-
nous ligaments (“dagger” sign), whereas the two lateral 
radiodense lines are related to the ossification of apophy-
seal joint capsules. Reprinted with permission from refer-
ence (Cotten 2005)
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 Atlantoaxial Joint Arthropathy
Atlantoaxial joint arthropathy may also be 
observed in patients with AS. This finding, which 
occurs much more frequently in those with rheu-
matoid arthritis, is associated with inflammatory 
changes of the synovial and ligamentous struc-
tures surrounding the odontoid process (Resnick 
and Niwayama 2002; Jevtic et  al. 2000). 
Atlantoaxial joint arthropathy results in erosions 
of the odontoid process, atlantoaxial subluxation 
and eventually atlantoaxial fusion (Jevtic et  al. 
2000). MRI may be useful in assessing the degree 
of periodontoid synovial proliferation (especially 
after gadolinium injection), delineating the extent 
of subluxation and detecting abnormalities of the 
spinal cord.

 Complications of Spinal Involvement
Complications related to spinal involvement 
include vertebral fractures, spinal stenosis and 
cauda equina syndrome.

Vertebral fractures—Patients with AS are 
especially susceptible to vertebral fractures, as a 
consequence of spinal ankylosis and osteoporo-
sis, and a history of trauma is not mandatory 
(Resnick and Niwayama 2002; Levine et  al. 

2004). The fracture may involve any segment of 
the vertebral column, but the lower cervical spine 
and, to a lesser extent, the thoracolumbar junc-
tion are frequently affected (Resnick and 
Niwayama 2002; Goldberg et al. 1993; Karasick 
et al. 1995). Cervical spinal fractures usually pro-
duce neurologic deficit, but thoracic and lumbar 
spinal fractures may be unrecognised clinically 
(and symptoms falsely attributed to AS). These 
vertebral fractures are unstable, as they involve 
all three columns of the spine. Radiographic 
diagnosis is often made difficult by extensive 
structural changes. However, evidence of type III 
discovertebral lesions (see chapter dedicated to 
discovertebral abnormalities) associated with 
adjacent spinal ankylosis may indicate improper 
fracture healing (“pseudarthrosis”) (Fig. 18.18a). 
Such radiographic finding should incite the phy-
sician to perform CT (or MRI) to look for a frac-
ture. In this regard, sagittal CT reconstructions 
are invaluable for assessing the fracture extent 
through the posterior elements and/or the verte-
bral body, whereas MRI is useful in detecting 
involvement of the disc and ligamentous struc-
tures and potential neurologic complications (van 
der Linden et  al. 1984; Goldberg et  al. 1993; 
Karasick et al. 1995; Peh et al. 1993) (Fig. 18.18b).

Spinal stenosis—It may result from ossifica-
tion of the intervertebral discs, apophyseal joints 
and posterior ligaments (such as ligamenta flava) 
or, less frequently, from atlantoaxial subluxation 
related to joint arthropathy.

Cauda equina syndrome—This syndrome is a 
recognised although infrequent manifestation of 
AS. It occurs in patients with long-standing dis-
ease and marked spinal ankylosis and may pro-
duce insidious symptoms of sensory and/or 
motor impairment of the lower limbs, saddle 
anaesthesia and incontinence. Myelographic, CT 
and MRI findings include widening of the dural 
sac and multiple thecal diverticula eroding the 
posterior elements of the lumbosacral spine 
(Resnick and Niwayama 2002; Schroder et  al. 
1994; Grosman et al. 1983; Ginsburg et al. 1997; 
Charlesworth et al. 1996) (Fig. 18.17). Erosions 
of the posterior vertebral bodies have also been 
reported (Resnick and Niwayama 2002; Ginsburg 
et  al. 1997). The cause of this cauda equina 

Fig. 18.17 Paraspinal musculature abnormalities. 
Transverse CT scan reveals replacement of paraspinal 
musculature by fat (asterisk). Note for comparison the 
normal appearance of psoas muscles. In this patient with 
cauda equina syndrome, note also a scalloped erosion of 
the lamina related to thecal diverticulum (arrow)
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 syndrome is obscure but may be due to arach-
noiditis (Charlesworth et al. 1996).

 Technical Considerations

K.G. Hermann and P. O’Connor

Magnetic resonance imaging of the axial skel-
eton can be performed at 1.0 or 1.5  T.  It is 
advantageous to use special spinal and body 
phased-array coils.

An established protocol for spinal imaging 
comprises a sagittal T1-weighted turbo spin 
echo sequence and a sagittal fat-saturated 
T2-weighted turbo spin echo sequence or STIR 
sequence with high spatial resolution (512 image 
matrix). STIR sequences and fat-saturated 
T2-weighted sequences sensitively detect mini-
mal inflammatory increases in fluid. 
Administration of a  paramagnetic contrast agent 
is helpful for assessing spinal involvement in 
rheumatoid disease when sagittal T1-weighted 
sequences with fat saturation and transverse 
T1-weighted imaging of specific segments are 
acquired. Coronal images are well suited to iden-
tify changes of the lateral edges of the vertebral 

bodies, the facet and costotransverse joints and 
the spinal ligaments. Coronal sequences are not 
part of the standard MRI protocols because they 
are not required by any of the current MRI scor-
ing systems.

Imaging in a semi-coronal plane along the 
long axis of the sacral bone has proven useful for 
assessing involvement of the sacroiliac joints. 
Semi-coronal imaging should be supplemented 
by a sequence in at least one other plane, e.g. a 
coronal, axial or oblique axial sequence (perpen-
dicular to the oblique coronal plane).

The imaging protocol comprises at least a 
T1-weighted turbo spin echo sequence and a 
STIR sequence. This minimal protocol can be 
supplemented by opposed-phase T2*-weighted 
sequences, unenhanced T1-weighted sequences 
with fat saturation and/or contrast-enhanced 
T1-weighted, fat-saturated sequences. State-of- 
the-art 3D sequences with slice thicknesses of 
1–2 mm improve the detection of erosions com-
pared to conventional turbo spin echo sequences 
and are similar to computed tomography in the 
visualisation of erosions. Administration of a 
paramagnetic contrast medium is recommended 
for the detection of early sacroiliitis, but this rec-
ommendation remains to be corroborated by 

a b

Fig. 18.18 Vertebral fracture. Lateral radiograph (a) 
demonstrates new bone formation indicative of abnormal 
motion between two ankylosed spinal segments. Six 
months earlier, a previous radiograph (not shown) showed 
a transdiscal fracture that had not been diagnosed. Sagittal 

T1-weighted spin echo MR image in another patient (b) 
reveals evidence of a horizontal thoracic fracture (arrow-
heads) through the posterior elements, the posterior verte-
bral body and the disc T8-T9. Reprinted with permission 
from reference (Cotten 2005)
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studies. A contrast-enhanced dynamic study 
using a T1-weighted gradient echo sequence in 
opposed-phase technique provides information 
on the time course of signal enhancement and 
allows very sensitive detection of early inflam-
matory processes (Braun et  al. 1994; Bollow 
et al. 1995, 1998). Dynamic MRI is rarely per-
formed in the routine clinical setting because it is 
susceptible to false positive results due to inade-
quate placement of the regions of interest.

 Scoring Systems of the Axial Skeleton

 Conventional Radiography

Grading of Sacroiliitis
A. G. Jurik

Conventional radiography is an established 
method for detecting and quantifying the mor-
phological changes of the sacroiliac joints 
(SIJs) induced by inflammation, but is only 
able to detect definite joint alterations 
(Fig. 18.19). It has been widely accepted that 
radiographic abnormalities of the SIJs are 
graded according to the New York criteria for 
sacroiliitis in five stages:

 0. Normal
 1. Suspicious changes
 2. Minimal abnormality in the form of small 

areas of erosions or sclerosis without altera-
tion in the joint width

 3. Unequivocal abnormality—moderate or 
advanced sacroiliitis consisting of erosions, 
sclerosis, widening, narrowing and/or partial 
ankylosis

 4. Severe abnormality in the form of total anky-
losis (van der Linden et al. 1984)

The inter- and intra-observer variation is, 
 however, considerably for slight changes 
(Hollingsworth et al. 1983), and training does not 
seem to improve the ability to analyse radiographs 
with regard to sacroiliitis (van Tubergen et  al. 
2003). The New  York criteria have been elabo-
rated to grade SIJ involvement in ankylosing 

spondylitis, but are also used in other forms of 
spondyloarthropathy although it does not include 
grading of asymmetrical or unilateral changes.

A grading system taking into account the 
occurrence of both unilateral and regressive 
changes has been proposed (Dale 1980), but it 
has not gained wide clinical acceptance.

Grading of Spinal Changes
K. G. Hermann; C. E. Althoff

Quantification of the radiologically visible 
changes of the sacroiliac joints is the basis for the 
diagnosis of AS (van der Linden et  al. 1984). 
However, the changes of the SIJs do not allow 
sensitive monitoring of the course of the disease. 
Besides the SIJs, AS commonly involves the 
spine. Several scoring systems have been pro-
posed for grading spinal manifestations.

Bath Ankylosing Spondylitis Radiological 
Index
The Bath Ankylosing Spondylitis Radiological 
Index (BASRI) (MacKay et al. 1998) comprises 
three components: radiographs of the sacroiliac 
joints that are graded according to the New York 
criteria (stages 2–4) (van der Linden et al. 1984) 
and anteroposterior and lateral views of the lumbar 
spine (score of 0–4) and cervical spine (score of 
0–4), resulting in a total score of 2–12. The 
changes in each region are globally classified as 
normal, suspicious, moderate or severe (Table 18.2, 
Fig. 18.20). The BASRI for the spine can be com-
bined with the index for the hip (BASRI-h, score 
of 0–4) to yield the combined BASRI-t (MacKay 
et al. 2000) (total score of 2–16).

Stokes Ankylosing Spondylitis Spine Score
The Stokes Ankylosing Spondylitis Spine Score 
(SASSS) is a more detailed scoring system that 
uses lateral views of the lumbar spine with eval-
uation of the anterior and posterior vertebral 
edges (Taylor et  al. 1991; Averns et  al. 1996). 
Each vertebral edge from the inferior endplate 
of T12 through L5 is evaluated for the presence 
of erosions, sclerosis, squaring, syndesmoph-
ytes and total bony bridging (score of 0–72) 
(Table 18.3).
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Modified Stokes Ankylosing Spondylitis 
Spine Score
The modified SASSS (mSASSS) according to 
Creemers et al. (2005) also grades changes of the 
cervical spine (analysis extends from the inferior 
endplate of C2 to the superior endplate of T1) while 

excluding the posterior edges of the lumbar verte-
bral bodies (score of 0–72 as with the SASSS).

Discussion
The mSASSS seems to be most suitable for use 
in clinical trials. It is the most reliable of the three 

a b

c d

e

Fig. 18.19 The five grades of sacroiliitis according to 
New York criteria. (a) Grade 0 = normal joints; (b) grade 
1, suspicious changes of the left SIJ in the form of slight 
irregularity of the joint facets (24-year-old man); (c) grade 
2, minimal abnormality in the form of small areas of ero-
sions (black arrow) and sclerosis (white arrow) without 

alteration in the joint width (28-year-old man); (d) grade 
3 changes in the form of moderate erosion with subchon-
dral sclerosis and focal joint space widening (25-year-old 
woman); and (e) grade 4 with homogeneous joint ankylo-
sis including ankylosis corresponding to the ligamentous 
structures (48-year-old man)
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scoring systems and is most sensitive to changes 
(Wanders et al. 2004). The mSASSS includes the 
cervical and lumbar spine, while there is only 
little loss of information compared with the 
SASSS. The mSASSS shows significant changes 

already after 12 months, while the BASRI does 
not show changes until after 24 months (Wanders 
et  al. 2004). However, assessment using the 
mSASSS takes much longer, which is a draw-
back under routine conditions. Grading of the 
sacroiliac joints and hips using the BASRI is not 
suitable to monitor the course of disease over 
time. There are many patients with severe disease 
without hip involvement. It is important to 
include the cervical and lumbar spine, as with the 
BASRI and mSASSS, since nearly 10% of 
patients have involvement of the cervical spine, 
while the lumbar spine is not affected. This is 
why the SASSS appears to be unsuitable. All cur-
rently available scoring systems exclude the tho-
racic spine due to technical limitations resulting 
from superimposition of the ribs. However, recent 
scientific evidence suggests that the thoracic 
spine is the most frequent site of spinal involve-
ment. Therefore, it is desirable to develop suit-
able protocols using other imaging modalities 
such as MRI (Braun et  al. 2004). The above- 
described radiological scoring systems have their 
place in the long-term follow-up of chronic 
changes and have mainly been used in studies. 
Further experience is necessary to precisely 
define their role in the routine clinical setting.

 Magnetic Resonance Imaging

Introduction
K. G. Hermann

Various scoring systems have been proposed to 
quantify the typical acute and chronic MRI 
changes of the sacroiliac joints and spine and 
thus enable robust and sensitive monitoring of 
the course of disease under treatment. The ASAS 
group (ASAS Website 2007) and OMERACT 
conferences (OMERACT Website 2007) have 
started to evaluate the scores (van der Heijde 

Table 18.2 Bath Ankylosing Spondylitis Radiological 
Index (BASRI) for the spine

0 Normal No lesions
1 Suspicious No definite change
2 Mild Any number of erosions, squaring 

or sclerosis, with or without 
syndesmophytes, on ≤2 vertebrae

3 Moderate Syndesmophytes on ≥3 vertebrae, 
with or without fusion involving 2 
vertebrae

4 Severe Fusion involving ≥3 vertebrae

Adapted from (MacKay et al. 1998)

0 Normal

0

1 Erosion

1 Sclerosis

1 Squaring

2 Obvious

2 Syndesmophytes

3 Total bony

3 Bridge

Fig. 18.20 Bath Ankylosing Spondylitis Radiological 
Index (BASRI). Schematic drawing of lateral lumbar 
X-ray scoring. Adapted from Taylor et al. (1991)

Table 18.3 Stokes Ankylosing Spondylitis Spine Scorea

0 Normal
1 Erosions, sclerosis or squaring
2 Syndesmophyte
3 Total bony bridging

aScore assigned to each vertebral edge
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et  al. 2005). Six scores have been proposed to 
grade acute inflammatory changes of the SIJs:

 1. Leeds score (Marzo-Ortega et al. 2001)
 2. MISS score (MR Imaging of Seronegative 

Spondyloarthropathies) (Marzo-Ortega 
et al. 2002)

 3. Aarhus score (Puhakka et al. 2003)
 4. Hermann/Bollow SIJ score (Hermann et  al. 

2004)
 5. Rudwaleit/Sieper SIJ score (Rudwaleit et  al. 

2005)
 6. SPARCC SIJ index (Spondyloarthritis Research 

Consortium of Canada) (Maksymowych et al. 
2005a)

Four different scoring systems have been 
developed for classifying spinal changes:

 1. Leeds score (Marzo-Ortega et al. 2001)
 2. ASpiMRI score (Braun et al. 2003)
 3. Berlin score (modification of the ASpiMRI) 

(Baraliakos et al. 2005a)
 4. SPARCC MRI spinal inflammation index 

(Maksymowych et al. 2005b)

Some of these scores were not further advo-
cated for use in studies after having been pub-
lished. This applies to the Leeds score, the MISS 
score and the Rudwaleit/Sieper SIJ score. Briefly, 
the Leeds score only grades changes of the lum-
bar spine and sacroiliac joints but includes acute 
lesions of the posterior spinal elements and 
chronic SIJ lesions. Scores are assigned on the 
basis of lesion counts in the different regions. 
When the score is used for follow-up, MR images 
obtained at two different time points are com-
pared in a pairwise fashion and the findings rated 
as follows: −3, resolution; −2, moderate improve-
ment; −1, mild improvement; 0, no improve-
ment; 1, mild deterioration; 2, moderate 
deterioration; and 3, severe deterioration (Marzo- 
Ortega et al. 2001). The MISS initiative created a 
new score for grading of sacroiliitis. To this end, 
each SIJ is divided into two halves, and the acute 
changes of each half are then given an extent 
score (0–3), an intensity score (0–2) and a global 
score (0–3). In addition, chronic changes of each 

half are graded on a scale of 0–4 in accordance 
with the modified New  York criteria (Marzo- 
Ortega et  al. 2002). The Rudwaleit/Sieper SIJ 
score also divides each joint into two halves. 
Each half is then graded according to the extent 
of active inflammatory changes: 0, no changes; 1, 
osteitis of up to 25% of the area; 2, osteitis of up 
to 50% of the area; and 3, osteitis of more than 
50% of the area (Rudwaleit et al. 2005).

ASspiMRI and Berlin scores
K. G. Hermann

The Ankylosing Spondylitis spinal Magnetic 
Resonance Imaging (ASspiMRI) score with its 
modifications is currently the only MRI score 
that includes the entire spine. It consists of two 
parts, the ASspiMRI-a for grading acute spinal 
changes and the ASspiMRI-c for grading 
chronic spinal changes. Thus, it is also the only 
MRI scoring system that takes into account 
chronic changes. The spine is divided into 23 
vertebral units (VUs) from C2 to S1, and each 
VU is assigned a 7-point score from 0 to 6 for 
acute changes and another for chronic changes 
(resulting in a total score of 0–138 for acute 
changes and a second for chronic changes). For 
the acute score, the size of bone marrow oedema 
(grades 1–3) and the extent of additional ero-
sions (grades 4–6) are evaluated (Fig.  18.21). 
Both STIR sequences and contrast-enhanced 
sequences are used but only one of these is man-
datory. Systematic comparison of both 
sequences has revealed only little differences 
(Baraliakos et al. 2005b; Hermann et al. 2005a). 
In addition, T1-weighted sagittal images are 
obtained for anatomical reference. The 
ASspiMRI-c score takes into account sclerosis, 
erosions, syndesmophytes, vertebral deformity 
(squaring, ton-shaped vertebrae), bridging and 
fusion (Table 18.4).

Grades 4–6 of the ASspiMRI-a score are 
assigned on the basis of the size of endplate  
erosions regardless of the size of surrounding 
bone marrow oedema. The oedema decreases in 
size under treatment, while erosions remain 
unchanged or even increase in size. This is why 
the score may not adequately reflect the situation 
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in such cases and miss certain therapeutic effects. 
To overcome this limitation, a modification of the 
ASspiMRI-a was proposed, referred to as the 
Berlin score (Baraliakos et al. 2005a). The modi-
fied version only takes into account bone marrow 
oedema and assigns scores of 0–3 for each VU, 
resulting in a maximum score of 69. Preliminary 
studies show better inter-reader agreement for the 
Berlin score.

Lesions of the posterior elements are not taken 
into account by the two ASspiMRI scores or the 
Berlin modification of the ASspiMRI-a.

SPARCC Scores
A. Klauser

The scoring method of THE SPONDYLOAR-
THRITIS RESEARCH CONSORTIUM OF 
CANADA (SPARCC) is based on the evalua-
tion of abnormal increased signal on 
T2-weighted sequences with the use of fat sup-
pression, representing increased concentration 
of “free water” referred to as “bone marrow 
oedema” in active inflammatory lesions in both 
spine and sacroiliac joints. The scoring method 
described below assumes that images have been 
acquired according to the MRI acquisition 
 protocol described in this website (MRI of the 
Spine-SPARCC MRI methodology: http://
www.altarheum.com/research.html), sum-
marised as follows:
Imaging Parameters Spine
The total spine is imaged (two segments with 
slight overlap) including C1–S2 (must include). 
The protocol includes a T1 SE and short tau 
inversion recovery (STIR) using 15 slices, in case 
of scoliosis and to visualise medial aspects of 

1 Vertebral unit Grade 1 Grade 2 Grade 3

Grade 4 Grade 5 Grade 6

Erosion

Bone edema

Fig. 18.21 ASspiMRI-a score. Schematic drawing of the vertebral unit and the Ankylosing Spondylitis Spinal Magnetic 
Resonance Imaging score for acute changes (ASspiMRI-a). With permission from Braun et al. (2003)

Table 18.4 Chronicity score (ASspiMRI-c)

0 Normal, no lesions
1 Minor sclerosis/suspicion of relevant changes
2 Sclerosis/vertebral squaring/ton-shaped 

vertebrae/possible syndesmophyte
3 1–2 syndesmophytes/minor erosion
4 More than two syndesmophytes/spondylodiscitis/

severe erosions
5 Vertebral bridging (<50%)
6 Vertebral fusion (≥50%)

Adapted from (Braun et al. 2003)
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ribs, 4 mm thick, 10% gap and a FOV 380 mm, 
adjusted according to magnet specifications.
Imaging Parameters SI Joint
T1 SE and short tau inversion recovery (STIR) 
sequences are used with 12 slices, 4 mm thick, 
10% gap and FOV 250 mm, adjusted according 
to magnet specifications. It is intentional that the 
12-slice protocol does not cover the entire syno-
vial and ligamentous compartments.

Scoring Methodology: Spine
The SPARCC scoring method for the spine is 
developed to require minimal scan time, no con-
trast administration, to evaluate the extent of 
lesions in three-dimensional planes and to limit 
the evaluation number of vertebral levels. The 
assessment of disease activity in two-dimensional 
planes in the spine was evaluated in recent studies 
and validated for a simplified scoring system 
(Braun et  al. 2003). The SPARCC MRI index 
relies on scoring lesions in three dimensions, 
because inflammatory lesions within bone are 
often asymmetrical and therefore more precisely 
quantified with a method that systematically 
assesses lesions in several dimensions. This was 
assessed in a study of 24-week response of patients 
with AS randomised to infliximab versus placebo 
by evaluation of effect size and standardised 
response mean (Maksymowych et al. 2005b). The 
conclusion was that SPARCC MRI index has 
demonstrated to be a feasible, reproducible and 
responsive index for measuring spinal inflamma-
tion in AS. Furthermore it meets the standards of 
feasibility, truth and discrimination, which have 
proposed by Outcome Measures in Rheumatology 
Clinical Trials (OMERACT) (Boers et al. 1998).
Scoring:

 1. The scores are dichotomous—present or absent.
 2. For scoring purpose the SPARCC methodol-

ogy uses the discovertebral unit (DVU) 
accordingly to a previously reported definition 
(Braun et al. 2003), which describes the DVU 
as the region between two virtual lines through 
the middle of each vertebra and includes the 
intervertebral disc and the adjacent vertebral 
endplates.

 3. Six DVU only are selected for scoring. By 
using other scoring methods, evaluation of the 

vertebral body of all 23 vertebral segments is 
mandatory necessitating the scoring of regions 
subject to artefact and/or limited anatomical 
resolution. However, the median number of 
affected vertebral segments was typically 
5–6  in a severely affected cohort of patients 
that would be regarded as eligible for trials of 
anti-TNF therapies. Therefore a method has 
been proposed that scoring can be limited to a 
maximum of 6 of the most severely affected 
levels. The reason for that was a prior study, 
where the mean number of affected DVU 
per  patient was 3.2 (95% CI, 1.2–5.2) 
(Maksymowych et al. 2005b). In patients with 
many affected levels, the less conspicuous 
lesions are often subtle, and therefore the scor-
ing of these lesions is less responsive to ther-
apy. Furthermore limiting the assessment to 
only the most severely affected levels improves 
feasibility in terms of less time necessary for 
evaluation than for the entire spine. While this 
approach may introduce measurement error, 
due to readers differing in their selection of 
levels for scoring, the alternative—assessment 
of the entire spine—is subject to further prob-
lems: Being forced to score the entire spine 
will result in the inclusion of less discernable 
lesions which may reduce sensitivity to change 
and forces the reader to score levels that are 
affected by signal artefact. This is not a minor 
issue as some degree of artefact can occur 
when scanning the entire spine with large 
fields of view. It is therefore not surprising that 
a comparison of the SPARCC scoring method 
for all 23 DVU versus only the 6 most severely 
affected DVU shows similar  reliability but bet-
ter responsiveness for the latter approach 
(Maksymowych et al. 2007).

 4. Each DVU is divided into four quadrants, and 
each vertebral endplate is scored indepen-
dently for BME: 1 upper anterior endplate, 2 
upper posterior endplate, 3 lower anterior end-
plate and 4 lower posterior endplate. The pres-
ence of increased signal in each quadrant is 
recorded for each of the three sagittal slices. 
Maximum score is 12 per DVU.  Maximum 
score for six levels = 72 (Fig. 18.22).

The levels are chosen as representing the six 
most abnormal levels on the STIR sequence. 
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Fig. 18.22 SPARCC spine scoring sheet
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Only abnormalities on the STIR sequence are 
scored. T1 SE images are included for anatomi-
cal reference only and are not scored.

 5. Scoring of depth and intensity
After selecting levels for each DVU, three 

consecutive sagittal slices are chosen for scor-
ing at each level representing the most abnor-
mal slices for that level, which allows 
evaluation of the coronal extent of lesions as 
well as assessment in the sagittal plane.

On each slice, the presence of a lesion exhib-
iting intense signal in any quadrant is given an 
additional score of 1. Similarly, the presence of 
a lesion exhibiting depth 1 cm in any quadrant is 
given an additional score of 1. This leads to a 
maximum additional score of 6 for that level 
and brings the total score to 18 per DVU:

A score for “intense” may be assigned to 
each level on each slice. High signal from 
cerebrospinal fluid acts as a reference for 
assigning an “intense” reading score to a bone 
lesion. A score of 1 is assigned if “intense” 
signal is seen in any quadrant on a single slice, 
therefore maximum score per slice is 1, per 
level is 3 and for six levels = 18.

A score for “deep” may be assigned to each 
level on each slice. A lesion is graded as 
“deep” if there is homogeneous and unequivo-
cal increase in signal extending over a depth 
of at least 1 cm from the surface of the end-
plate. A score of 1 is assigned if “deep” signal 
is seen in any quadrant on a single slice, there-
fore maximum score per slice is 1, per level is 
3 and for six levels = 18.

In summary, a total maximum score of 108 
can be obtained, based on the presence of 
“bone marrow oedema” (=72), the presence of 
“intense oedema” (=18) and the presence of 
“deep oedema” (=18).

 6. Bone marrow signal in the centre of each ver-
tebra constitutes the reference normal signal. 
If the entire vertebra is abnormal, closest nor-
mal level is used for reference.

 7. Discal lesions are not scored because they are 
often abnormal in patients with mechanical 
low back pain and degenerative disc disease.

 8. Levels scored at a second time point are the 
same as those on the first.

Scoring Methodology: Sacroiliac Joints
The development and validation of a simplified 
scoring system for the assessment of disease 
activity in two-dimensional planes in the sacroil-
iac joints has been validated by the SPARCC 
methodology, because there is no well- established 
method for evaluating pathological MRI findings 
of the SIJs (Maksymowych et al. 2005a).

 1. All scores are dichotomous—present or 
absent.

 2. Only six coronal slices are assessed. Slices 
4–9 are usually selected as those representing 
the largest proportion of the synovial com-
partment of the SI joints. Scoring of the SI 
joints is confined to those coronal slices 
depicting the synovial portion of the joint. In a 
preliminary overview of MRI performed at 
the SIJ in other patients with AS, the synovial 
portion was consistently evident in six con-
secutive coronal slices. Of the 12 acquisitions 
from posterior to anterior, this was typically 
slices 4–9. Therefore six consecutive coronal 
slices from posterior to anterior are scored. 
All lesions within the iliac bone and within 
the sacrum up to the sacral foramina are 
included. Only abnormalities on the STIR 
sequence are scored. T1 SE images are used 
for anatomical reference only and are not 
scored.

 3. Within the iliac bone all lesions are scored.
 4. Within the sacrum, lesions medially as far as 

the lateral border of the sacral foramina are 
scored. Sacral interforaminal bone marrow 
signal is used as the reference for normal to 
determine a threshold for increased signal in 
periarticular bone. Increased signal within the 
sacroiliac joint space or in the ligamentous 
portion of the joint is not scored.

 5. Scoring method. Each SI joint is divided into 
four quadrants: 1 upper iliac, 2 lower iliac, 
3 upper sacrum and 4 lower sacrum. The pres-
ence of increased signal in each quadrant is 
recorded. Maximum score for two SI joints in 
each coronal slice is 8. Maximum score for six 
coronal slices = 48 (Fig. 18.23).

The presence of increased signal on STIR 
in each of these four quadrants is scored. The 
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maximum score for abnormal signal in the two 
SI joints of one coronal slice is therefore 8.

 6. Joints that included a lesion exhibiting intense 
signal are each given an additional score of 1 
per slice that demonstrated this feature. 
Therefore a score of 1 is assigned in any quad-
rant of an SI joint on a single slice. High sig-
nal from slow flowing venous blood within 
presacral veins acts as a reference for assign-
ing an “intense” reading score to a bone 
lesion. This results in a maximal score for a 
single coronal slice to 12.

 7. Similarly, each joint that includes a lesion 
demonstrating continuous increased signal of 
depth is also given an additional score of 1 to 
each SI joint on each slice. A lesion is graded 
as “deep” if there is homogeneous and 
unequivocal increase in signal extending over 
a depth of at least 1 cm from the articular sur-
face. Maximum score per slice is therefore 2 
and for six slices = 12.

In summary, the score leads to a maximum 
sum of 72, resulting from the possible pres-
ence of “bone marrow oedema” (=48), the 
presence of “intense oedema” (=12) and the 
presence of “deep oedema” (=12).

 8. Images scored at a second time point are 
selected to correspond as closely as possible to 
the first time point—normally 4–9, 3–8 or 5–10.

Discussion
Systematic examination of spinal lesions by MRI 
using another scoring method concurred with the 
observations that the majority of affected levels 
were located in the thoracic spine although 
revealed somewhat more lesions in the cervical 
spine (Baraliakos et al. 2005a).

Posterior segment of the spine, including the 
facet joints, processes and interspinous liga-
ments have not yet been systematically evalu-
ated by MRI. Whether inclusion of these regions 
will improve MRI-based scoring systems needs 
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Fig. 18.23 SPARCC sacroiliac joint scoring sheet
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 further studies. This could raise concerns that a 
scoring system limited to only the most severely 
affected DVU might not capture residual disease 
limiting its ability to record more effective treat-
ment strategies. A similar discussion affects the 
scoring of the SI joints, because several slices 
even showing bone marrow oedema correspond-
ing to osteitis and enthesitis will not be scored, 
and therefore activity, which might be respon-
sive to treatment, will be missed (see example in 
Fig. 18.24).

Another discussion affects the use of contrast 
media in imaging inflammatory disease, because 
reproducibility and responsiveness was slightly 
improved by using contrast enhancement in the 
spine (Maksymowych et  al. 2005b). Even for 
assessment of sacroiliitis, Muche et al. stress the 
value of contrast administration, because STIR 
sequences were less sensitive than contrast- 
enhanced sequences, in that it was not possible to 
show all relevant changes in 27% of patients 
(Muche et al. 2003).

The analyses of the SPARCC scoring method 
for the assessment of spinal inflammation by MRI 
showed that the limitation of scoring only the six 
most severely affected levels captures 62% of all 
affected DVU and 74% of the total DVU score is 
feasible (Maksymowych et al. 2007). Furthermore, 
interobserver reliability was excellent regardless 
of whether analysis was limited to only the most 
severely affected levels or included the entire 
spine, while responsiveness was optimal when 
scoring was limited to only the six most severely 
affected levels. These observations, together with 
improved feasibility, support the notion that dur-
ing assessment of the entire spine in AS, scoring 
all affected DVU is unnecessary and may there-
fore facilitate acceptance of this approach for 
clinical research and in clinical trials.

This is not surprising, because scoring the 
entire spine, as opposed to only the more severely 
affected DVU, will include more subtle lesions 
that may be less responsive to change and more 
difficult to assess. If readers are permitted to 
select levels for scoring, some error in reading 
due to the presence of signal artefact may be 
eliminated as the reader has the choice of not 
selecting those levels that are clearly subject to 

phase encoding, partial volume or other artefacts. 
In addition, reliability of assessment is not as 
good in the cervical spine, and responsiveness to 
change in this region is poor.

In summary, SPARCC’s primary purpose is to 
record change in inflammatory lesions for clini-
cal and therapeutic trials research by limiting the 
analysis to a maximum of six most severely 
affected levels/slices. This results in excellent 
inter-reader reliability for both status and change 
scores, which could improve the feasibility in 
clinical trials and research.

Aarhus MRI Grading Methods
A. G. Jurik

Published Aarhus MRI Grading Method
A semiquantitative grading system has been elab-
orated and tested by Puhakka et al. (2003, 2004). 
It was based on the following sequences: STIR, 
T1, T2 high resolution and T1 FS before and after 
intravenous Gd contrast using both semi-coronal 
and semi-axial slice orientation. The MR images 
were analysed with regard to abnormalities in the 
cartilaginous and ligamentous joint portion sepa-
rately for the following sign of activity: bone 
marrow oedema and Gd contrast enhancement in 
the bone marrow, cartilaginous and ligamentous 
joint space and at entheses outside the joint. 
Assessment of chronic structural joint changes 
included erosion, osseous sclerosis (low signal 
intensity at T1 and/or T1 FS), fat accumulation in 
the bone marrow, joint space alteration and new 
bone formation at entheses.

Only some of the abnormalities were used to 
obtain a quantitative value (grade) for disease 
severity. Entheseal changes were omitted from 
the scoring system due to a relative low fre-
quency, and fatty marrow changes were excluded 
because the analysis was designed to compare 
chronic changes at MRI and CT.  All included 
grading parameters (Table  18.4) were scored 
0–3, where 0 = normal, 1 = minimal, 2 = moder-
ate and 3  =  severe. The analysis of osseous 
lesions included assessment at four anatomical 
sites of each SIJ, the sacral and iliac side of the 
cartilaginous and ligamentous portion of the 
joint (Fig. 18.25). The severity was calculated as 
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a b

c d

e

Fig. 18.24 Limitations of SPARCC scoring method. 
Patient with HLA-B27, signs of enthesitis and lower back 
pain. (a) Coronal spin echo T1 fat saturated and (b) short 
tau inversion recovery (STIR) showing no intraarticular 
pathologies. However, when para-articular slices are 

included, (c) spin echo T1 fat saturated, (d) STIR and (e) 
spin echo T1 fat saturated after contrast injection bone 
marrow oedema and enhancement can be seen bilaterally, 
consistent of inflammatory disease
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a sum of the score for the abnormality in each 
position, the total maximal score for each abnor-
mality being 12 per joint and 24 for a patient 
(Table  18.5). Similarly a total score for joint 
space width alteration and Gd contrast enhance-
ment in the joint space was obtained with a total 
maximal score of 6 per joint and 12 for a patient. 
An overall MRI score for inflammatory activity 
was calculated as a sum of bone marrow oedema, 
Gd contrast enhancement in the bone marrow 
and in the joint space (maximal score 60 per 
patient) and a score for joint destruction as a sum 
of the scores for erosions, sclerosis and joint 
width alteration (maximal 60 per patient) 
(Table 18.5).

The detailed grading system was tested on 41 
patients based on independent blinded image 
evaluation of two senior radiologists without pre-
ceding formal training within the new area for 
MRI (Puhakka et al. 2003). Parameters indicat-
ing disease activity were observed with a good 
intra-observer and relative good interobserver 
agreement, whereas grading of chronic structural 
changes, especially joint space narrowing but 
also osseous sclerosis, was less reliable 
(Table 18.6). MRI was found comparable to CT 
for detecting joint erosion and apparently also for 
detecting sclerosis although the evaluation of 
“sclerosis” by MRI may be difficult. MRI seemed 
inferior to CT with regard to assessment of new 

bone formation at entheses and apparently also 
for evaluation of joint space alteration (Puhakka 
et al. 2003).

Despite not being optimal, the grading system 
has been shown to have sensitivity to change in a 
1-year follow-up study being able to detect 
decreasing disease activity, but increasing chronic 
changes without concomitant clinical signs indi-
cating this (Puhakka et al. 2004).
Reasons for Modification of the Aarhus Method
The previous published method has to be modi-
fied to obtain a reliable interobserver variation 
taking into account the results published in addi-
tion to the extended experience gained in the 
institution and the findings by others.

A new grading system for disease activity 
should give the possibility of using only STIR 
and also additional post-contrast sequence. The 
reported value of contrast enhancement has var-

Table 18.5 Scoring system for MRI abnormalities based 
on assessment at eight osseous position (the iliac and sacral 
side of the cartilaginous and ligamentous part of the joints, 
respectively) and four joint space positions (cartilaginous 
and ligamentous joint space) (Puhakka et al. 2003)

MRI 
abnormalities

An 
osseous 
joint 
position 
or a joint 
space

One SIJ: 4 
osseous 
positions; 
two joint 
spaces

A patient: 8 
osseous 
positions; 4 
joint spaces

Grade 
range

Score 
range Score range

Bone marrow 
oedema

0–3 0–12 0–24

Bone marrow 
Gd enhancement

0–3 0–12 0–24

Joint space Gd 
enhancement

0–3 0–6 0–12

Overall activity 
score

0–60

Erosion 0–3 0–12 0–24
Sclerosis 0–3 0–12 0–24
Joint space 
width

0–3 0–6 0–12

Overall joint 
destruction 
activity score

0–60

Gd gadolinium contrast

Fig. 18.25 Aarhus sacroiliac joint MRI grading method. 
Drawing showing the osseous positions evaluated, four in 
the cartilaginous and four in the ligamentous portion of 
the joints
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ied, and it has not been proved that post-contrast 
sequences are unnecessary. In our previous 
analysis based on both STIR and post-contrast 
sequences, we observed a significant correlation 
between oedema at STIR and contrast enhance-
ment in the bone marrow indicating that con-
trast enhancement may not be necessary 
(Puhakka et al. 2003). The finding of a signifi-
cant relation between oedema and enhancement 
has been confirmed in another analysis where 
the use of a post-contrast sequence was found 
more sensitive than STIR (Bredella et al. 2006). 
Comparable reproducibility regarding subchon-
dral oedema and enhancement has been demon-
strated in cross-sectional analysis, but the 
reproducibility of change to scores seemed bet-
ter with post- contrast images (Maksymowych 
et  al. 2005a). This finding is not surprising as 
oedema may persist for some period after vascu-
larised inflammation has vanished. STIR has 
been reported less sensitive than post-contrast 
sequences with regard to joint space inflamma-
tion (Muche et  al. 2003). This is probably 
because it may be difficult to obtain a clear 
delineation of the joint space on STIR images. If 
the new scoring system should have the poten-
tial of being used based on STIR images, only 
joint space oedema and enhancement therefore 
has to be omitted.

The intensity and depth of inflammatory 
changes seems to influence the disease course 
(personal experience). These parameters there-
fore have to be included as part of the grading in 
accordance with the SPARCC system 
(Maksymowych et al. 2005a).

The evaluation of chronic structural changes 
has varied. Signs indicating sclerosis seem not to 
be reliable. The finding of lesions with reduced 
water content (low signal intensity at both T1 and 
T2/STIR) can be due to both fibrotic tissue and 
increased bony tissue (Bredella et al. 2006) and 
may occur together with signs of activity. In 
accordance with this, sclerosis verified at CT in 
our study was found to vary somewhat at MRI 
(Puhakka et al. 2003). Regions displaying signifi-
cantly increased density at CT compatible with 
the definition of sclerosis did not always appear 
with low signal intensity at all MR sequences. 
They could contain regions with increased signal 
intensity at STIR and/or contrast enhancement as 
signs of inflammatory activity and could also dis-
play regions with increased signal intensity at T1 
as sign of fat accumulation in bone marrow 
(Fig.  18.26). The interobserver agreement for 
joint space alteration at MRI was only 59%, indi-
cating that it can be problematic to include this 
parameter in a SIJ scoring system. Another rea-
son for not using this parameter is that the joint in 
 ankylosing spondylitis initially shows widening 
followed by gradual narrowing until definite 
ankylosis has developed so a normal joint width 
may be pathological (Puhakka et al. 2003). The 
importance of fatty marrow degeneration as a 
sign of chronic changes has been observed in the 
form of a correlation to higher radiographic 
scores (Bredella et al. 2006).

An exclusion of joint space alteration and 
sclerosis, and inclusion of fatty marrow alteration 
in a new grading system, therefore seems 
justifiable.

Table 18.6 Inter- and intra-observer agreement for the most frequent disease parameters present at MRI based on 41 
patients (82 SIJs) (Puhakka et al. 2003)

Interobserver analysis Intra-observer analysis
Agreement (%) Kappa value Agreement (%) Kappa value

Oedema bone 73 0.49 95 0.89
Enhancement bone 73 0.47 98 0.94
Enh. joint space 82 0.64 98 0.94
Bone erosion 77 0.54 98 0.95
Osseous sclerosis 71 0.41 93 0.85
Fatty degeneration 84 0.67 93 0.84
Joint space alteration 59 0.18 95 0.90
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A relative good interobserver agreement has 
been observed for both signs of activity and 
chronic structural changes using a global joint 
score (Heuft-Dorenbosch et  al. 2006). Thus, it 
may be advantageous to use a more simple grading 
system, but it will then be difficult to detect minor 
disease changes.

New Proposal for MRI Grading
The scoring for activity and chronic structural 
changes is based on all slices through the joint, 
including semi-coronal and semi-axial slices to 
differentiate between the cartilaginous and liga-
mentous joint portion. Signs of activity (subchon-
dral oedema and/or contrast enhancement) and 

a b

c d

e

Fig. 18.26 Sacroiliitis with both active and chronic 
changes. (a) Semi-coronal CT slice showing bilateral 
joint space narrowing and erosion with subchondral scle-
rosis. MRI, (b) coronal T1, (c) T1 FS and (d) T1 FS post-
contrast and (e) semi-axial T1 FS post-contrast. The 

sclerotic areas at CT appear with decreased signal inten-
sity at T1 FS, but had irregular signal intensity at T1 and 
contained scattered enhancement. The semi-axial slice 
clearly show left- sided iliac bone enhancement in both the 
cartilaginous and ligamentous part of the joint
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signs of chronic changes (fatty marrow degenera-
tion and erosion or obliteration of the joint space) 
are evaluated and graded corresponding to eight 
anatomical joint portion—four cartilaginous and 
four ligamentous.

The activity score includes subchondral 
oedema and/or enhancement graded with regard 
to extent, intensity and depth as follows:

• Extent: Grade 0  =  normal; grade 1  =  slight: 
≤25% of subchondral area; grade 2 = moder-
ate: 25–≤50% and grade 3 = severe: >50% of 
the subchondral area.

• Signal intensity: Grade 0 = no, slight or mod-
erate and grade 1 = pronounced (water level at 
STIR and great vessel level at post-contrast 
images) covering at least 1  cm2 of the sub-
chondral area.

• Depth, maximal: Grade 0: ≤1 cm and grade 1: 
>1 cm in some areas.

The total maximal score is 40 for STIR and 
post-contrast sequence, respectively, and if based 
on both likewise 40 (Table 18.7).

The chronic score includes fatty marrow 
degeneration and erosion or joint space altera-
tion. Fatty marrow degeneration was graded 
for both extent and depth and erosion or joint 
space alteration for extent only. The subdivi-
sion for extent and depth was comparable with 
that for acute changes (extent: grade 0 = nor-
mal, grade 1 = slight ≤25%, grade 2 = moder-
ate 25–≤50% and grade 3 = severe >50% of the 
subchondral area or joint facet. Depth, maxi-
mal: grade 0, ≤1  cm, and grade 1, >1  cm in 
some areas). The total maximal score is 56 
(Table 18.8).

Hermann/Bollow Sacroiliitis Score
K. G. Hermann; M. Bollow

As early as in 1996, Bollow and Braun used an 
MRI scoring system for sacroiliitis to monitor the 
therapeutic effects of steroid injections into the 
sacroiliac joints (Bollow et al. 1996; Braun et al. 
1996). The score grades chronic structural 
changes and acute inflammatory lesions. Various 
features including erosions and sclerosis as well 
as transarticular bridging, ankylosis and fat 
deposits in para-articular bone marrow were 
summarised in a so-called chronicity grade 
(Table 18.9, Figs. 18.27, 18.28, 18.29 and 18.30). 
The chronicity grade reflects the continuous pro-
gression of the disease and is based on histologi-
cal insights (Bollow et al. 2000). It was developed 
in analogy to the grading of radiological changes 
(van der Linden et al. 1984). Each sacroiliac joint 
is evaluated as a unit, which is fast and allows use 
of the score in the routine clinical setting (Bollow 
et al. 2006). A limitation of the chronicity index 
is that it does not register short-term structural 
changes occurring in the course of disease.

The first version of the sacroiliitis score addi-
tionally comprised an activity index that was 
determined on the basis of dynamic T1-weighted 

Table 18.7 New proposal for MRI grading of sacroiliitis activity

Activity score
MRI abnormalities Max. score per position Max. total patient score
Oedema Extent

Intensity
Depth

3
1
1

24
8
8

Total activity (STIR) 5 40
Enhancement Extent

Intensity
Depth

3
1
1

24
8
8

Total activity (post-Gd) 5 40
Total activity based on both STIR and post-Gd images 10/2 = 5 80/2 = 40

Table 18.8 New proposal for MRI grading of chronic 
structural sacroiliitis changes

Chronic score

MRI abnormalities
Max. score 
per position

Max. total 
patient score

Fatty 
degeneration

Extent
Depth

3
1

24
8

Erosion Extent 3 24
Total max. chronic score 7 56
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gradient echo images. However, when used under 
routine conditions, the index turned out to be sus-
ceptible to false positive results in morphologi-
cally normal sacroiliac joints. The most common 
reason for misinterpretation was placement of the 
region of interest in the retroarticular space, where 
the connective tissue contains numerous vessels 
which may mimic inflammation on contrast- 
enhanced images. Another reason why the method 
did not become widely used is that quantification 

of the activity grade from a dynamic study using 
ROIs is too time consuming.

A modification that simplifies determination of 
disease activity has been proposed recently 
(Hermann et al. 2004). The modified semiquantita-
tive grading system uses STIR images and/or static 
fat-saturated T1-weighted turbo spin echo images 
obtained after contrast administration (T1-TSE-FS 
post-CM). The sacroiliac joint is divided into four 
quadrants: iliac and sacral region and anterior and 
posterior halves (Fig. 18.31). For each of the four 
quadrants, increases in bone marrow signal inten-
sity on STIR or T1-TSE-FS post-CM images are 
graded on a scale from 0 to 4 (e.g. in Fig. 18.32):

0 = unchanged signal intensity
1  =  increased signal intensity confined to joint 

space, joint capsule or erosions (up to 10% of 
the joint area)

2 = mild changes (signal increase of 11–33% of 
the area)

3 = moderate changes (signal increase of 34–66% 
of the area)

4 = severe changes (signal increase of more than 
66% of the area)

The changes must be present in at least two 
slices. The scores of the four quadrants are added 
up, resulting in a total score of 0–16 per joint 
(maximum score of 32 per patient). In case of 
discrepancy between the STIR and post-contrast 
images, the higher score is used. In general, it is 
assumed that both sequences have similar sensi-

a b c

Fig. 18.27 Chronicity grade I. a Schematic drawing, (b) 
T2-weighted gradient echo sequence with fat saturation 
and (c) T1-weighted fast spin echo sequence of chronic 

sacroiliitis grade I. For further descriptions see Table 18.8. 
With permission from Bollow et al. (2006)

Table 18.9 MRI grading of chronic changes in sacroili-
itis. Modified from (Bollow et al. 1996)

Chronicity grades of sacroiliitis
Grade 0 No chronic inflammatory changes
Grade I Mild subchondral sclerosis without 

blurring of joint contours
Fewer than two erosions per slice
Normal width of joint cavity

Grade II Moderate subchondral sclerosis with 
blurring of up to one third of joint cavity
More than two erosions per slice without 
confluence
Normal width of joint cavity

Grade III Pronounced para-articular sclerosis 
obscuring more than one third of joint 
cavity
And/or pseudodilatation of joint cavity by 
confluent erosions
And/or circumscribed transarticular bone 
buds with narrowing of joint cavity

Grade 
IV

Definitive ankylosis of more than one 
fourth of joint cavity
“Phantom joint” appearance of joint cavity, 
which is filled with fat marrow-like tissue
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a
b c

Fig. 18.28 Chronicity grade II. (a) Schematic drawing, 
(b) T2-weighted gradient echo sequence with fat satura-
tion and (c) T1-weighted fast spin echo sequence of 

chronic sacroiliitis grade II. For further descriptions see 
Table 18.9. With permission from Bollow et al. (2006)

a
b c

Fig. 18.29 Chronicity grade III. (a) Schematic drawing, 
(b) T2-weighted gradient echo sequence with fat satura-
tion and (c) T1-weighted fast spin echo sequence of 

chronic sacroiliitis grade III. For further descriptions see 
Table 18.9. With permission from Bollow et al. (2006)

a
b c

Fig. 18.30 Chronicity grade IV. (a) Schematic drawing, 
(b) T2-weighted gradient echo sequence with fat satura-
tion and (c) T1-weighted fast spin echo sequence of 

chronic sacroiliitis grade IV. For further descriptions see 
Table 18.9. With permission from Bollow et al. (2006)
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tivity and specificity with agreement around 90% 
(Muche et al. 2003 #190).

Classification of Spinal Changes in AS
K. G. Hermann

The changes of the discovertebral unit (Romanus 
spondylitis and Andersson lesions) have typical 
MRI appearances at different stages of AS. Three 
classes of lesions can be distinguished: acute 
inflammatory lesions, postinflammatory fatty 
bone marrow degeneration and ankylosis 
(Hermann and Bollow 2002; Hermann et  al. 
2005b). The MRI signal intensities are sum-
marised in Table 18.10 and Fig. 18.33, which is 
meant as a guide to understanding the signal 
changes that occur in the course of disease.

The MRI grading system is based on the clas-
sification of degenerative disc disease proposed 
by Modic et al. (1988) and appears to facilitate 
the description and reporting of spinal changes in 
AS.  This classification differs from the other 
scoring systems presented in this chapter in that it 
is not intended for use in clinical studies.

Fig. 18.32 Example of the quadrant method. (a) Short tau inversion recovery sequence (STIR) and (b) the same slice 
with the applied quadrant method and scores of active sacroiliitis in a 26-year-old male

a b

Table 18.10 Classification of the spinal MRI changes in spondyloarthritis in relation to a discovertebral unit consist-
ing of an intervertebral disc and the adjacent halves of the superior and inferior vertebrae

Class T1-weighted sequence T2-weighted/STIR sequence Interpretation
0 Vertebra: intermediate

Disc: low
Vertebra: low
Disc: high

Normal findings

1 Vertebra: low
Disc: low

Vertebra: high
Disc: high

Florid inflammatory changes

2 Vertebra: high
Disc: low

Vertebra: low
Disc: high

Chronic postinflammatory fatty 
bone marrow degeneration

3 Vertebra: intermediate
Disc: intermediate

Vertebra: low
Disc: low

Partial or complete ankylosis

I

IIIII

IV I

II III

IV

Fig. 18.31 Diagram of the quadrant method. The joint 
cleft divides each sacroiliac joint into two iliac and two 
sacral quadrants. A virtual horizontal line which usually 
touches the inferior border of the first sacral neural fora-
men divides the joint area into two halves and separates 
two anterior and two posterior quadrants. With permission 
from Bollow et al. (2006)
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a b

c d

e f

Fig. 18.33 Classification of spinal changes in AS. (a) 
T1-weighted fast spin echo sequence (T1-FSE) and (b) 
short tau inversion recovery sequence (STIR) of acute 
Andersson lesion (class I lesion); (c) T1-FSE and (d) STIR 

of chronic Andersson lesion with fatty degeneration (class 
II lesion); (e) T1-FSE and (f) STIR of a partially ankylosed 
spinal segment as last stage of Andersson lesion (class III 
lesion). For further descriptions see Table 18.10
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 Summary

K. G. Hermann and A. Klauser

Imaging and scoring should be as sensitive as 
possible since untreated AS seriously impairs 
quality of life. The natural history of SpA  consists 
of acute episodes of enthesal and osseous inflam-
mation. Therefore extending the analysis to all 
localisations of possible enthesitis, even the 
extraarticular ones such as the anterior and poste-
rior iliac spines, the iliac crest and the posterior 
elements of the spine, may give a more accurate 
picture of the true extent of inflammation.

Conventional radiography remains an effective 
imaging method in the diagnosis, management 
and follow-up of spinal involvement in patients 
with AS.  Radiographic grading of sacroiliitis 
according to the modified New York classification 
(van der Linden et al. 1984) has some weaknesses 
(van Tubergen et al. 2003) but continues to have 
an important role in diagnosing ankylosing spon-
dylitis. The modified Stokes Ankylosing 
Spondylitis Spine Score is currently preferred for 
the follow-up of spinal changes (Wanders et  al. 
2004; van der Heijde and Landewe 2005).

MRI has opened up new horizons for the 
early detection of spinal inflammation as well as 
short- term and long-term follow-up. This 
deserves emphasis since effective new treatment 
(anti- TNF- α agents) might be able to prevent 
structural damage. While the OMERACT initia-
tive has undertaken to develop a scoring system 
for grading the MRI changes of peripheral joints 

in rheumatoid arthritis (Ostergaard et al. 2003b), 
a number of scoring systems have been devel-
oped for spondyloarthritis by different research 
groups, and these were evaluated by the 
OMERACT initiative (van der Heijde et  al. 
2005; Lukas et  al. 2007). There is an ongoing 
debate about the most suitable scoring method 
(Maksymowych and Lambert 2007), and differ-
ent ones may be preferable in different situa-
tions. The SPARCC grading systems for the 
sacroiliac joints and spine yield robust results in 
short-term and mid-term clinical studies because 
they have low interobserver variation 
(Maksymowych et al. 2005a, b). Good interob-
server agreement is due to the fact that these 
scores only take into account the six most 
severely inflamed discovertebral units or the six 
most relevant slices of the sacroiliac joints. Very 
small and potentially misleading lesions are thus 
excluded. To evaluate the natural course of AS, 
the Berlin score (a modification of the 
ASspiMRI-a method) (Baraliakos et  al. 2005a) 
seems to be most suitable for acute changes and 
the ASspiMRI-c (Braun et al. 2003) for grading 
chronic changes. The roles of the Hermann/
Bollow sacroiliitis score (Hermann et al. 2004) 
and the recent modification of the Aarhus MRI 
grading system (Puhakka et al. 2003) remain to 
be determined in clinical studies.

Newer imaging modalities such as ultrasound 
or whole-body MRI could further improve the 
assessment of enthesitis, which is the key feature 
of AS, but often results in only very distinct 
minor alterations detectable by MRI.
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18.4  Imaging Assessment 
of Osteoarthritis

Andrew J. Grainger

Although osteoarthritis is recognised as being the 
most common joint disease and a major cause of 
disability, its pathogenesis remains poorly under-
stood. The radiological changes of osteoarthritis 
are well described on both conventional radiogra-
phy (CR) and using more modern imaging tools 
including MRI.

Much attention has centred on identifying a 
means to assess the severity of osteoarthritis 
using imaging and, increasingly, to monitor 
change in disease severity. The changes of OA on 
CR include joint space loss, osteophyte forma-
tion, subchondral bony attrition, cyst formation 
and sclerosis and, as the disease progresses, 
deformity. However one of the fundamental 
problems when considering assessment of OA 
using CR is that OA is essentially a disease of 
pain and disability, and the changes seen on 
radiographs correlate poorly with the clinical 
symptoms (Creamer 2000).

 Conventional Radiography

 Joint Space Measurement
Changes seen on CR remain the basis of the 
majority of studies using CR to assess OA sever-
ity and outcome. For many years cartilage loss 
has been considered fundamental to the OA dis-
ease process, and the prevention of cartilage loss 
has been considered as the primary aim of any 
therapeutic intervention. This has led to the use 
of joint space width (JSW), sometimes referred 
to as joint space narrowing (JSN) as a surrogate 
measure of cartilage loss. The majority of the 
work on this measure of osteoarthritis has been 
undertaken in the knee and the hip, although the 
technique has also been used in the ankle 
(Marijnissen et  al. 2001) and the joints of the 
hand (Duryea et al. 2000). In both the knee and 
the hip, the measured joint space is highly depen-
dent on the position of the joint and its radio-
graphic alignment (Altman et  al. 1996; 

Buckland-Wright et al. 1995; Ravaud et al. 1996; 
Auleley et al. 2001; Goker et al. 2005). Although 
methods to improve the reliability of JSW mea-
surements have been developed and validated, 
controversy remains over the techniques 
employed (Mazzuca and Brandt 2003; Conrozier 
et  al. 2004; Buckland-Wright et  al. 2004; 
Mazzuca et al. 2004).

Using scrupulous technique good reliability in 
joint space measurements can be achieved. 
However issues of validity exist with evidence 
that meniscal extrusion contributes to joint space 
loss in the knee and in early OA is the main cause 
indicating that JSW is not a valid marker for 
articular cartilage loss (Adams et al. 1999; Gale 
et al. 1999).

Raynauld et al. further called into question the 
validity of JSW as a measure of disease by show-
ing its relative insensitivity to change. They 
found that despite a lack of change in JSW over a 
2 year period, there was a significant change in 
articular cartilage volume as assessed by MRI 
(Raynauld et al. 2004).

 Comprehensive Radiographic Scoring 
Techniques
Joint space is not the only feature of osteoarthritis 
that can be evaluated using CR, and a number of 
semiquantitative scoring systems have been 
developed for the diagnosis and monitoring of 
OA. The most well know of these is the Kellgren 
and Lawrence scoring system (Kellgren and 
Lawrence 1957). This has faced criticism on sev-
eral fronts, including placing too much emphasis 
on osteophyte formation at the expense of other 
features of OA and being relatively insensitive to 
change. It is also criticised for inconsistencies 
between versions and attempting to apply the 
same criteria to different joints in the face of epi-
demiological studies which support joint specific 
radiographic scoring systems (Spector and 
Cooper 1993). Modifications have been proposed 
along with alternative systems (Spector and 
Cooper 1993; Altman et al. 1987; Kallman et al. 
1989; Verbruggen and Veys 1996).

In 1989 Kallman et al. proposed a system for 
scoring OA in the hand using a 4 point (0–3) 
scale for osteophyte and joint space narrowing 
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along with scores for the presence or absence of 
sclerosis, cysts, deformity and cortical collapse. 
This was undertaken in 11 joints in the hand. An 
atlas was provided and inter-reader reliability 
was found to be good except scoring of cysts 
(Kallman et al. 1989).

Altman et al. have also developed scoring sys-
tems for OA in the hips and knees as well as the 
hands and in 1995 published an atlas which 
assessed multiple features of the disease using 
specifically tailored criteria for the hand, hip and 
knee (Altman et  al. 1995). A revised atlas has 
recently been published (Altman and Gold 2007). 
The Altman scoring system probably represents 
the gold standard for radiographic scoring of 
osteoarthritis at this time.

A well-recognised problem with conventional 
radiographs for the assessment of disease progres-
sion is that radiographic changes correlate poorly 
with clinical criteria used to assess the disease 
such as pain and function (Pham et al. 2003). This 
means that clinical indices of disease state will 
continue to be important primary outcome mea-
sures for osteoarthritis in studies looking at treat-
ment response. Nevertheless scoring systems for 
plain films are still in use and continue to be used 
to provide diagnostic inclusion criteria for clinical 
trials (Altman et al. 1991; Altman 1991a, b).

 MRI Scoring Techniques

 Articular Cartilage
MRI can directly image articular cartilage, and 
much of the work using MRI to assess osteoar-
thritis progression has concentrated on the assess-
ment of articular cartilage through quantitative 
and semiquantitative methods.

The choice of MR sequence is critical to this 
process, and amongst the sequences commonly 
employed, authors have proposed fat-suppressed 
PD or T2-weighted imaging, T1-weighted spoiled 
gradient echo with fat suppression and water exci-
tation imaging. Semiquantitative scoring systems 
have relied on grading the thickness of cartilage 
loss, but more recently attempts have been made to 
examine cartilage in the knee semiquantitatively 

using a regionalized approach breaking down the 
articular surfaces and assigning a score to each 
(Kornaat et  al. 2005; Peterfy et  al. 2004). These 
systems score cartilage semiquantitatively as part 
of an overall assessment of knee OA assimilating 
scores for multiple features (see later). The 
13-region scoring system employed in the whole-
organ MRI scoring system (WORMS) devised by 
Peterfy et  al. shows a high ICC between two 
trained readers (>0.98) (Buckland-Wright et  al. 
2004) and appears to translate well onto a lower 
field strength system using time-efficient sequence 
protocols (Roemer et  al. 2005). However 
Conaghan et  al. identified problems with this 
WORMS system and in particular suggested that 
scales for cartilage morphology and signal may 
need to be redeveloped (Conaghan et al. 2004).

There are studies utilising semiquantitative 
cartilage scores in longitudinal studies although 
these report varying results in terms of change in 
cartilage score over time and a clear picture has 
not yet emerged (Biswal et al. 2002; Wang et al. 
2006; Zhai et al. 2005).

Quantitative measurement of articular carti-
lage on MRI eliminates the problem of intra- and 
inter-rater variation. Using a range of image anal-
ysis tools that have been developed, values such 
as cartilage volume, thickness and surface area 
can be produced. In addition measurements of 
the denuded subchondral bone can be made along 
with measures of focal cartilage lesions. 
Sophisticated techniques for analysing the data 
derived have been produced including thickness 
maps and measures of joint congruity. A formal 
nomenclature for such measures of articular car-
tilage has recently been proposed (Eckstein et al. 
2006a). To derive these parameters, the image 
analysis process involves segmentation of the 
cartilage from the surrounding structures. To date 
fully automated segmentation procedures have 
been unsuccessful, and while semiautomated 
systems have been developed, most large-scale 
studies rely on manual outlining of the cartilage 
(Eckstein et  al. 2006b). Although a variety of 
joints have been assessed in this way (Graichen 
et al. 2003, 2000; McGibbon et al. 2003; Peterfy 
et al. 1995), the thickness of the cartilage and the 
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relatively flat surfaces involved make cartilage 
morphometry in the knee technically easier, and 
the vast majority of the published work relates to 
the knee. Studies generally report a high degree 
of accuracy for quantitative cartilage measure-
ments when compared with animal, cadaveric or 
surgical specimens (Eckstein et al. 2006b).

Comparisons between MR scanners also exist 
and have found small differences which has led 
Eckstein et  al. to note that as long as the same 
scanner and sequence are used for baseline and 
follow-up studies at all sites, longitudinal multi-
centre studies are feasible (Eckstein et al. 2006b). 
Clearly the problem of variations between scan-
ners is an issue that requires careful consideration 
when designing multicentre trials. Eckstein et al. 
also note the importance of precision in quantita-
tive cartilage measurements. This equates to the 
degree of random variation in the measured 
parameter (reproducibility of the parameter with 
repeated measurements). This is rather more 
variable between studies and appears to be most 
significant in the knee on the highly curved femo-
ral surfaces (Eckstein et al. 2006b).

It has been found that cartilage volume mea-
sures are more reproducible than cartilage thick-
ness measures, partly because they are less 
susceptible to diurnal variation and not depen-
dent on selecting a reproducible site for repeat 
measurements (Burgkart et  al. 2001; Cicuttini 
et  al. 1999; Graichen et  al. 2004; Peterfy et  al. 
1994b; Pilch et al. 1994; Waterton et al. 2000). 
However cartilage volume measures raise other 
questions relating to validity and sensitivity to 
change (Teichtahl et al. 2006).

In addition to measuring the amount of carti-
lage present and degree of cartilage loss, it is also 
possible to obtain an assessment of cartilage 
make-up and change in quality using imaging 
techniques. Measurements of T2 and the param-
eter T1rho have been shown to vary with cartilage 
composition (Eckstein et  al. 2006b; Duvvuri 
et al. 1997; Liess et al. 2002; Menezes et al. 2004; 
Regatte et al. 2002). However the evidence indi-
cates that these are not affected by a single ele-
ment of the cartilage composition and at the 
moment the role of these parameters and their 

potential use remains at the experimental stage. 
The T1 of articular cartilage if measured after a 
time delay following IV gadolinium administra-
tion is found to vary according to the distribution 
of the gadolinium that has diffused into the carti-
lage. This technique of delayed gadolinium- 
enhanced MRI of cartilage (dGEMRIC) is based 
on the principle that gadolinium-DTPA 
(Gd-DTPA) is a negatively charged species and 
that will diffuse into cartilage with time, but will 
be distributed according to the ionic make-up of 
the cartilage. Since glycosaminoglycan (GAG) 
molecules, a component of proteoglycans, are 
also negatively charged, there will a relatively 
increased take up of Gd-DTPA in areas of GAG 
deficiency (Bashir et al. 1999).

 Comprehensive Radiographic Scoring 
Techniques
Although OA has been traditionally assessed and 
characterised by articular cartilage loss, it is 
increasingly realised that it is more appropriate to 
view it as a multifactorial process which involves 
changes in the structure and function of multiple 
joint components (Martin and Buckwalter 2001). 
Many of these other changes are appreciated on 
MRI. These include changes in the subchondral 
bone, ligaments, fibrocartilage and synovium. 
Changes in the subchondral bone are variable and 
include cyst formation and marrow oedema-like 
changes. The amount of synovitis that can be 
demonstrated in osteoarthritis suggests a signifi-
cant inflammatory element to the disease. An 
important question that has yet to be resolved is 
the degree to which these changes seen on MRI 
relate to the patients symptoms and to the pro-
gression of the disease. Studies have produced 
confusing data in this area (Felson 2005).

The complex relationships between the abnor-
malities seen on MRI and the clinical situation 
led Peterfy et al. to note that a “whole-organ eval-
uation is needed to evaluate properly the struc-
tural integrity of joints affected by OA” (Peterfy 
et  al. 2004). This led to the development by 
Peterfy and coworkers of a whole-organ MRI 
score (WORMS) for evaluating OA in the knee 
(Peterfy et al. 2004). This uses semiquantitative 
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techniques to score a variety of features of knee 
OA on MRI including cartilage, marrow changes, 
osteophytes, menisci, ligaments and synovitis. 
The knee is subdivided into regions for assess-
ment and a score assigned to each of the features 
for each region. This tool has been used in large- 
scale longitudinal studies and is certainly the 
most established whole-organ scoring tool in cur-
rent use. It seems to show good reliability. 
However issues relating to its use have been iden-
tified in recent studies including questions relat-
ing to the scaling of items, particularly in patients 
with “early” OA where only the lowest points on 
the scales are used. There are also issues relating 
to the combination of several constructs in a sin-
gle score as is seen in the semiquantitative scor-
ing of cartilage used in the WORMS tool 
(Conaghan et al. 2006; Hunter et al. 2006).

Two novel OA whole-organ scoring systems 
have now been reported with evidence of good 
inter- and intra-reader reliability (Kornaat et  al. 
2005; Hunter et  al. 2007). The Boston-Leeds 
Osteoarthritis Knee Score (BLOKS) has been 
more widely used and has been compared with 
WORMS (Lynch et al. 2010; Felson et al. 2010; 
Hunter et  al. 2010). This found strengths and 
weaknesses in both scoring systems and has led 
to the recent publication of a new iteratively 
developed scoring system designed to address the 
weaknesses while keeping the strengths of the 
existing systems (Hunter et  al. 2011). This has 
been called the MRI osteoarthritis knee score 
(MOAKS) and has been tested for reliability 
which has proved good or excellent for the major-
ity of features scored. As yet no large-scale stud-
ies to validate this scoring system or to assess its 
responsiveness to change have been undertaken.

It is likely that further refinements will be 
made in the future, and it is to be hoped that one 
system will be adopted as a standard tool for 
future OA studies. A remaining issue is that all 
these tools are still only designed for use in knee 
OA, a relatively easy joint to study. MRI is 
increasingly being applied to OA changes in 
other joints, and it will have to be determined 
whether these existing scoring systems will be 
applicable to other joints and what further modi-
fications will be required.
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19.1  Introduction

Osteoporosis is the most important metabolic 
bone disease, and measurements of bone mineral 
density (BMD) to diagnose osteoporosis are of 
substantial importance. In fact according to the 
WHO criteria, BMD measurements using dual 
X-ray absorptiometry (DXA) are used to define 
osteoporosis and osteopenia in postmenopausal 
Caucasian women (WHO 1994). In 2000 the 
NIH consensus development conference (NIH 
Consensus Development Panel on Osteoporosis 
Prevention D, and Therapy 2001; Online NCS 
2000) defined osteoporosis as a skeletal disorder 
characterized by compromised bone strength pre-
disposing to an increased risk of fracture. Bone 
strength reflects the integration of two main fea-
tures: bone density and bone quality. Bone den-
sity is expressed as grams of mineral per area or 
volume and, in any given individual, is deter-
mined by peak bone mass and amount of bone 
loss. Bone quality refers to architecture, turnover, 
damage accumulation (e.g., microfractures), and 
mineralization. To develop quantitative measures 
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for these latter entities is the subject of current 
research, and specifically bone architecture imag-
ing is an interesting field for radiology.

Measurements in osteoporosis are also 
required to diagnose and quantify vertebral frac-
tures, and since previous publications showed 
that these fractures were frequently missed by 
radiologists (Gehlbach et al. 2000; Mueller et al. 
2004, 2008), there is currently substantial interest 
in better diagnosing these fractures. Vertebral 
fractures occur with a higher incidence earlier in 
life than all other types of osteoporotic fractures 
(Meunier et  al. 1999). Also they are associated 
with a worse disease prognosis, but it is difficult 

to determine the exact number of fractures that 
occur annually as a substantial proportion are 
clinically undetected (Link et al. 2005; Riggs and 
Melton 1995).

BMD measurements are not only used in 
osteoporosis but also other metabolic diseases 
that cause bone loss, including hyperthyroidism, 
hyperparathyroidism, Cushing’s disease, and 
osteomalacia. BMD may be useful for longitudi-
nal measurement to monitor disease. Diabetes 
mellitus also induces increased fracture risk, yet 
BMD measurements are not useful to measure 
fracture risk as BMD is increased in diabetic 
patients (Schwartz 2003).

T. M. Link
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19.2  Bone Mineral Density 
Measurements

The best-established diagnostic techniques to 
measure osteoporosis are currently those focus-
ing on BMD, i.e., DXA (dual-energy X-ray 
absorptiometry) and QCT (quantitative computed 
tomography). A number of newer emerging tech-
niques are QUS (quantitative ultrasound) and 
high-resolution tomographic techniques analyz-
ing bone structure such as high-resolution mag-
netic resonance imaging (MRI) and computed 
tomography (CT).

Since BMD is the parameter which can be 
determined best in vivo, has a high precision, and 
correlates well with the biomechanically deter-
mined bone strength (it explains approximately 
70% of bone strength (NIH Consensus 
Development Panel on Osteoporosis Prevention 
D, and Therapy 2001; Online NCS 2000)), the 
WHO defined osteoporosis on the basis of bone 
mineral density (WHO 1994). A bone mineral 
density (BMD) which is more than 2.5 standard 
deviations below that of a Caucasian, young, 
healthy female adult reference population 
(T-score) is defined as osteoporosis. A BMD 
which is 1–2.5 standard deviations below that of 
the young and healthy reference population is 
defined as osteopenia (Table  19.1). This defini-
tion, however, was originally only established for 
BMD of the proximal femur and later for BMD 
of the posterior-anterior lumbar spine determined 
using DXA, but has been applied to define diag-
nostic thresholds at other skeletal sites and for 
other technologies. Because of the difficulty in 
accurate measurement and standardization 
between instruments and sites, controversy exists 
among experts regarding the continued use of 
this diagnostic criterion (NIH Consensus 
Development Panel on Osteoporosis Prevention 
D, and Therapy 2001; Online NCS 2000). It is 
also not clear how to apply this diagnostic crite-
rion across ethnic groups as well as to children 
and men.

BMD can be measured with a variety of dif-
ferent techniques. Photo-densitometry was one 
of the first quantitative techniques that was used 

to determine bone mass of the calcaneus, meta-
carpals, and phalanges (Heuck and Schmidt 
1960). The so-called digital X-ray radiogram-
metry (DXR) is a newer method, which auto-
matically identifies regions in the radius, ulna, 
and three middle metacarpals and measures 
bone density (Rosholm et al. 2001). This method 
has a high precision and reliability and may be 
used in standard radiographs of the forearm to 
predict hip, vertebral, and wrist fracture risk 
(Bouxsein et al. 2002).

Single-photon absorptiometry (SPA) is 
another technique for measuring peripheral 
BMD, which uses a highly collimated photon 
beam from a radionuclide source (such as 
iodine-125) to  measure photon attenuation 
(Vogel 1987). This technique measures BMD of 
the distal radius and the calcaneus; since SPA is 
a single energy technique, a standardized water 
bath is required. SPA has a high precision and 
low exposure dose, but the use of a radionuclide 
source is a limitation of this technique. The same 
applies to dual-photon absorptiometry (DPA), 
which may be used for the spine, hip, and total 
body due to the dual-energy technique (typically 
gadolinium- 153 with energies of 44 and 
100 keV), which reduces the soft tissue contribu-
tion substantially (Mazess and Wahner 1988). 
Again this technique has a high precision and a 
low exposure dose but the scanning time is rela-
tively long. Due to isotope source changes, both, 
SPA and DPA, are at present of limited clinical 
significance and have been replaced by DXA, 
which uses an X-ray tube instead of a radionu-
clide source.

Table 19.1 WHO definition of osteoporosis according to 
the T-score

T-score ≤−1 Normal

−2.5 ≤ T-score < 1 Osteopenia

T-score <−2.5 Osteoporosis

T-score ≤−2.5 and fractures Severe osteoporosis

Please note that this classification is only established for 
DXA (lumbar spine, proximal femur, and to some extent 
for the distal radius) in Caucasian postmenopausal 
women. T-score is defined as the standard deviation of the 
individual’s BMD compared to a young normal reference 
population
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 Dual X-ray Absorptiometry (DXA)

As in DPA, the principle of DXA is a dual-energy 
measurement, which is based on the fact that 
radiation of distinct energies is attenuated by tis-
sues to different extents. In both soft tissue and 
bone, a low-energy beam is attenuated to a greater 
degree than a high-energy beam. Contrast in 
attenuation between bone and soft tissue is 
greater for the low-energy beam than for the 
high-energy beam, such that the attenuation pro-
file of bone may be determined by subtracting 
both the low- and high-energy attenuation pro-
files. Compared to DPA, DXA, however, has a 
number of advantages including an increased 
precision, a shorter examination time, a finer col-
limation with a better spatial resolution, and the 
lack of radionuclide source decay (Pacifici et al. 
1988; Mazess and Barden 1988).

DXA scanners provide either pencil or fan 
beam techniques. Currently, most available scan-
ners apply fan beam techniques, which have sub-
stantially faster examination times. Precision of 
DXA is high and radiation exposure is low 

(Table 19.2). Using DXA BMD is most frequently 
determined at the spine (posterior-anterior (pa) or 
lateral) (Fig.  19.1) and at the proximal femur 
(Fig. 19.2). Whole body measurements as well as 
measurements at the distal radius and the calca-
neus may also be obtained. The pa examination of 
the lumbar spine is a standard procedure with a 
precision in vivo of 1%, a radiation exposure resp. 
effective dose of 1−50  μSv (the higher dose is 
required for digital high-resolution images), and a 
fairly high accuracy (4–10%) (Pacifici et al. 1988; 
Glüer et al. 1990; Mazess et al. 1989) (Table 19.2). 
For monitoring BMD, the precision alone, how-
ever, is not the only parameter required to assess 
the diagnostic performance of a technique. We 
also need to know the annual rate of BMD loss in 
normal patients using this technique as well as the 
least significant change between two measure-
ments, which are 0.5–2% resp. 3% for the pa lum-
bar spine (Table 19.3).

Using an automated software areal BMD (g/
cm2) is determined usually in L1–L4. These pro-
jection images, however, have a number 
limitations: (1) vertebrae with a larger size have a 

Table 19.2 Accuracy, precision, and radiation dose for osteodensitometric techniques

Technique Measurement site Accuracy (%) Precision error (%)
Radiation exposure: 
effective dose (microSv)

1. Older techniques
Photodensitometry Finger 10 5 < 5
SPA/DPA Lumbar spine

Proximal femur
2–11
2–11

2–3
2–5

5
3

SXA Radius/calcaneus 4–6 1–2 <1
Dual-energy QCT Lumbar spine 3–6 4–6 ~500a

2. Standard techniques: axial skeleton
DXA Lumbar spine

–PA
–Lateral

Proximal femur
Whole body

4–10
5–15
6
3

1
2–6
1.5–3
1

1–50b

3–50b

~1–2c

~3c

QCT Lumbar spine 5–15 1.5–4 60–500d

3. Standard techniques: peripheral skeleton
DXA Radius 4–6 1 < 1
pQCT Radius 2–8 1–2 ~ 1

a125 kVp/85 kVp and 410 mAs
bLow values apply for pencil beam scanners; using fan beam scanners, the effective dose is three to fivefold higher; 
depending on the image quality, radiation dose may increase substantially
cFor pencil beam scanners
d60 μSv are obtained using a low-dose protocol (80 kV, 125 mAs)

T. M. Link
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DXA Results Summary

Region Area
(cm2) 

BMC
(g) 

BMD
(g/cm2)

T-score PR
(%)

Z-score AM
(%)

L1 13.74 9.09 0.662 -2.4 72 -0.5 92

L2 14.01 11.49 0.820 -1.9 80 0.2 103

L3 16.00 15.29 0.956 -1.2 88 1.0 114

L4 21.05 21.86 1.039 -0.7 93 1.6 120

Total 64.79 57.73 0.891 -1.4 85 0.7 110

a b

Age

Total

B
M

D

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2
20 25 30 35 40 45 50 55 60 65 70 75 80 85

c

L1

L2

L3

L4

Total BMD CV 1.0%: WHO Classification: Osteopenia; Frakture Risk: Inkreased

Fig. 19.1 (a–c) DXA of the lumbar spine, pa. Digital 
image (a) and bone mineral density analysis (b, c). The 
DXA result summary (b) lists the data for the individual 
and all vertebrae. This includes the area of the vertebrae, 
the bone mineral content (BMC) in g, and the areal BMD 
in g/cm2. In addition, T-score and Z-score are listed. The 

Z-score is defined as the standard deviation compared to 
an age- matched normal reference population. Also per-
centages are given comparing data to a young and age-
matched, normal reference population. (c) Shows the 
BMD data of the patient in relation to patient age and the 
normal BMD ranges for age and race

Age

Total

B
M

D

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

DXA Results Summary

Neck 4.48 2.62 0.584 -2.4 69 -0.6 90

Troch 9.81 5.55 0.566 -1.4 81 -0.0 100

Inter 20.11 18.92 0.941 -1.0 86 0.3 104

Total 34.40 27.09 0.787 -1.3 84 0.3 104

Ward`s 1.11 0.48 0.430 -2.6 59 -0.0 99

a

c

b
Region Area

(cm2) 
BMC
(g) 

BMD
(g/cm2)

T-score PR
(%)

Z-score AM
(%)

Total BMD CV 1.0%: WHO Classification: Osteopenia; Frakture Risk: Inkreased

20 25 30 35 40 45 50 55 60 65 70 75 80 85

Fig. 19.2 (a–c) DXA of the proximal femur. Digital 
image with all ROIs (a) and bone mineral density analysis 
(b, c). The DXA result summary (b) lists the data for the 
neck, trochanteric, intertrochanteric, and Ward’s ROIs. 
The total ROI consists of neck, trochanteric, and intertro-
chanteric ROIs. Ward’s ROI is clinically not of signifi-

cance. The area of the ROIs, bone mineral content (BMC) 
in g, and areal BMD in g/cm2 are listed. In addition, 
T-score and Z-score are presented. (c) Shows the BMD 
data of the patient in relation to patient age and the normal 
BMD ranges for age and race

19 Metabolic Bone Disease



790

higher BMD, (2) aortic calcification and all other 
soft tissue calcifications in the ROIs increase 
BMD, and (3) degenerative changes of the spine 
including osteophytes, facet sclerosis, and degen-
erative disk disease may also falsely increase 
BMD (Fig.  19.3). In elderly patients with sub-
stantial degenerative changes of the lumbar spine, 
pa DXA of the lumbar spine therefore may not be 
a suitable technique. Lateral DXA is less influ-
enced by these changes since it assesses only the 
vertebral bodies and thus focuses more on tra-
becular bone. However, drawbacks of this tech-
nique are a lower precision, a higher radiation 
exposure, and a superimposition of the pelvis and 
the ribs, which may limit analysis of the lumbar 
spine to L3 (Larnach et  al. 1992; Rupich et  al. 
1990, 1992). So far, pa DXA is still the standard 
DXA procedure to assess the lumbar spine.

Analyzing DXA scans, a number of pitfalls 
have to be considered which may be operator 
dependent such as mislabeled vertebrae, misplaced 
disk space markers, wrong sized ROIs, and opaque 
artifacts in the analysis region. These analysis 
errors are of greater magnitude than the machine’s 
intrinsic precision errors (Staron et al. 1999).

DXA of the proximal femur is a particularly 
important examination since it is currently one of 
the best techniques to assess fracture risk of the 
hip. The examination of the hip, however, is more 
demanding than that of the spine (Engelke et al. 
1995). The proximal femur has to be positioned 
in a standardized fashion and a number of ROIs 

have to be placed correctly. The correct location 
of these ROIs varies according to the manufac-
turer. Standard ROIs are the neck region, the 
 trochanteric region, as well as the intertrochan-
teric region. The ROI, which is used most fre-
quently, is the total femur and neck region. The 
diagnosis of osteoporosis and osteopenia at the 
hip should only be based on these two regions 
according to ISCD guidelines. The total femur 
ROI consists of the neck region, the trochanteric 
region, and the intertrochanteric region. Ward’s 
triangle has an inferior precision compared to 
other ROIs and is currently not used as a standard 
ROI. The precision for hip BMD and the annual 
rate of loss are lower compared to pa lumbar 
spine, and the least significant change is higher 
(Tables 19.2 and 19.3).

As in DXA of the lumbar spine, a number of 
operator-dependent errors may occur in the prox-
imal femur and should be detected by the radiolo-
gist (Staron et al. 1999; Theodorou and Theodorou 
2002). Most of these errors are due to improper 
positioning of the patient and the ROIs. Correct 

Table 19.3 Least significant change (LSC, defined as the 
smallest change in bone mineral density that can be diag-
nosed with statistical significance; this is calculated based 
on the precision error (CV,  coefficient of variation) for 
longitudinal measurements using the equation: 
LSC = 1.96√2 CV) and rate of bone loss for DXA and 
QCT (Prevrhal S, Genant HK (1999) Quantitative 
Computertomographie; Radiologe 39:194–202)

LSC in 
%

Annual bone loss (%/
year)

QCT 6–11 2–4
pQCT 3 1
DXA, pa lumbar 
spine

3–4 1–2

DXA, proximal 
femur

4–8 0.5–1

L1

L2

L3

L4

Fig. 19.3 DXA of the lumbar spine. Digital image shows 
degenerative changes of the facet joints along with mild 
right convex curvature, thus falsely increasing areal BMD: 
while at L1, a T-score of −2.0 is calculated (osteopenic) 
and a T-score of −0.4 is measured at L4 (normal)
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positioning of the patient includes internal rota-
tion of the hip with a straight femoral shaft (the 
lesser trochanter should not or just barely be 
visualized). Correct positioning and size of the 
ROIs, in particular the neck box, may vary 
according to the manufacturer (e.g., Lunar/GE 
systems have a standardized size of the neck box 
which is placed automatically in the region of the 
neck with the smallest diameter). Osteoarthritis, 
Paget’s disease, fracture, vascular calcifications, 
calcific tendinitis, enostosis, and avascular necro-
sis of the hip are also potential sources of error. 
Conventional radiographs may be required, if an 
atypical density profile is shown. If these lesions 
are too large or developmental dysplasia of the 
hip is found, BMD has to be determined at a dif-
ferent site.

An upper neck region has been introduced, 
which is supposed to predict the risk of femur 
neck fractures better than the complete neck ROI 
(Duboeuf et al. 1997; Boehm et al. 2005). Both 
the thickness and porosity in the upper neck 
region are believed to be critical to maintaining 
femoral strength. Also the upper neck region 
demonstrates a more rapid age-related decline 
than the standard femoral neck region (Crabtree 
et al. 2000). Dual femur measurements are rec-
ommended to reduce precision error and facili-
tate the evaluation of skeletal response at the 
femur (Faulkner et al. 1995; Bonnick et al. 1996).

According to the guidelines of the International 
Society of Clinical Densitometry (ISCD) (Baim 
et al. 2008), more than one vertebral body should 
be measured for a meaningful lumbar spine BMD 
examination; in other words, if three vertebral 
bodies have to be excluded from the analysis, this 
measurement should not be used for the classifi-
cation of the patient according to WHO criteria. 
If DXA measurements at the lumbar spine and 
hip result in different classifications, the lowest 
T-score will be used to make the diagnosis. At the 
proximal femur, the lowest of the total femur and 
neck ROI T-score will be used to classify the 
patient according to WHO criteria.

In men older than 50  years, a diagnosis of 
osteoporosis can be made based on a T-score of 
<−2.5. In men younger than 50 years, Z-scores 
are preferred, and a diagnosis of osteoporosis 

should not be based on densitometric data alone 
(Baim et al. 2008). If a male under the age of 50 
has a Z-score of <−2.0, terminology such as 
“BMD is below the expected range for age” 
should be used. The same applies for premeno-
pausal females.

In children T-scores are not used to make a 
diagnosis of osteoporosis; instead, Z-scores are 
used. The Z-score is defined as the standard devi-
ation of the individual patient in comparison to 
an age-matched normal reference population. If 
the Z-score is lower than −2.0, a diagnosis of 
“low density for chronological age” is made 
(Baim et al. 2008). A diagnosis of osteoporosis 
should not be made based on densitometric data 
alone. Also please note that Z-scores can only be 
used in patients with normal size and skeletal 
development. Adjustments for altered skeletal 
development may be made on the basis of bone 
age, which may derived from hand radiographs, 
but currently no standard recommendations for 
these adjustments are available.

 Peripheral DXA
Peripheral DXA techniques include those ana-
lyzing the distal radius and the calcaneus. These 
techniques have a high precision and a low radia-
tion exposure, but annual BMD loss at these sites 
is low, which is a potential limitation for 
 monitoring BMD. Dedicated devices have been 
developed which are portable and inexpensive 
and have shorter scan times (Fordham et  al. 
2000). It has been shown that these techniques 
may be useful in assessing osteoporosis and 
fracture risk (Sweeney et al. 2002). In compari-
son with spine and hip DXA measurements, 
however, the peripheral BMD measurements are 
less suited to predict fracture risk of the spine 
and of the proximal femur. But they may be use-
ful in reducing the cost of detection of osteopo-
rosis and provide a greater opportunity for 
identification of women at risk of fracture 
(Fordham et al. 2000).

Figure 19.4 shows a DXA image of the distal 
radius. While a number of ROIs have been identi-
fied at the distal radius according to ISCD guide-
lines, the most relevant ROI is the one third radius 
(33% radius) ROI on the nondominant forearm 
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(Baim et al. 2008). Only this ROI should be used 
to define osteoporosis or osteopenia in an indi-
vidual patient according to WHO criteria. 
Peripheral DXA may be advisable if lumbar 
spine and proximal femur cannot be used, in 
patients with hyperparathyroidism and in very 
obese patients.

 Geometric Measurements Derived 
from DXA Images
A number of geometric measurements have been 
identified at the hip, which may improve fracture 
risk prediction. Among these, the automated hip 
axis length measurement is probably the most sig-
nificant as it is supposed to improve the prediction 
of proximal femur fracture (Reid et  al. 1994; 
Peacock et al. 1995; Glüer et al. 1994; Faulkner 
et al. 1994) (Fig. 19.5). A 10% increase (1 cm) in 
hip axis length increases fracture risk by 50–80%. 
In addition, a previous study showed that the 
femur strength index calculated from DXA images 
may be an independent parameter of bone strength 
(Faulkner et al. 2006). Beck et al. developed mea-
surements based on DXA images to calculate hip 

strength, which have been used in a number of pre-
vious studies (Beck et al. 1996, 1990; Nurzenski 
et  al. 2007). None of these measurements, how-
ever, has been established for routine use.

 Quantitative Computed  
Tomography (QCT)

Currently, 2D and 3D measurements are used for 
QCT. While 2D measurement is only used for the 
lumbar spine, 3D measurements may also be per-
formed at the proximal femur (Fig. 19.6). Usually 
at the lumbar spine, the first to third lumbar ver-
tebrae are analyzed. In contrast to DXA, QCT 
allows a true densitometric, volumetric, measure-
ment (in mg/ml) of trabecular bone, while DXA 
gives an areal BMD (in mg/cm2), which includes 
trabecular and cortical bone. Since trabecular 
bone has a substantially higher metabolic turn-
over, it is more sensitive to changes in BMD 
(annual rate of bone loss in QCT 2–4% versus 
1% in pa DXA of the lumbar spine). A big advan-
tage of QCT is that it is not as susceptible to 

UD 6.25 3.74 0.598 -2.4 64 -1.0 81

MID 14.25 6.07 0.426 -2.8 55 -2.1 61

1/3 25.46 20.32 0.798 -2.2 67 -1.3 77

TOTAL 45.96 30.13 0.656 -2.5 63 -1.6 74

a b

UD

MID

1/3

Radius Area
(cm2) 

BMC
(g) 

BMD
(g/cm2)

T-score PR
(%)

Z-score AM
(%)

Total BMD CV 1.0%: WHO Classification: Osteopenia; Fracture Risk: Increased

Fig. 19.4 (a, b) DXA of the distal radius. Digital image 
with all ROIs (a) and bone mineral density analysis (b). 
The DXA result summary (b) lists the BMD data for the 
ultradistal radius (UD) ROI, the midradius (MD) ROI, and 
the one third region (33%). The 33% ROI is the most 

important ROI and used for the diagnosis of osteoporosis. 
The area of the ROIs, bone mineral content (BMC) in g, 
and areal BMD in g/cm2 are listed. In addition, T-score 
and Z-score are presented
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degenerative changes of the spine as 
DXA. Osteophytes and facet joint degeneration 
as well as soft tissue calcifications (in particular 
of aortic calcification) do not falsely increase 
BMD in QCT (Diederichs et  al. 2011). As in 
DXA, however, fractured or deformed vertebrae 
must not be used for BMD assessment since 
these vertebrae usually have an increased BMD.

QCT may be performed at any CT system; 
however, a calibration phantom is usually used 
and dedicated software improves the precision of 
the examination. The patient is examined supine, 
lying on the phantom usually with a water or gel- 
filled cushion in between to avoid artifacts due to 
air gaps. Calibration phantoms are required to 
transform the attenuation measured in HU 
(Hounsfield units) into BMD (mg/ml). The 
patient and the phantom are examined at the 
same time, which is defined as simultaneous 
calibration. The Cann-Genant phantom with five 
cylindrical channels filled with K2HPO4 solu-
tions (of known concentrations) was the first 

phantom in clinical use (Genant et  al. 1983; 
Cann and Genant 1980). However, due to the 
limited long-term stability of these solutions, 
solid-state phantoms with densities expressed in 
mg calcium hydroxyapatite/ml were developed, 
which do not change with time and are more 
resistant to damage. Two of the most frequently 
used phantoms include (1) the solid-state “Cann-
Genant” phantom (Arnold 1989) (Fig.  19.6c) 
and (2) the phantom developed by Kalender 
et al. (Kalender et al. 1987; Kalender and Süss 
1987) (Fig.  19.6b). The latter phantom has a 
small cross section and is constituted of only two 
density phases: a 200 mg/ml calcium hydroxy-
apatite phase and a water equivalent phase.

 2D QCT

Single mid-vertebral slice positions of L1–L3 
parallel to the vertebral endplates are selected in 
the lateral digital radiograph resp. scout view 
(Fig.  19.6a). An automated software, selecting 
the mid-vertebral planes, may be useful to reduce 
the precision error (Kalender et al. 1988). Usually 
a slice thickness of 8–10  mm is used. A low- 
energy, low-dose protocol (e.g., 80  kVp and 
120 mAs) is recommended to minimize radiation 
exposure (down to an effective dose of 50–60 μSv, 
including the digital radiograph) (Engelke et al. 
2008). Bone marrow fat increases with age and 
may falsely decrease BMD.  Thus, the actual 
BMD may be underestimated by 15–20%. Due to 
age- matched databases, however, the clinical rel-
evance of this fat error is small (Glüer and Genant 
1989). A dual-energy QCT technique was 
described to reduce the fat error. However, since 
this technique has an increased radiation expo-
sure and a decreased precision, its use is limited 
to research purposes (Genant and Boyd 1977; 
Felsenberg and Gowin 1999).

A number of ROIs have been used to deter-
mine the BMD in the axial sections of the verte-
bral bodies. Manually placed elliptical ROIs and 
automated image evaluation with elliptical and 
peeled ROIs (Fig.  19.6b) have been described 
(Kalender et  al. 1987; Steiger et  al. 1990). The 

Fig. 19.5 Hip axis length measurement derived from 
DXA image
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Technical Report

Vertebra Analyzed: L1
Volume(cm3): 2.33
Area (cm2):  2.59
Width (cm):  2.34
Height (cm): 1.41
Depth (cm):  0.90
kVp:   120
SFOV:   480 mm
FUC:  0.991
Table Height: 160.10

a

c

e

b

f

Analysis Results
Hip Analyzed: Left

ROI BMD
(g/cm2)

Neck
Trochanter
Intertrochanter
TOTAL

0.667
0.542
0.838
0.710

-1.16
-1.52
-1.88
-1.82

Osteopenic
Osteopenic

T-score WHO
Classification

d

Fig. 19.6 (a–f) 2D QCT of the lumbar spine (a, b) and 3D 
QCT of the lumbar spine (c, d) and the proximal femur (e, f). 
In (a) a lateral digital radiograph of the lumbar spine is shown 
indicating a mid-vertebral slice position at L2 where (b) was 
obtained. In the single section of L2 (b), automated software 
is used to generate ROIs of the trabecular and cortical bone 
and the two element calibration phantom (arrow). Using the 
calibration phantom ROI densities, BMD is calculated for 
cortical and trabecular bone in L2. In (c) a section obtained 
from a  volumetric QCT lumbar spine dataset is shown with a 

five-element calibration phantom (arrow). (d) Depicts the 
volumetric analysis of L1 BMD using an automated oval-
shaped ROI. In (e) a section obtained from a volumetric QCT 
proximal femur dataset is shown with a five-element calibra-
tion phantom. (f) Depicts the BMD analysis of the proximal 
femur: from the volumetric dataset, a 2D image (arrow) is 
generated similar to a DXA image, and in this image, the 
same ROIs as in DXA are identified and BMD is measured. 
Since DXA- and QCT-derived measures are highly corre-
lated, T-scores are used for this measurement
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ROI developed by Kalender et al. uses an auto-
matic contour tracking of the cortical shell to 
determine an ROI analyzing trabecular and corti-
cal (as visualized by CT) BMD separately 
(Kalender et  al. 1987). The use of automated 
ROIs improves the precision of BMD measure-
ments (Kalender and Süss 1987; Sandor et  al. 
1985). Steiger et  al. have shown that elliptical 
and peeled ROIs yield similar results and have an 
extremely high correlation (r  =  0.99) (Steiger 
et al. 1990).

BMD data obtained by QCT are compared to 
an age-, sex-, and race-matched database 
(Kalender et al. 1989; Block et al. 1989). T-scores 
used for the assessment of osteoporosis accord-
ing to the WHO definition have been established 
for DXA but not for QCT, though they may be 
given by the software of the manufacturers 
(Engelke et al. 2008). If these T-scores are used 
to diagnose osteoporosis, a substantially higher 
number of individuals compared to DXA will be 
diagnosed as osteoporotic, since BMD measured 
with QCT shows a faster decrease with age than 
DXA.  Researchers have therefore advocated to 
use BMD measurements analogous to the WHO 
definition but with thresholds corresponding to 
lower T-scores (Felsenberg and Gowin 1999). 
According to the American College of Radiology 
Guidelines for the performance of QCT (2008), 
BMD values have been classified analogous to 
WHO criteria: 120–80  mg/ml are defined as 
osteopenic, while BMD values below 80 mg/ml 
are defined as osteoporotic, which corresponds to 
a T-score of approximately −3.0.

The big disadvantage of 2D QCT is its lower 
precision compared to that of DXA (1.5–4% ver-
sus 1%), and therefore significant longitudinal 
changes have to be substantially larger (6–11% 
versus 3%). However, since the metabolic activ-
ity of trabecular bone is higher, a lower precision 
is sufficient for QCT to monitor the same changes 
in longitudinal examinations as in DXA.

 3D QCT

With spiral and multislice CT acquisition of 
larger bone volumes, such as entire vertebrae and 

the proximal femur, is feasible within a few sec-
onds. These data sets can be used to obtain 3D 
images, which provide geometrical and volumet-
ric density information. A drawback of these 
techniques, however, is a relatively high exposure 
dose, which has been estimated to be as high as 
350 μSv for the spine and 1200 μSv for the hip 
using the software developed by Kalender et al. 
(1999). The primary advantage of volumetric 
QCT of the spine is an improved precision for 
trabecular BMD measurements, which was 1.3% 
as determined in an vivo study (Lang et al. 1999).

Algorithms to process volumetric CT images 
of the proximal femur and to measure bone min-
eral density in the femoral neck, the total femur, 
and the trochanteric regions are also available 
(Lang et al. 1997). Proximal femur 3D QCT has 
a high precision of 0.6–1.1% for trabecular bone 
and may also be used to determine geometric 
measures such as the cross-sectional area of the 
femur neck and the hip axis length. These mea-
surements may be useful in optimizing fracture 
prediction of the proximal femur.

While WHO criteria are not applicable to vol-
umetric QCT measurements of the lumbar spine, 
the American College of Radiology Guidelines 
for the performance of QCT (2008) are also used 
for 3D QCT as outlined above. One of the manu-
facturers also provided BMD ranges to quantify 
increase in fracture risk: a BMD of 110–80 mg/cc 
indicates a mild increase in fracture risk, BMD 
values of 50–80  mg/cc indicate a moderate 
increase in fracture risk, and a BMD lower than 
50 mg/cc indicates a severe increase in fracture 
risk.

For the proximal femur, 3D datasets may be 
used to derive a projectional 2D image of the 
proximal femur, and in this image, standard 
DXA-equivalent ROIs may be placed 
(Fig. 19.6f). BMD values are determined in g/
cm2. Since the correlations between these calcu-
lated BMD values of the proximal femur and 
those obtained by DXA are extremely high, the 
WHO classification may be applied to those 
BMD values in postmenopausal, Caucasian 
females, but not to those of males. Thus a 
T-score <−2.5 derived from those datasets indi-
cates osteoporotic BMD.
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 Peripheral QCT

Dedicated peripheral QCT (pQCT) scanners have 
been developed to assess the BMD of the distal 
radius (Butz et  al. 1994). These scanners have a 
low radiation dose and a high precision with a 
short examination time but have the same limita-
tions as peripheral DXA in the monitoring of 
patients with osteoporosis. While this technique is 

potentially suited to predict fracture risk, studies 
have shown the limitations of this technique in 
predicting spine fractures and proximal hip frac-
tures compared to other bone densitometry tech-
niques (Augat et al. 1998a, b; Grampp et al. 1997). 
More recently, high-resolution peripheral QCT 
scanners have been used to assess peripheral BMD 
and bone structure at the distal radius and tibia 
(Boutroy et al. 2005; Burghardt et al. 2010a, b).
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19.3  Other Measurements 
to Quantify Bone Mineral

 Radiographic Measurements

A number of radiographic measurement tech-
niques for osteoporosis and other metabolic bone 
diseases have been used to better quantify bone 
mineral. This includes the Barnett-Nordin 
(Barnett and Nordin 1960) and metacarpal index 
(Nielsen 2001) at the hand, the Singh index at the 
proximal femur (Singh et  al. 1970), and the 
Saville index as well as biconcavity index accord-
ing to Nordin at the spine (Hermanutz et  al. 
1977). Most of these measurements only have a 
very limited role in the assessment of osteoporo-
sis and are hampered by poor reproducibility 
(Singh index) as well as poor correlation with 
BMD measurements (Saville index).

The metacarpal index derived from radio-
graphs has been used both clinically and in 
research studies. The metacarpal index may be 
determined in an automated fashion or manually 
(Dey et  al. 2000). The measurements are per-
formed at the second metacarpal of the diameter 
of the right hand. The outer and inner diameter of 
the metacarpal are measured at the midpoint of 
the metacarpal (Fig. 19.7), and the index is calcu-
lated using the following equation:

 
MCI

Outer Inner Diameter

Outer Diameter
=

−

 
An MCI lower than 0.44 is considered as path-

ological. Previous studies have shown that this 
measurement is associated with risk factors of 
osteoporosis and that it predicts the risk of hip 
fractures (Haara et al. 2006). Another study found 
it comparable to peripheral assessment of skele-
tal status by forearm densitometry and a cheap 
and widely available noninvasive technique to 
assess skeletal status (Dey et al. 2000).

Mandibular measurements obtained from pan-
oramic radiography of the maxilla and mandibula 
have also been used to semiquantitatively assess 
bone mineral status. Indices and scores have been 
developed that were used in a number of scien-
tific studies with varying results (Devlin and 
Horner 2002; Halling et al. 2005). The Klemetti 

index scores mandibular radiographs according 
to three grades: “0,” normal (even and sharp end-
osteal margin of the mandibula); “1,” moderately 
eroded (evidence of lacunar resorption or endos-
teal cortical residues); and “2,” severely eroded 
(unequivocal porosity). In a previous study, this 
score was found useful in predicting reduced 
bone mineral density (Halling et al. 2005).

 Quantitative Ultrasound

Quantitative ultrasound (QUS) techniques have 
been proposed for the assessment of osteoporo-
sis, in particular at peripheral skeletal sites such 
as the calcaneus, tibia, and phalanges (Guglielmi 
et  al. 2003; Hans et  al. 1998, 1999; Njeh et  al. 
1997, 2001). The underlying basis of this method 
is based on the attenuation of sound waves as 
they pass through bone and the time taken for a 
sound wave to propagate through bone. A trans-
ducer is placed close to an easily accessible bone, 

Inner cortical diameter

Outer cortical diameter

MCI = 
Outer - Inner

Outer

Fig. 19.7 Metacarpal index measurement obtained from 
hand radiographs at the second metacarpal of the right 
hand
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with very little soft tissue overlying it, and as the 
signal travels through the bone, it is attenuated. 
The attenuation increases with frequency, and the 
rate of attenuation over a given frequency range 
is measured and provides a measure of broad-
band ultrasonic attenuation or BUA. The speed of 
sound or SOS is also measured by many com-
mercial ultrasound devices, and this measure pro-
vides the time it takes the sound waves to travel 
between two transducers.

The attenuation of the sound waves is reduced 
when the number of attenuating elements, in case 
of bone, and the number of trabeculae are 
reduced. The speed of sound is higher in normal 
bone than in osteoporotic bone. Given the fact 
that these parameters are not only affected by 
bone mass but also by the distribution of trabecu-
lae within the bone, it has been suggested that 
this measurement also provides information on 
bone architecture. Ultrasound methods are attrac-
tive for the assessment of osteoporosis, as the 
cost of the equipment is low; there is no ionizing 
radiation and the equipment is portable. Initial 
scanners required the foot be immersed in a water 
bath; however, the newer systems are dry and 
employ an ultrasound gel for contact.

There have been large retrospective and pro-
spective studies (Gluer et  al. 2004) that have 
shown that QUS measures provide results com-
parable to BMD measures concerning prediction 
of hip fractures (Boonen and Nicholson 1998) 
and vertebral fractures (Knapp et al. 2001). The 
clinical issues associated with the reliability and 
reproducibility of the ultrasound measures 
include reproducible placement of the transduc-
ers and temperature variations of the foot. In 
order to improve the performance of this tech-
nique, rigorous quality assurance is required.

However, it should be considered that at pres-
ent, quantitative ultrasonography is still no sub-
stitute for the gold standard test, DXA (Krieg 
et al. 2008). It cannot be used to diagnose osteo-
porosis or to monitor the effects of medications 
on BMD. A thorough understanding of the utility 
and limitations of this test is necessary for using 
it effectively in clinical practice (Krieg et  al. 
2008). As more data become available, however, 
it may play a larger role (Guglielmi et al. 2009).

 Measurements of Bone Structure

Though still not part of the clinical workup, tech-
niques to visualize trabecular bone architecture 
noninvasively have been developed to better 
understand bone strength. It is well known that 
bone strength is not only measured with bone 
mass or BMD but that also measurements of 
bone quality are required to better predict frac-
ture risk (NIH Consensus Development Panel on 
Osteoporosis Prevention D, and Therapy 2001). 
Several high-resolution imaging modalities have 
been optimized to assess bone structure including 
MRI, multislice CT, and peripheral high- 
resolution pQCT (extreme CT). Investigators 
have also used conventional radiographs to better 
quantify trabecular bone architecture.

 Radiographic Assessment
One of the early studies used lateral radiographs of 
the lumbar spine and determined Fourier trans-
form and fractal analysis-based texture measures 
(Caligiuri et al. 1993, 1994). These investigators 
found that the texture measurements appeared 
more successful than BMD obtained with DXA in 
predicting the presence or absence of fractures 
elsewhere in the spine. Buckland-Wright et  al. 
(1994) analyzed magnification radiographs of 
lumbar vertebrae in an experimental and clinical 
study using fractal signature analysis (FSA). 
Similar analysis by Link et al. (1996) using mor-
phometric texture parameters and direct magnifi-
cation radiographs has shown that texture measures 
may have some relevance in predicting biome-
chanical properties. In the study by Veenland et al. 
(1997) on direct magnification radiography of 
human cadaveric vertebrae, texture parameters 
based on mathematical morphology were assessed. 
Multivariate regression of fracture stress (FS) ver-
sus BMD and the textural parameters showed that, 
for the female vertebrae, a combination of one tex-
ture parameter and BMD gave a better prediction 
of fracture stress than BMD alone.

Several authors used calcaneus radiographs to 
analyze bone structure with fractal dimension. 
Lespessailles et  al. (1993, 1998a; b) performed 
in vitro and in vivo studies and compared fractal 
dimension derived from a fractional Brownian 
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motion model with biomechanical stability, bone 
histomorphometry, and osteoporotic status. The 
authors found a significant correlation between 
this texture measure and biomechanical strength; 
however, BMD performed substantially better. 
Trabecular bone architecture was partially 
reflected by fractal dimension. The histomor-
phometry measures—trabecular spacing and tra-
becular number—correlated best with fractal 
dimension. In an in  vivo study, Pothuaud et  al. 
(1998) used the same technique and found sig-
nificant differences between patients with osteo-
porotic spine fracture and age-matched controls. 
ROC analysis showed higher diagnostic perfor-
mance in differentiating fracture and non-fracture 
patients for texture measures compared to BMD 
of the proximal femur (DXA).

 Assessment from Three- Dimensional 
Tomographic Images
MRI: With the advent of higher field strength, 
phased array coils, and improved software and 
hardware, it has been possible to push the fron-
tiers of magnetic resonance imaging. The three- 
dimensional imaging capability, along with the 
fact that MR is a nonionizing modality, makes it 
potentially very attractive as a tool for imaging 
trabecular bone structure. The marrow surround-
ing the trabecular bone network, if imaged at 
high resolution, reveals the trabecular network 
as seen in the representative image (Fig. 19.8).

The skeletal sites most commonly imaged 
with MRI are the radius (Link et  al. 2002; 
Majumdar et al. 1996; Newitt et al. 2005, 2002; 
Wehrli et  al. 1998) and calcaneus (Link et  al. 
2002, 1998; Lin et  al. 1998; Majumdar et  al. 
1993). The distal radius is a site with a large 
quantity of trabecular bone and a common site 
for osteoporotic fractures. It is easily accessible 
with localized surface (detection) coils, and sub-
jects are able to comfortably tolerate immobiliza-
tion for the period required for high-resolution 
imaging. Calcaneus, although not a typical site 
for osteoporotic fractures, has been used with 
success to predict fracture at other sites, and this 
skeletal site is well adapted to high-resolution 
MR imaging. The phalanges have recently been 
of increased interest as a site for bone density 

measurement (Jara et al. 1993; Kuehn et al. 1997) 
and can also be imaged by high-resolution MR 
imaging. Recent studies also focused on MR 
imaging of tibial bone architecture (Wehrli et al. 
2004), and feasibility studies at the proximal 
femur have been performed (Krug et al. 2005).

CT: New multislice CT (MS-CT) scanners are 
now clinically available that provide higher spa-
tial resolutions and thus allow better depiction of 
the trabecular bone structure in vivo. Initial clini-
cal studies have been performed, and Ito et  al. 
showed that vertebral microarchitecture can be 
visualized by MS-CT, and microstructure param-
eters obtained by MS-CT, together with volumet-
ric BMD, provided better diagnostic performance 
for assessing fracture risk than DXA measure-
ment (Ito et al. 2005).

For dedicated assessment of trabecular and 
cortical bone architecture in the distal tibia and 
radius in vivo, a new high-resolution peripheral 
CT scanner is now available with isotropic spatial 
resolution and a voxel size of 82 μm3. Using this 
system, the first published study found that post-
menopausal women had lower density, trabecular 
number, and cortical thickness than premeno-
pausal women (P < 0.001) at both radius and tibia 
(Boutroy et al. 2005). Furthermore, it was found, 
although spine and hip BMD were similar, that 
fractured osteopenic women had lower trabecular 
density and more heterogeneous trabecular distri-

Fig. 19.8 High-resolution MRI of the distal radius used 
to calculate structure measurements of trabecular bone 
architecture
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bution (P  <  0.02) at the radius compared with 
unfractured osteopenic women. The authors con-
cluded that clinical, peripheral microCT is a 
promising technique to assess microarchitecture 
at peripheral sites providing insight in age- and 
disease-related changes. The precision of these 
measurements was 2.5–4.4% for trabecular archi-
tecture parameters (Boutroy et  al. 2005). 
Representative images of the distal tibia obtained 
with this device are shown in Fig. 19.9.

One of the main issues associated with extend-
ing the CT technology to image trabecular bone 
structure in vivo in humans lies in the trade-off 

between radiation exposure and spatial resolu-
tion. The higher the spatial resolution of images 
required, the greater the exposure to radiation. 
However, despite this need to balance these two 
factors, the peripheral prototypes were successful 
in achieving excellent visualization of the trabec-
ular structure (Boutroy et  al. 2005). Clinical 
MS-CT imaging of more central areas of the 
skeleton such as the spine and the proximal 
femur, however, may be more challenging.

 Bone Structure Analysis Algorithms

Multiple different image processing and image 
analysis algorithms have been developed to 
 measure bone structure in high-resolution MRI 
or CT datasets. The goal of all of these is to quan-
tify the trabecular bone structure in two or three 
dimensions. The measures that have been derived 
so far are many; some of them are synonymous 
with the histomorphometric measures such as 
trabecular bone volume fraction (BV/TV), tra-
becular thickness (Tb.Th), trabecular spacing 
(Tb.Sp), and trabecular number (Tb.N); and oth-
ers include connectivity or Euler number, fractal 
dimension, tubularity, and maximal entropy.

Fig. 19.9 High-resolution peripheral QCT of the distal 
tibia in a postmenopausal patient. From these datasets, 
measurements of 3D trabecular and cortical bone struc-
ture are calculated

T. M. Link
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19.4  Measurements of Fracture 
and Deformity at the Spine

Osteoporosis-related vertebral fractures have 
important health consequences for older women, 
including disability and increased mortality 
(Ensrud et al. 2000). Because these, fractures can 
be prevented with appropriate medications, and 
recognition and treatment of high-risk patients 
are warranted. In a cross-sectional survey, 
Gehlbach et al. (2000) analyzed 934 women aged 
60  years and older who were hospitalized and 
had a chest radiograph obtained. Moderate or 
severe vertebral fractures were identified for 132 
(14.1%) study subjects. But only 50% of the con-
temporaneous radiology reports identified a frac-
ture as present, and only 17 (1.8%) of the 934 
participants had a discharge diagnosis of verte-
bral fracture. Relatively few hospitalized older 
women with radiographically demonstrated ver-
tebral fractures were thus identified or treated by 
clinicians. The results of this study should 
increase the awareness of the radiologist in diag-
nosing vertebral fractures. The presence of one 
vertebral fracture increases the risk of any subse-
quent vertebral fracture fivefold (Melton et  al. 
1999), and 20% of the women that had a recent 
diagnosis of a fracture will sustain a new fracture 
within the next 12 months (Lindsay et al. 2001).

Since most vertebral fractures do not come to 
clinical attention, the radiographic diagnosis is 
particularly important. Unfortunately, there is no 
universal definition of what constitutes an osteo-
porotic fracture in a radiograph of the lumbar or 
thoracic spine. Usually, the anterior or central part 
of the vertebral body is affected and shows defor-
mation; if the posterior part is affected, a malig-
nant cause of fracture should always be considered 
first. Assessing the deformity, it has to be consid-
ered that there are frequently differences in height 
between the anterior and posterior part of vertebral 
body of approximately 1–3  mm at the thoracic 
spine, less pronounced at the lumbar spine. 
Therefore, a difference in height of 4 mm between 
posterior versus central and anterior part of the 
vertebra is suspicious for a fracture deformity. 
Based on a large number of osteoporosis studies, 
Genant et al. (1993) defined an osteoporotic frac-
ture as a deformity of more than 20%. According 
to their semiquantitative (SQ) score, the severity of 
vertebral fractures may be visually determined 
from radiographs (Genant et al. 1993) (Fig. 19.10). 
In this score 4 grades are differentiated: grade 
0, no fracture; grade 1, mild fracture (reduction in 
vertebral height 20–25%, compared to adjacent 
normal vertebrae); grade 2,  moderate fracture 
(reduction in height 25–40%); and grade 3, severe 
fracture (reduction in height more than 40%). The 

Grad 0

Grad 1

Grad 2

Grad 3

Fig. 19.10 SQ score for 
osteoporotic vertebral 
deformities according to 
Genant et al. (1993). An 
osteoporotic fracture is 
defined as a deformity 
>20% of the anterior, 
central, or posterior part of 
the vertebra. Please note, 
however, that the first 
differential diagnosis in 
posterior deformities is 
metastatic bone disease

19 Metabolic Bone Disease



802

T4–L4 vertebrae are analyzed and 0.5, 1.5, and 2.5 
scores are also possible. A definite fracture is 
defined as a score ≥1. Figure 19.11 shows exam-
ples of different grades of osteoporotic fractures in 
the thoracic and lumbar spine in postmenopausal 
patients.

A number of other scores have been devel-
oped such as the “spine deformity index” and the 
“radiological vertebral index” (Leidig-Bruckner 
et  al. 1994; Minne et  al. 1988; Meunier et  al. 
1978), but these scores are less frequently used:

 1. Spine Deformity Index (Leidig-Bruckner 
et al. 1994; Minne et al. 1988): This technique 
uses the anterior, central, and posterior height 
of T4 as a standard since this vertebral body is 
rarely affected by osteoporotic fractures. The 
heights measured at T5–L5 are divided by the 
corresponding heights of T4 and summarized 
for all vertebrae. This measurement consti-
tutes “vertebral deformity index.”

 2. Radiological Vertebral Index (Meunier et al. 
1978): The T3–L4 vertebral bodies are ana-
lyzed, and each vertebral body is scored as 
(1) normal vertebral shape, (2) biconcave 
shape, and (3) wedge-shaped vertebral body 

with more pronounced deformity. The indi-
vidual scores are summarized and divided by 
the number of vertebral bodies. In this score, 
the severity of the fracture is not assessed.

 3. Barnett-Nordin Index (Barnett and Nordin 
1960): This score is derived from the central 
and anterior height of L3 and L4. However, 
given the fact that only two vertebral bodies are 
assessed, this score has limited significance.

Conventional radiographs of the spine are not 
suited to quantify bone loss in the early diagnosis 
of osteoporosis since it takes a bone loss of more 
than 20–40% before an osteoporosis is visualized 
in the radiographs (Lachmann and Whelan 1936). 
Morphological signs described on spine radio-
graphs such as a coarse trabecular structure and a 
frame-like appearance of the vertebrae are also 
not very reliable (Doyle et al. 1967) and are not 
clinically used any more.

Conventional radiographs, however, are 
important in the differential diagnosis of osteo-
porosis since a number of other diseases may 
present with bone loss and fractures (Link et al. 
2005). In rare cases, osteoporosis may present 
with a coarse trabecular structure with thick ver-

a b
Fig. 19.11 (a, b) 
Radiographs of the 
thoracic (a) and the 
lumbar spine (b) with 
osteoporotic fractures. 
T9 is fractured 
(wedge-shaped 
deformity) in (a) and the 
L1–L4 vertebrae show 
central height loss in (b)
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tical trabeculae suggestive of vertebral hemangi-
oma. This so-called hypertrophic atrophy, 
however, is generalized, and the trabecular bone 
structure appears more coarser than in hemangi-
oma. Important differential diagnoses in osteopo-
rosis are osteomalacia, hyperparathyroidism, 
renal osteopathia, and of course malignant bone 
marrow disorders such as multiple myeloma and 
diffuse metastatic disease. Vertebral deformities 
are found in Scheuermann’s disease as well as 
due to traumatic fractures and malignant lesions. 
Degenerative disease can also be characterized 
by mild wedge-shaped deformities of the verte-
bral bodies, but usually these deformities are less 
than 20%.

 Conclusion

Measurements in osteoporosis and metabolic dis-
eases are of significant impact for diagnosis and 

monitoring of disease stage. Standard measure-
ments are performed by means of DXA at the 
proximal femur and spine; other sites and tech-
niques are not standardly used but may have spe-
cific indications. Low-cost measurement 
techniques that may be used if DXA is not avail-
able include hand radiographs and ultrasound. 
Radiographs of the lumbar spine are useful to 
quantify/measure osteoporosis, but the presence 
of an osteoporotic fracture may be used for the 
diagnosis of the disease. Different definitions of 
what constitutes an osteoporotic fracture are 
available as well as the grading of its severity. 
The most established definition to diagnose an 
osteoporotic fracture uses a deformity of ≥20% 
as a threshold. It should be noted that the radiolo-
gist has a crucial role in identifying and monitor-
ing patients with osteoporosis and therefore 
needs to be familiar with quantitative and semi-
quantitative measurements of bone mass and 
strength (Link and Adams 2009).
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Bone Marrow Disease

Andrea Baur-Melnyk and Tobias Geith

Abstract

The bone marrow consists of active red marrow 
and inactive fatty marrow which is mainly situ-
ated in the extremities. Red marrow can be 
replaced by various conditions. Focal disease is 
easy to perceive; however, diffuse disease is often 
hard to detect. Gadolinium application can help 
for quantification of contrast enhancement. Based 
on the results of a control cohort, the enhance-
ment of normal bone marrow showed great varia-
tions between 3% and 40%, mean 17% (in adults 
age >40 years). In patients with multiple myeloma, 
mean enhancement is significantly higher 
>40 Vol.%. Other diseases with stimulation of red 
marrow can simulate diffuse disease and also lead 
to an increase of contrast enhancement. Therefore 
the clinical background is of great importance 
when interpreting such exams. Quantitative 
whole-body MRI with ADC analysis might be a 
feasible diagnostic tool to assess the short-term 
treatment response in myeloma patients.

Measurements have also been performed for 
therapy control in patients with Gaucher’s dis-
ease. Gaucher’s disease is a disease of the retic-
uloendothelial system. The reduction of the fat 
cell content, which reflects the severity of the 
disease, can be measured quantitatively by the 
chemical shift method. A semiquantitative 
method is the BMB score, which is a combina-
tion of scoring systems of the peripheral skele-
ton and the axial bone marrow component in 
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patients with Gaucher’s disease. It incorporates 
both the visual interpretation of the signal 
intensities and the geographic location of the 
disease on conventional MR images of the 
spine and femur.

Dynamic contrast-enhanced MRI (DCE-
MRI) has the potential to noninvasively assess 
the microvascular structure of bone marrow. In 
patients with acute myeloid leukemia in com-
plete remission, Kep (efflux rate constant) mea-
sured with tracer kinetic modeling represents the 
contrast exchange between blood plasma and 
extravascular extracellular space. It is thought 
that bone marrow vessels and their endothelium 

should be normalized with reduced vessel wall 
permeability in complete remission, and there-
fore show low values of Kep. Increased values for 
Kep may indicate a high risk of relapse and were 
associated with shorter overall survival and 
relapse-free survival, as could be shown in an 
initial study.

A sometimes challenging question is the dif-
ferentiation of acute osteoporotic and malignant 
vertebral fractures. In uncertain cases, quantita-
tive diffusion-weighted imaging and chemical 
shift imaging can provide additional features to 
overcome the diagnostic limitations of morpho-
logic signs in MRI.

A. Baur-Melnyk and T. Geith



811

20.1  Introduction

Magnetic resonance imaging (MRI) allows for a 
visualization of bone marrow components con-
cerning fat and water-bound protons. In adults 
hematopoietically active “red marrow” is located 
in the central skeleton (spine, pelvis, proximal 
femur and humeri, thoracic cage, and the skull), 
while inactive fatty “yellow marrow” is located 
in the distal parts of the extremities and the epi- 
and apophysis. Normal red marrow has interme-
diate to high signal intensity on T1-w SE images, 
high signal intensity on T2-w TSE images, and 
low signal intensity on fat-suppressed images 
(e.g., STIR). This is consistent with the compo-
sition of red bone marrow by ~40% fat and ~40% 
water. Yellow marrow is predominantly com-
posed by fat cells and collagen fibers and shows 
strongly high signal intensity on T1-w SE, T2-w 
TSE images and low signal intensity on fat- 
suppressed images.

Bone marrow can be replaced or infiltrated by 
various benign and malignant disease states 
(Plecha 2000). This can happen in a focal or a 
diffuse fashion. Focal disease is shown by focal 
low signal intensity on T1-w SE and usually high 
signal intensity on T2-w SE and fat-suppressed 

images. Neoplastic focal marrow infiltration can 
be due to metastases, myeloma, lymphoma, and 
primary malignant bone tumors. Benign focal 
marrow replacement can be due to hemangiomas 
(typical/atypical), focal fat islands or hematopoi-
etic islands without fatty components within red 
marrow or in the periphery of the skeleton (Vande 
Berg et  al. 2005). Focal disease is easy to per-
ceive due to the high contrast to normal marrow. 
Measurements are usually not necessary.

It is much harder to detect diffuse marrow 
alterations. Diffuse neoplastic infiltration can be 
due to metastases, myeloma, lymphoma, leuke-
mia, chronic myeloproliferative disease, and 
myelodysplastic syndrome. Benign diffuse signal 
alterations can be due to stimulated marrow: 
increased need for erythrocytes in, e.g., hemo-
lytic anemia and chronic bleeding; increased 
need of leukocytes, e.g., in sepsis or chronic 
inflammations; or stimulated marrow due to 
drugs (e.g., erythropoietin, granulocytic growth 
factor, early status post chemotherapy). Since 
MRI cannot differentiate between water-bound 
protons in neoplastic cells or hematopoietic cells, 
MRI is unspecific and should only be interpreted 
in conjunction with exact clinical information 
(Nobauer and Uffmann 2005).

20 Bone Marrow Disease
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20.2  Myeloma

Since diffuse marrow infiltration is sometimes 
hard to detect, measurements concerning gado-
linium enhancements have been performed. 
Multiple myeloma is a disease which shows dif-
fuse infiltration in about 30–40% of cases. 
According to the amount of marrow replacement, 
the signal on T1-w SE images is reduced. In cases 
of high-grade diffuse involvement (>50 Vol.% in 
bone marrow biopsy), the signal intensity is nearly 
equal to the signal intensity of the intervertebral 
disc or muscle on T1-weighted SE images due to 
the increase of water and decrease of fatty compo-
nents. In cases of intermediate grade of involve-
ment in biopsy (20–50 Vol.%), the signal reduction 
is only moderate and often hard to diagnose.

Based on the results of a control cohort, the 
enhancement of normal bone marrow showed 
great variations between 3% and 40%, mean 17% 
(in adults age >40  years) (Baur et  al. 1997) 
(Fig. 20.1). This is explained mainly by the varia-
tions of the fat cell content in normal marrow 
interindividually and the changes that occur dur-
ing aging with an increase of fat. Patients with 
lower fat content, mainly younger patients, show 
a stronger gadolinium enhancement than indi-
viduals with a higher fat cell content. In another 
study gadolinium enhancement was correlated to 

the grading of diffuse infiltration, neovascular-
ization of bone marrow, and the fat/hematopoi-
etic cell content in myeloma (Baur et al. 2004). In 
myeloma patients with an intermediate- or high- 
grade diffuse infiltration of the bone marrow, 
mean enhancement was significantly higher than 
in normal bone marrow (p  <  0.0001). Also in 
patients with low-grade diffuse infiltration, gado-
linium enhancement was significantly higher 
than in normal bone marrow (p  <  0.01) but 
showed a strong overlap with normal bone mar-
row (Table 20.1). As a simple rule it can be stated 
that if the percentage increase of signal exceeds 
the limit of 40% in patient older than 40 years, 
this can be considered as pathologic. The reasons 
for increased enhancement in diffuse infiltration 
by myeloma were an increased microvessel den-
sity, increased cellularity, and a decreased fat cell 
content (Vacca et al. 1994; Aguayo et al. 2000; 
Rajkumar et al. 2000; Baur et al. 2004). The flu-
ent transitions of the plasma cell content, the fat 
cell content and the microvessel density, as well 
as the fact that all three parameters contribute to 
contrast enhancement explain that no definite 
cutoff values can be found for contrast uptake in 
diffuse infiltrating multiple myeloma. In  addition, 
the percentage signal increase after gadolinium 
administration does not reflect an absolute value 
of perfusion, since the contrast media diffuses 
quickly into the extracellular space.

To measure the gadolinium enhancement of 
the bone marrow, the MRI examination protocol 
should include sagittal T1-weighted SE sequences 
without fat saturation before and after intrave-
nous gadopentetate dimeglumine (Gd-DTPA) 
administration (0.1  mmol/kg body weight, 
0.2 ml/kg). The contrast medium should be given 
as a bolus injection followed by a saline flush. 
Scan parameters on the pre- and post-contrast 
T1-weighted SE sequences have to be identical; 
the values for receiver and transmitter adjust-
ments have to be kept constant.

Table 20.1 Gadolinium enhancement in normal bone marrow and diffuse myeloma infiltration

Gadolinium enhancement Normal marrow (%) Low (%) Intermediate (%) High grade (%)
Mean enhancement 18 25 49 90
Standard deviation 8 10 19 30
Range 3–38 10–44 19–94 62–165
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Fig. 20.1 Contrast enhancement in percentage. 
Interindividual variability of percentage of contrast 
enhancement in bone marrow in 87 healthy subjects
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SI measurements should be made with circu-
lar region of interests placed in three vertebral 
bodies of the lumbar spine. The mean value 
should be calculated from the three measure-
ments to compensate for SI differences within the 
bone marrow depending on changes in the ROI’s 
position. Avoid placing the ROI’s in midsagittal 
slices with basivertebral veins. The ROIs have to 
be placed in identical positions of the vertebral 
body on T1-weighted images before and after 
injection of contrast material (Fig.  20.2). The 
percentage SI increase is calculated as follows:

 
Volume /= ( )4 3 2

3
/ π d

 

Previous studies in patients with lymphopro-
liferative disease demonstrated that dynamic 
gadolinium-enhanced MRI can distinguish 
malignant from normal bone marrow. In the 
study of Moulopoulos, focal infiltration of the 
bone marrow in various malignancies was exam-
ined (Moulopoulos et  al. 2003). Mean wash-in 
and washout rates and the ratio between wash in 

and time to maximum slope were significantly 
higher in areas with focal infiltration than in con-
trols. The study population of Rahmouni et  al. 
comprised a mixture of 31 patients with multiple 
myeloma and Non-Hodgkin’s and Hodgkin’s 
lymphoma (Rahmouni et  al. 2003). Maximum 
enhancement, slope, and washout on dynamic 
turbo fast low-angle shot sequences were signifi-
cantly different for patients with bone marrow 
involvement versus controls. Time to maximum 
enhancement did not differ significantly. The 
enhancement time curve values increased with 
increasing bone marrow involvement grades.

With the introduction of anti-angiogenetic ther-
apy contrast enhancement may play a role in mon-
itoring disease status. First results of a clinical 
histological study in patients with multiple 
myeloma showed that the mean microvessel den-
sity was significantly lower in patients after 
 chemotherapy in responders as opposed to non-
responders. The progression-free survival was sig-
nificantly longer than in patients without a decrease 
in microvessel density (Sezer et al. 2001).

Horger et  al. examined the feasibility of 
whole-body diffusion-weighted MRI in the short- 
term evaluation of response to treatment in mul-
tiple myeloma patients using a single-shot EPI 
sequence in 12 patients using b-values of 50, 400, 
and 800 s/mm2. Eleven patients were classified as 
responders and one as non-responder. DWI 
results accurately (100%) correlated with disease 
course according to standard clinical and labora-
tory criteria. At baseline, all lesions showed 
restricted diffusion; in responders ADC values 
had an increase of 63.9% (range −8.7–211.3%), 
while the non-responder had a decrease of 7.8% 
during therapy. In parallel, M-gradient measure-
ment showed a mean decrease of 45.1% (range, 
19.6–88.8%) in responders and an increase of 
21.8% in the non-responder. Amplitude of 
response measured by the course of ADC values 
proved higher in the appendicular skeleton 
(99.8%) compared with the axial skeleton 
(54.3%) (p  =  0.037). These initial results show 
that quantitative whole-body MRI with ADC 
analysis might be a feasible diagnostic tool to 
assess the short-term treatment response in 
myeloma patients (Horger et al. 2011).

a b

Fig. 20.2 T1-w SE image (TR/TE 572 ms/15 ms) pre- 
and post-contrast in a patient with diffuse infiltration by 
myeloma. The regions have to be placed in identical posi-
tions in lumbar vertebral bodies. Mean signal intensity 
increase can be calculated. An increase of more than 40% 
in adults (>40 years) is indicative of diffuse infiltration

20 Bone Marrow Disease
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20.3  Infectious Spondylitis

The typical pattern of infectious spondylitis is a 
hyperintense signal on T2-w images of the inter-
vertebral disc, an early destruction of the adja-
cent vertebral endplates, and a vertebral bone 
marrow edema. Paravertebral and epidural 
extension, abscesses, and enhancement of the 
intervertebral disc, bone marrow, and surround-
ing granulation tissue may be associated. A 
study in patients with infectious spondylitis 
showed that systemic reactive marrow changes 
can simulate diffuse neoplastic infiltration simi-
lar to myeloma or chronic myeloproliferative 
diseases (Stabler et al. 2000). Due to a stimula-
tion of leucopoiesis, the fat cell content in the 
bone marrow of the spine above and below the 
level of spondylitis is consecutively reduced. 
This leads to a decrease in signal on T1-w SE 
images, an increase on STIR images. Patients 
with infectious spondylitis showed a signifi-
cantly higher mean enhancement of 28.2% (SD 
12.2) when compared to a control group (mean 
enhancement 17.5%, SD 7.9, p  <  0.001). This 
reactive bone marrow stimulation with increased 
gadolinium uptake occurred in 27% of patients 
with infectious spondylitis. Measurements were 
performed in the same way as described in 
patients with myeloma.

Another approach is the use of quantitative diffu-
sion-weighted imaging. Pui et al. showed, that the 
mean ADC values of the bone marrow of 69 tuber-
culous (1.15  ±  0.39  ×  10−3  mm2/s), 9 pyogenic 
(1.30  ±  0.45  ×  10−3  mm2/s), and 50 malignant 
(1.02 × 10−3 mm2/s) vertebral fractures were signifi-
cantly higher, compared to normal vertebral mar-
row. Malignant bone marrow showed significantly 
lower ADC values than the ADCs of pyogenic 
infection or tuberculosis. No significant difference 
could be shown between adult 
(1.15  ±  0.42  ×  10−3  mm2/s) and pediatric 
(1.14 ± 0.36 × 10−3 mm2/s) tuberculous lesions or 
between tuberculosis and pyogenic infection. For 
distinguishing infection from malignancy, they 
showed quite a low sensitivity, specificity, and accu-
racy of 60.26%, 66.00%, and 62.50%, using the 
cutoff ADC of ≥1.02  ×  10−3  mm2/s. The overlap 
between ADC values for malignancy (probably due 
to different content of cells, protein, calcifications, 
or cytoplasm) and inflammation (probably due to 
different content of cells, mucoid protein, necrotic 
tissue, microorganisms, and pus) limited the useful-
ness of diffusion MRI in differential diagnosis, 
which was not able to obviate biopsy. But the sensi-
tivity, specificity, and accuracy increased to 94.12%, 
82.35%, and 90.20%, respectively, when there were 
associated soft tissue lesions with a cutoff ADC of 
≥1.17 × 10−3 mm2/s (Pui et al. 2005).
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20.4  Gaucher’s Disease

Measurements have also been performed for 
therapy control in patients with Gaucher’s dis-
ease. Gaucher’s disease is a disease of the retic-
uloendothelial systems with a lack of the 
enzyme glucocerebrosidase. Glucocerebrosides 
accumulate in the reticuloendothelial system 
(bone marrow, liver, spleen, and lymph nodes). 
The infiltration of the bone marrow with 
Gaucher’s cells leads to cell necrosis, fibrous 
proliferation, and resorption of bony trabeculae. 
The fat content of red marrow is reduced. In 
x-rays osteonecrosis and diffuse osteopenia can 
be found. In MRI the signal is diffusely reduced 
on T1-w SE images. In contrast to myeloma or 
leukemia, the signal is not increased on fat-sup-
pressed images. The epi- and apophysis remain 
excluded of the process.

 Quantitative Measurements Using 
the Chemical Shift Method

The reduction of the fat cell content, which reflects 
the severity of the disease, can be measured quan-
titatively by the chemical shift method. Dixon 
described a method to quantify the fat signal frac-
tion by separating the individual signals from 
water and fat, Ff, hence Dixon quantitative chemi-
cal shift imaging (Dixon QCSI) (Dixon 1984). The 
QCSI technique has been explored in Gaucher’s 
disease (Akkerman and Maas 1995; Hollak et al. 
2001). The measured mean values in the lumbar 
spine (L3–L5) in healthy volunteers ranged from 
0.27 to 0.55 (mean 0,37). In Gaucher’s patients, 
the mean values ranged from 0.08 to 0.40 (mean 
0.20). Bone complications, like bone crisis, frac-
tures, and osteonecrosis, occur more often in 
patients with low fat fractions (<0.20), reflecting 
advanced disease (Maas et al. 2002).

A coronal measurement slice (if necessary 
slightly tilted to transversal) is set out on a sagit-
tal localizer image, such that the posterior parts 
of the vertebrae of interest are optimally visual-
ized (Fig.  20.3). The measurement is acquired 
using a surface coil. Two sets of acquisitions are 
performed, one of which the water signal (W) and 

the fat signal (F) are “in-phase” (I = W + F). In 
the second acquisition, fat and water have 
opposed phases (O = |W − F|). In order to sepa-
rate the water and fat signals, the phase differ-
ence between the two acquisitions helps to sort 
out regions with water-dominant signal and 
regions with fat-dominant signal. With the help 
of the sign image, water and fat images are 
obtained by simple algebraic manipulations. For 
the water image (W), we have W = I + S·O and for 
the fat image (F) we have F = I − S·O. The fat 
fraction is described on a color-coded scale range 
from 0 (no fat) to 1 (all fat). The mean value of 
the vertebral bodies L3, L4, and L5 is the final fat 
fraction (Fig. 20.4).

 Semiquantitative Measurements 
with the Bone Marrow Burden 
Score (BMB)

The BMB score is a combination of scoring sys-
tems of the peripheral skeleton and the axial bone 
marrow component (Maas et al. 2003). It incorpo-
rates both the visual interpretation of the signal 

Fig. 20.3 Quantitative chemical shift imaging in a patient 
with Gaucher’s disease. Placement of the localizer

20 Bone Marrow Disease
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intensities and the geographic location of the dis-
ease on conventional MR images of the spine and 
femur. In the lumbar spine, the SI of the marrow on 
T1-weighted SE sequences is compared to signal 
intensity of a healthy intervertebral disc. The bone 
marrow SI on T2-weighted SE sequences was 
evaluated with the presacral fat as a normal isoin-

tense reference. In addition the infiltration pattern 
(patchy versus diffuse) of the disease within the 
vertebral bodies is graded. The patchy infiltration 
pattern in Gaucher’s disease consists of localized 
areas of abnormal marrow (low signal intensity on 
T1- and T2-weighted SE images) on a background 
of normal bone marrow (high signal intensity and 
T1- and T2-weighted SE images). In the diffuse 
pattern, the bone marrow is completely replaced. 
The diffuse pattern is considered to reflect a more 
advanced stage of the disease. Furthermore, the 
absence of fat in the basivertebral vein region was 
added as a score, in a binominal fashion (present/
absent). The disappearance of fat surrounding the 
basivertebral plexus was included in the BMB. In 
the femurs the marrow signal intensities on 
T1-weighted and T2-weighted images were graded 
compared to the signal intensity of subcutaneous 
fat. The intensities were scored as hyperintense, 
slightly hyperintense, isointense, slightly hypoin-
tense, and hypointense. The femurs were divided 
in three sites of involvement, proximal epiphysis/
apophysis, meta-diaphysis, and distal epiphysis.

L3 0,196
0,250
0,284
0,24

0,430
0,439
0,440
0,44

0,381
0,525
0,536
0,48

0,590
0,600
0,566
0,59

L4
L5
av.

Fig. 20.4 Coronal color-coded display of fat fraction 
measurement in the lumbar spine, ranging from 0 (purple) 
to 1 (red). Patient with Gaucher’s disease is measured pre- 
(left image) and subsequently three times (annually) dur-
ing/after enzyme replacement therapy. Due to therapy 
success, the fat fraction is increased, which can be mea-
sured by chemical shift imaging. Low fat content is shown 
in blue to violet; high fat content is shown in yellow to red. 
With permission from Maas et al. (2003)
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20.5  Assessment of Outcome 
and Survival in Patients 
with Acute Myeloid Leukemia 
in Complete Remission

Many parameters such as age, karyotype, and 
performance status are known to be prognostic 
factors in patients with acute myeloid leukemia 
(AML) before they receive chemotherapy 
(Ferrara et al. 2008). If complete remission (CR) 
is maintained for more than 3  years, the likeli-
hood of relapse is less than 10% (de Lima et al. 
1997). To improve the duration of remission, 
patients at high risk of relapse should be detected 
as early as possible. DCE-MRI has the potential 
to noninvasively assess the microvascular struc-
ture of bone marrow. Chen et  al. examined 51 
patients with acute myeloid leukemia in com-
plete remission with DCE-MRI. Semiquantitative 
parameters (peak and slope) as well as quantita-
tive parameters (amplitude, Kep [efflux rate con-
stant], and Kel [elimination constant]) were 
calculated. It could be shown that high values of 

peak (≥0.41), slope (≥0.0235), amplitude 
(≥0.03), and Kep (≥0.0082) were associated with 
shorter overall survival (p = 0.004, 0.01, 0.034, 
and 0.026, respectively). A high value of Kep was 
also associated with shorter relapse-free survival 
(p = 0.008). After multivariate Cox proportional 
hazards analysis, only Kep revealed as an indepen-
dent factor for overall survival (relative risk, 
30.305; p = 0.21) and relapse-free survival (rela-
tive risk, 6.477; p = 0.009). Kep (efflux rate con-
stant) measured with tracer kinetic modeling 
represents the contrast exchange between blood 
plasma and extravascular extracellular space. It is 
thought that bone marrow vessels and their endo-
thelium should be normalized with reduced ves-
sel wall permeability in complete remission and 
therefore show low values of Kep. Increased val-
ues for Kep may indicate not adequately normal-
ized vessel permeability and therefore may 
indicate a high risk of relapse. Kep might serve as 
a guide for the selection of personalized treat-
ment plans in patients with AML and complete 
remission (Chen et al. 2011).
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20.6  Differentiation of Benign 
and Malignant Vertebral 
Fractures

The differentiation of benign and malignant ver-
tebral fractures is a common clinical problem, if 
there is no adequate trauma anamnesis. Although 
there exist morphologic MRI criteria in the dif-
ferentiation of both entities (Frager et  al. 1988; 
An et  al. 1995; Cuenod et  al. 1996; Shih et  al. 
1999; Baur et al. 2002; Jung et al. 2003), espe-
cially in the first 8–12 weeks after the vertebral 
fracture, similar appearance of benign and malig-
nant vertebral fractures on T1-w, T2-w, and STIR 
images due to edema and hemorrhage can mimic 
malignant findings in a benign osteoporotic ver-
tebral fracture (Moulopoulos et  al. 1996). To 
overcome this diagnostic impairment, quantita-
tive diffusion-weighted imaging and quantitative 
chemical shift imaging promise to be additional 
features in determining the nature of an acute 
vertebral fracture.

 Quantitative Diffusion- Weighted 
Imaging

The apparent diffusion coefficient (ADC) is cal-
culated using two or more images with different 
diffusion weightings (b-values). Acute osteopo-
rotic fractures show an increased diffusion with 
high values on ADC maps, which is explained by 
the disruption of the trabecular structure and 
bone marrow edema in the diseased vertebrae. 
Pathologic fractures are associated with restricted 
diffusion, i.e., lower values on ADC maps. In spi-
nal tumors with vertebral body compression frac-
tures, increased tumor cell packing leads to a 
smaller and more restricted extracellular space, 
resulting in increased signal from restricted water 
protons, as has been observed in lytic metastases 
(Baur et al. 2003). Although the results showed 
somewhat variable results, the majority of the 
studies revealed typical ADC ranges associated 
with normal and pathological bone marrow. 
Normal bone marrow shows ADCs of 0.2 to 
0.5 × 10−3 mm2/s. Metastases or malignant frac-
tures range from ~0.7 to 1.0  ×  10−3  mm2/s 

(Fig.  20.5), osteoporotic or traumatic fractures 
show ADCs of ~1.0 to 2.0  ×  10−3  mm2/s 
(Fig. 20.6) (Dietrich et al. 2009).

Biffar et  al. examined 24 osteoporotic verte-
bral fractures and 20 malignant vertebral fractures 
and showed that DW-ssTSE (b-values 100, 250, 
400, 600 s/mm2) could significantly discriminate 
between both entities showing a sensitivity of 
65% and specificity of 88% at an ADC of 
1.49  ×  10−3  mm2/s as a cutoff value. DW-EPI 
showed no statistical differences due to an under-
estimated signal attenuation and gross geometri-
cal image distortions caused by susceptibility 
heterogeneities (Biffar et al. 2010).

Karchevsky et  al. performed a meta-analysis 
and reviewed four studies assessing the ADC val-
ues of benign and malignant vertebral fractures. 
They could show that mean ADC values in benign 
fractures were significantly higher than malig-
nant fractures with a standardized mean differ-
ence (SMD) of 2.8 and a 95% confidence interval 
for the SMD of 2.1–3.5. Mean ADCs of patho-
logic fractures and malignant lesions were in the 
range from 0.19 to 0.853 × 10−3 mm2/s, benign 
fractures showed ADCs from 0.32 to 
1.94 × 10−3 mm2/s (Karchevsky et al. 2008).

Although quantitative diffusion-weighted 
imaging shows significant differences between 
benign and malignant vertebral fractures, its 
specificity is limited due to a remarkable overlap. 
Although the ADC value itself should be inde-
pendent from sequence type and sequence param-
eters, the measured values are influenced by 
sequence-specific artifacts, range of used b- 
values, application of fat saturation, noise, and 
perfusion effects. DWI of bone marrow requires 
considerably more robust imaging techniques 
than typical MRI of the brain, and therefore it is 
still a technique on very active research.

 Quantitative Chemical Shift  
(In-/Opposed-Phase) Imaging

Chemical shift imaging uses the different pre-
cession frequencies of water and fat protons due 
to the differences in their molecular environ-
ment. The greater the signal intensity loss on 
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Fig. 20.5 Malignant fracture due to hypopharyngeal can-
cer: (a) STIR image showing edema in the whole verte-
bral body. Corresponding ADC maps acquired with (b) 

DW-HASTE (mean ADC 0.64) and (c) DW-EPI (mean 
ADC 0.73) showing relatively low values due to high cell 
packing

Fig. 20.6 Osteoporotic fracture: (a) STIR image show-
ing edema in the whole vertebral body. Corresponding 
ADC maps acquired with (b) DW-HASTE (mean ADC 

1.59) and (c) DW-EPI (mean ADC 1.41) showing rela-
tively high values due to edema

20 Bone Marrow Disease
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opposed- phase images compared to in-phase 
images is, the greater is the fat content in the ver-
tebral bone marrow. If tumor has infiltrated the 
vertebral bone marrow, the fatty marrow is 
expected to be displaced, resulting in a lower 
content of fat, and therefore higher signal inten-

sity on opposed- phase images (Fig.  20.7). In 
osteoporotic vertebral fractures, mostly normal 
fatty marrow should be detected, without signifi-
cant changes in the fat content, resulting in a sig-
nal intensity drop, nearly equal to normal bone 
marrow (Fig. 20.8). The relative signal intensity 

Fig. 20.7 Malignant fracture due to hypopharyngeal can-
cer: (a) STIR image showing edema in the whole vertebral 
body. Corresponding (b) inphase image showing high sig-
nal intensity and (c) opposed-phase image also showing 
high signal intensity in comparison with normal vertebral 

bone marrow. The opp-/in-ratio is 99%, which means that 
there is only a slight signal drop of −1% on opposed- phase 
images compared to inphase images. Note that normal ver-
tebral bone marrow has a much lower opp/in-ratio, corre-
sponding to a higher signal drop on opposed-phase images

Fig. 20.8 Osteoporotic fracture: (a) STIR image show-
ing edema in the whole vertebral body. Corresponding 
(b)  inphase image showing high signal intensity and 
(c) opposed-phase image showing a low signal intensity, 
as also shown in normal vertebral bone marrow. The opp-/

in-ratio is 69%, which means that there is a high signal 
drop of −31% on opposed-phase images compared to 
inphase images, as can also be noted in normal vertebral 
bone marrow
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ratio (signal intensityOP/signal intensityIP) (Eito 
et al. 2004; Erly et al. 2006) can be calculated for 
quantitative measurement.

Studies at 1.5 T revealed mean signal intensity 
ratios of 0.46  ±  0.14 (SD) for normal vertebral 
bone marrow (Eito et al. 2004), whereas nonneo-
plastic fractured vertebrae showed mean intensity 
ratios of 0.63  ±  0.21 SD (Eito et  al. 2004) to 
0.58 ± 0.02 SD (Erly et al. 2006), while malignant 
compression fractures had higher mean signal 
intensity ratios of 1.02 ± 0.11 SD (Eito et al. 2004) 
to 0.98 ± 0.095 SD (Erly et al. 2006).

Performing ROC-analysis, a signal intensity 
ratio of >0.8 indicating malignancy showed best 
discrimination of benign and malignant vertebral 
fractures with a sensitivity of 95% and a specific-
ity of 89% (Erly et al. 2006).

Chemical shift imaging is a reliable support-
ive tool for the differentiation of benign and 
malignant vertebral fractures. However, if strong 
edema and reduced fat content are present, the 
signal intensities can also be high on opposed- 
phase images in osteoporotic fractures. Care 
should be taken to acquire the same sequence 
type with the appropriate sequence parameters, 
since a slight shift, e.g., in TE and flip angle can 
cause a significant shift in contrast.

References

Aguayo A, Kantarjian H et  al (2000) Angiogenesis in 
acute and chronic leukemias and myelodysplastic syn-
dromes. Blood 96(6):2240–2245

Akkerman EM, Maas M (1995) A region-growing algo-
rithm to simultaneously remove dephasing influences 
and separate fat and water in two-point Dixon imaging. 
Proceedings of the Society for Magnetic Resonance 
in Medicine and the European Society for Magnetic 
Resonance in Medicine and Biology

An HS, Andreshak TG et  al (1995) Can we distinguish 
between benign versus malignant compression frac-
tures of the spine by magnetic resonance imaging? 
Spine (Phila Pa 1976) 20(16):1776–1782

Baur A, Bartl R et al (2004) Neovascularization of bone 
marrow in patients with diffuse multiple myeloma: 
a correlative study of magnetic resonance imag-
ing and histopathologic findings. Cancer 101(11): 
2599–2604

Baur A, Dietrich O et  al (2003) Diffusion-weighted 
imaging of bone marrow: current status. Eur Radiol 
13(7):1699–1708

Baur A, Stabler A et al (2002) Acute osteoporotic and neo-
plastic vertebral compression fractures: fluid sign at 
MR imaging. Radiology 225(3):730–735

Baur A, Stabler A et al (1997) MRI gadolinium enhance-
ment of bone marrow: age-related changes in normals 
and in diffuse neoplastic infiltration. Skelet Radiol 
26(7):414–418

Biffar A, Baur-Melnyk A et  al (2010) Multiparameter 
MRI assessment of normal-appearing and dis-
eased vertebral bone marrow. Eur Radiol 20(11): 
2679–2689

Chen BB, Hsu CY et  al (2011) Dynamic contrast- 
enhanced MR imaging measurement of vertebral 
bone marrow perfusion may be indicator of outcome 
of acute myeloid leukemia patients in remission. 
Radiology 258(3):821–831

Cuenod CA, Laredo JD et al (1996) Acute vertebral col-
lapse due to osteoporosis or malignancy: appearance 
on unenhanced and gadolinium-enhanced MR images. 
Radiology 199(2):541–549

de Lima M, Strom SS et al (1997) Implications of poten-
tial cure in acute myelogenous leukemia: develop-
ment of subsequent cancer and return to work. Blood 
90(12):4719–4724

Dietrich O, Biffar A et  al (2009) Diffusion-weighted 
imaging of bone marrow. Semin Musculoskelet Radiol 
13(2):134–144

Dixon WT (1984) Simple proton spectroscopic imaging. 
Radiology 153(1):189–194

Eito K, Waka S et  al (2004) Vertebral neoplastic com-
pression fractures: assessment by dual-phase 
chemical shift imaging. J Magn Reson Imaging 
20(6):1020–1024

Erly WK, Oh ES et  al (2006) The utility of in-phase/
opposed-phase imaging in differentiating malignancy 
from acute benign compression fractures of the spine. 
AJNR Am J Neuroradiol 27(6):1183–1188

Ferrara F, Palmieri S et al (2008) Clinically useful prog-
nostic factors in acute myeloid leukemia. Crit Rev 
Oncol Hematol 66(3):181–193

Frager D, Elkin C et  al (1988) Subacute osteoporotic 
compression fracture: misleading magnetic resonance 
appearance. Skelet Radiol 17(2):123–126

Hollak C, Maas M et al (2001) Dixon quantitative chemi-
cal shift imaging is a sensitive tool for the evaluation 
of bone marrow responses to individualized doses of 
enzyme supplementation therapy in type 1 Gaucher 
disease. Blood Cells Mol Dis 27(6):1005–1012

Horger M, Weisel K et al (2011) Whole-body diffusion- 
weighted MRI with apparent diffusion coefficient 
mapping for early response monitoring in multiple 
myeloma: preliminary results. Am J Roentgenol 
196(6):W790–W795

Jung HS, Jee WH et al (2003) Discrimination of metastatic 
from acute osteoporotic compression spinal fractures 
with MR imaging. Radiographics 23(1):179–187

Karchevsky M, Babb JS et  al (2008) Can diffusion- 
weighted imaging be used to differentiate benign from 
pathologic fractures? A meta-analysis. Skelet Radiol 
37(9):791–795

20 Bone Marrow Disease



822

Maas M, Hollak CE et al (2002) Quantification of skel-
etal involvement in adults with type I Gaucher’s dis-
ease: fat fraction measured by Dixon quantitative 
chemical shift imaging as a valid parameter. AJR Am J 
Roentgenol 179(4):961–965

Maas M, van Kuijk C et  al (2003) Quantification of 
bone involvement in Gaucher disease: MR imaging 
bone  marrow burden score as an alternative to Dixon 
 quantitative chemical shift MR imaging—initial 
 experience. Radiology 229(2): 554–561

Moulopoulos LA, Maris TG et  al (2003) Detection of 
malignant bone marrow involvement with dynamic 
contrast-enhanced magnetic resonance imaging. Ann 
Oncol 14(1):152–158

Moulopoulos LA, Yoshimitsu K et al (1996) MR predic-
tion of benign and malignant vertebral compression 
fractures. J Magn Reson Imaging 6(4):667–674

Nobauer I, Uffmann M (2005) Differential diagnosis of 
focal and diffuse neoplastic diseases of bone marrow 
in MRI. Eur J Radiol 55(1):2–32

Plecha DM (2000) Imaging of bone marrow disease in the 
spine. Semin Musculoskelet Radiol 4(3):321–327

Pui MH, Mitha A et al (2005) Diffusion-weighted mag-
netic resonance imaging of spinal infection and malig-
nancy. J Neuroimaging 15(2):164–170

Rahmouni A, Montazel JL et al (2003) Bone marrow with 
diffuse tumor infiltration in patients with lymphopro-
liferative diseases: dynamic gadolinium-enhanced MR 
imaging. Radiology 229(3):710–717

Rajkumar SV, Leong T et al (2000) Prognostic value of 
bone marrow angiogenesis in multiple myeloma. Clin 
Cancer Res 6(8):3111–3116

Sezer O, Niemoller K et  al (2001) Decrease of bone 
marrow angiogenesis in myeloma patients achiev-
ing a remission after chemotherapy. Eur J Haematol 
66(4):238–244

Shih TT, Huang KM et al (1999) Solitary vertebral col-
lapse: distinction between benign and malignant 
causes using MR patterns. J Magn Reson Imaging 
9(5):635–642

Stabler A, Doma AB et al (2000) Reactive bone marrow 
changes in infectious spondylitis: quantitative assess-
ment with MR imaging. Radiology 217(3):863–868

Vacca A, Ribatti D et al (1994) Bone marrow angiogenesis 
and progression in multiple myeloma. Br J Haematol 
87(3):503–508

Vande Berg BC, Lecouvet FE (2005) Normal variants 
and frequent marrow alterations that simulate bone 
marrow lesions at MR imaging. Radiol Clin N Am 
43(4):761–770. ix

A. Baur-Melnyk and T. Geith



823© Springer-Verlag GmbH Germany, part of Springer Nature 2020
V. N. Cassar-Pullicino, A. M. Davies (eds.), Measurements in Musculoskeletal Radiology,  
Medical Radiology, Diagnostic Imaging, https://doi.org/10.1007/978-3-540-68897-6_21

H. Douis (*)
University Hospital Birmingham,  
Birmingham, B15 2TH, UK
e-mail: douis.hassan@hotmail.co.uk

A. M. Davies 
Department of Radiology, Royal Orthopaedic 
Hospital NHS Foundation Trust, Birmingham, UK

Bone and Soft Tissue Tumours

Hassan Douis and A. Mark Davies

Contents

21.1  Introduction  823

21.2  Prediction of Fracture Risk  824

21.3  Tumour Diagnosis  827

21.4  Tumour Staging  833

21.5  Assessment of Tumour Response  
to Medical Treatments  835

 References  837

21.1  Introduction

Much of the use of imaging in the detection, 
diagnosis and management of bone and soft tis-
sue tumours relies on evaluation of morphologi-
cal changes. There are, however, a number of 
situations where particular measurements derived 
from different imaging techniques can be of con-
siderable value in predicting fracture risk, plan-
ning surgery and assessing response to treatment. 
The purpose of this chapter is to review these 
 different applications.
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21.2  Prediction of Fracture Risk

 Long Bones

In the adult, the bone is the third most common 
site of metastatic disease after the lung and liver. 
Pathological fractures are a common complica-
tion of metastases from breast, prostate, thyroid, 
lung and renal primaries. It is generally accepted 
that prediction of a pathological fracture before 
the actual fracture event, thereby allowing surgi-
cal intervention, subsequently significantly 
reduces patient morbidity (Ward et  al. 2000; 
Damron and Ward 2003). A recent study by 
Mavrogenis et  al., for example, demonstrated 
that patients presenting with impending fractures 
from femoral metastases have a better survival 
rate when compared to patients presenting with 
actual fractures from femoral metastases 
(Mavrogenis et  al. 2011). Not unexpectedly, 
osteolytic lesions are more likely to fracture than 
osteoblastic metastases, and weight-bearing 
bones are most commonly affected, i.e. lower 
limb long bones (Ashford et al. 2006). An early 
study noted that almost 60% of pathological frac-
tures through breast metastases in the femur 
occurred when a well-defined lytic lesion of 
2.5  cm diameter or larger involved the cortex 
(Snell and Beals 1964). Later studies suggested 
that prophylactic internal fixation of metastases 
should be considered if 50% of the diameter of 
the bone was involved (Parrish and Murray 1970; 
Fidler 1973). Subsequently, Fidler measured the 
size of the metastasis on radiographs in 100 con-
secutive pathological fractures in long bones and 
expressed this as a percentage of the diameter of 
the bone (Fidler 1981). He showed that fractures 
were unlikely (<2.5%) when less than 50% of the 
cortex was destroyed, likely (60%) when 50% of 

the cortex was destroyed, and most likely (80%) 
when 75% of the cortex was destroyed. 
Harrington concluded that the main risk factors 
that should prompt consideration of prophylactic 
stabilisation are (1) cortical bone destruction 
>50%, (2) a lesion >2.5 cm in maximum diame-
ter in the femur and (3) persistent pain on weight- 
bearing despite local radiotherapy (Harrington 
1982). In an attempt to quantify the most signifi-
cant risk factors, Mirels proposed a scoring sys-
tem based on lesion size, site, radiographic nature 
and degree of pain (Table 21.1) (Mirels 1989).

In this study, lesion size was measured inde-
pendently by three orthopaedic surgeons and 
recorded as <1/3, 1/3 to 2/3 or >2/3 of the diame-
ter of the bone. Eighty-one percent of fractures 
occurred in lesions measuring more than two- 
thirds of the diameter of the bone. When applying 
the scoring system, a total score≥9 indicates an 
impending fracture (Table  21.1). However, it is 
not clear from this paper how precisely the mea-
surements were obtained from the radiographs. 
Was it from a single radiograph (anteroposterior 
or lateral) or the sum of measurements from two 
radiographs obtained at right angles (anteroposte-
rior and lateral)? Despite this query, this classifi-
cation has the advantage of being relatively 
simple, reproducible and valid across physicians 
of differing levels of experience with a sensitivity 
of 91% and specificity of 35% (Damron and Ward 
2003; Damron et al. 2003). CT has been used in 
an attempt to increase specificity of pathological 
fracture prediction (Hipp et  al. 1995; Dijkstra 
et  al. 1997). The most accurate measurements 
with the most precise description of methodology 
was provided by a Dutch study analysing risk fac-
tors for pathological fracture with femoral metas-
tases using radiographs and, in an unspecified 
number of cases, CT (van der Linden et al. 2003). 

Table 21.1 Mirels’ rating system for prediction of pathological fracture risk in long bones (from Mirels 1989)

Score Site Nature Sizea Pain
1 Upper extremity Blastic <1/3 Mild
2 Lower extremityb Mixedc 1/3 to 2/3 Moderate
3 Peritrochanteric Lytic >2/3 Functional

aRelative proportion of bone width involved with tumour
bNon-peritrochanteric lower extremity
cMixed lytic and blastic
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The measurements obtained in millimetres from 
radiographs are illustrated in Fig. 21.1.

The terminology might be a little confusing to 
many radiologists as it refers to the “largest axial 
length” and “largest axial cortical involvement” 
meaning the longitudinal extent (i.e. in the long 
axis along the line of the bone) rather than the 
conventional understanding of axial as meaning 
the transverse plane (Fig. 21.1). The main con-
clusion of this study was that only the axial corti-
cal involvement >30  mm (p  =  0.01) and the 
circumferential cortical involvement >50% 
(p = 0.03) were predictive of fracture.

Pathological fractures in children may result 
from a wide variety of both intrinsic and extrinsic 
processes. Intrinsic processes include conditions 
such as osteogenesis imperfecta and bone 
tumours, whereas extrinsic processes include pre-
vious surgical intervention (biopsy, fixation, etc.) 
and radiotherapy. Pathological fractures may be 
further classified as being due to pathology which 
is solitary, multifocal (polyostotic), generalised to 
the whole skeletal system or a generalised condi-
tion with skeletal involvement (Saraph and 
Linhart 2005). Most paediatric pathological frac-

tures through isolated bone lesions tend to be due 
to tumours or tumour-like lesions. A three-centre 
study identified a total of 88 cases collected over 
a period of 5 years. The commonest cause of frac-
ture was a simple bone cyst (40%) followed by 
nonossifying fibroma (19%), fibrous dysplasia 
(16%), osteosarcoma (15%) and aneurysmal bone 
cyst (10%) (Ortiz et  al. 2005). In a series of 75 
children with simple bone cysts who had sus-
tained 52 pathological fractures, Ahn and Park 
reported that the percentage of bone occupied by 
the cyst in the transverse plane on both anteropos-
terior and lateral radiographs was >85% in every 
case of fracture (Ahn and Park 1994). A more 
complex method of measurement to calculate a 
“cyst index” has been proposed by Kaelin and 
MacEwen (1989). This cyst index gives the pro-
portion between the radiographic area of the cyst 
and the size of the involved bone, measured as the 
diameter of the diaphysis squared. The areas 
involved are shown in Fig. 21.2.

The size of the bone, the distance from the 
growth plate, the length of the cyst and the 
radiodensity that depends on the radiographic 
technique are not factors in this evaluation. The 

W-tot

C-lesion

L-lesion

W-lesion

L-cort

C-tot

Fig. 21.1 Diagram showing measurement of metastatic 
lesions in the femur in millimetres for assessing fracture 
risk (based on van der Linden et al. 2004). L-lesion, larg-
est axial (longitudinal) length of the entire lesion. 
W-lesion, largest transverse extension of the lesion. W-tot, 
largest transverse width of the bone. C-tot, maximal thick-
ness of cortex without lesional involvement. C-lesion, 
minimum thickness of cortex with lesional involvement. 
Axial (longitudinal) cortical involvement >30 mm and cir-
cumferential cortical involvement >50% are both predic-
tive of pathological fracture

D

Cyst Index =
Cyst area

(Diaphysis diameter)2

or  CI =

L+I
–H

2

D2

L

H

I

Fig. 21.2 Diagram showing measurements and formula for 
calculation of cyst index in the assessment of fracture risk in 
simple bone cyst (based on Kaelin and MacEwen 1989)
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area of the cyst is measured by its largest dimen-
sion be it on the anteroposterior or lateral radio-
graphs. The shape of the cyst may be oval or 
trapezoidal, and the area can be calculated by 
drawing one or two trapezoids around the borders 
of the cyst. The diameter of the cyst is measured 
in its tubular diaphyseal portion. The average cyst 
index in humeral fractures was 6.12 (SD = 1.8) 
and in femoral fractures 4.74 (SD  =  1.19). The 
authors calculated that the lowest cyst index for a 
pathological fracture through the proximal 
humerus is 4 and 3.5 for the proximal femur 
(Kaelin and MacEwen 1989). Large nonossifying 
fibromas can also present with a pathological 
fracture. Arata and coworkers reported that if a 
nonossifying fibroma involves more than 50% of 
the transverse diameter of the bone or measures 
>33  mm in length, there is an increased risk of 
pathological fracture (Arata et al. 1981). A more 
recent series, however, showed that 59% cases of 
nonossifying fibromas exceeded these threshold 
measurements without fracturing (Easley and 
Kneisl 1997). Recently, quantitative computed 
tomography-based structural analysis has been 
used to predict the fracture risk in children with 
benign skeletal lesions. This technique uses com-
puted tomography to quantify the resistance of a 
bone to axial, bending or twisting forces. In a pro-
spective study, Leong et al. evaluated the specific-
ity of quantitative computed tomography-based 
structural analysis in predicting the fracture risk 
in children with benign appendicular skeletal 
lesions and compared it with the specificity of 
plain radiographs in predicting pathological frac-
tures in this patient cohort. They found that quan-
titative computed tomography-based rigidity 
analysis had a specificity of 97% and was there-
fore more specific in predicting the risk of patho-
logic fractures when compared to conventional 
criteria based on plain radiographs which demon-
strated a specificity of only 12%. Structural rigid-
ity analysis however requires in-depth knowledge 
of image-analysis software, the interpretation of 
the results requires knowledge of structural 
mechanics and computed tomography is less 
readily available than conventional radiography. 
Furthermore, this technique exposes the child to 
relatively large radiation doses. It is therefore 
doubtful if quantitative computed tomography-

based structural analysis will be used in routine 
clinical practise (Leong et al. 2010).

 Spine

Assessment of bone mineral density in the spine 
and consequent risk of vertebral fracture is well 
recognised in osteoporosis and is covered in 
chapter “Measurements in Metabolic Bone 
Disease”. This section reviews the role of imag-
ing in the prediction of pathological fractures of 
the spine. As elsewhere in the skeleton, early 
intervention to prevent vertebral fractures in 
patients with tumours, particularly metastases, 
can reduce morbidity (Dewald et  al. 1985. 
McAfee and Zdeblick 1989). Unfortunately, the 
complex anatomy and loading of the spine, unlike 
the long bones, do not lend itself readily to sim-
ple estimates of the proportion of the bone 
involved with tumour as an indicator of fracture 
risk (i.e. vertebral collapse). Not surprisingly 
tumour size and pedicle destruction on radio-
graphs elevate fracture risk but do not yield 
parameters to establish a clear threshold for frac-
tures (Taneichi et al. 1997). Recent studies have 
concentrated on biomechanically based models 
utilising data derived from CT including tumour 
volume expressed as a percentage of total verte-
bral volume, bone mineral density measure-
ments, etc. (Roth et  al. 2004) and parametric 
analysis of three-dimensional poroelastic finite- 
element models (Whyne et al. 2003). These are 
complex techniques that, as yet, have not crossed 
over into routine clinical practise.

MR imaging is very sensitive in detecting 
marrow changes particularly in the spine. Clearly, 
the greater the proportion of tumour infiltration 
of a vertebral body, the greater the risk of verte-
bral collapse, but no clear threshold parameters 
for assessing fracture risk on MR imaging exist 
(Lecouvet et  al. 1997, 1998). One study has 
reported promising initial results in the assess-
ment of vertebral fracture risk in patients with 
multiple myeloma using dynamic contrast- 
enhanced MR imaging (Scherer et  al. 2002). A 
cut-off level of 25 arbitrary units was shown to 
discriminate between vertebrae that fractured 
during 6-month follow-up and those that did not.
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21.3  Tumour Diagnosis

 Bone Tumours

The imaging investigation of a suspected bone 
tumour should always commence with radio-
graphs obtained at right angles (Morrison et al. 
2005). The features that enable a differential 
diagnosis to be generated are generally identifi-
able on the radiograph, namely, pattern of bone 
destruction, periosteal new bone formation and 
matrix mineralisation. Skeletal scintigraphy is 
of limited importance in the diagnostic workup 
of solitary lesions but can be helpful in identify-
ing multifocal/polyostotic disease, e.g. fibrous 
dysplasia. There is really no role for diagnostic 
ultrasound in primary bone tumours although it 
may be used as an alternative to fluoroscopy for 
image-guided biopsy (Saifuddin et  al. 1998). 
CT is used to obtain “radiographic” information 
over and above that of conventional radiographs 
particularly in areas of complex anatomy (e.g. 
spine, pelvis) or superimposition of structures 
(e.g. scapula) (Woertler 2003). It is also useful 
in revealing subtle features such as early corti-
cal destruction, faint matrix mineralisation and 
small osteoid osteomas. Direct measurement of 
the thickness of the cap of a peripheral cartilage 
tumour with CT, ultrasound or MR imaging can 
help differentiate an osteochondroma from a 
peripheral chondrosarcoma (Kenney et al. 1981; 
Woertler et al. 2000). The association of carti-
lage cap thickness and malignancy is well 
described. A cap thickness of <2 cm when mea-
sured perpendicular to the osteochondroma is 
likely to be benign. A cap thickness > 2 cm is 
associated with an increased likelihood of 
malignancy. Although the cartilage cap is easily 
measured if the cartilage cap is small and uni-
form, it is difficult to obtain accurate and reli-
able measurements of the cartilage cap if the 
cap is convoluted or irregular. Until recently, 
there has been no standardised measuring tech-
nique for the assessment of the thickness of 
irregular and convoluted cartilage caps. Bernard 
and coworkers retrospectively evaluated carti-
lage cap thickness on CT and MRI in 67 histo-
logically proven osteochondromas and 34 
histologically proven exostotic chondrosarco-

mas and correlated the cartilage cap thickness 
on CT and MRI with the gross pathologic find-
ings in 32 cases (26 osteochondromas, 6 chon-
drosarcomas). In their study they proposed the 
following technique for the measurement of car-
tilage cap thickness. The cartilage cap thickness 
is measured by identification of the tidemark of 
low- signal- intensity mineralisation which 
serves as a boundary between the medullary 
cavity and the overlying cartilage. A connecting 
line is then drawn between adjacent peaks in the 
tidemark undulations. Crevasses of the cartilage 
between tidemark undulations are subsequently 
excluded. The thickest portion of the cartilage 
thickness is then measured perpendicular to the 
tidemark (Fig. 21.3).

Using this measurement technique for carti-
lage cap thickness, they found measurement vari-
ances of 3  mm or less when correlating the 
cartilage cap thickness on imaging with the carti-
lage cap thickness on gross pathologic speci-
mens. Furthermore, Bernard et  al. found that a 

Fig. 21.3 Diagram (based on and adapted from Bernard 
et al. 2010) demonstrating how to measure the cartilage 
cap in a convoluted osteochondroma. First, the tidemark 
(arrows) which represents the boundary between the med-
ullary space of the osteochondroma and the cartilage cap 
is identified. Adjacent peaks of the tidemarks are con-
nected through a line (dotted lines), and the cartilage cre-
vasses are subsequently excluded in the measurement of 
the cartilage cap thickness. The thickest portion of the 
cartilage cap (solid lines) which is perpendicular to the 
tidemarks represents the cartilage cap thickness
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cutoff value for the cartilage cap thickness of 
2  cm in the differentiation of osteochondromas 
from chondrosarcomas led to 100% sensitivity, 
98% specificity on MRI and 100% sensitivity and 
95% specificity on CT. This study therefore pro-
vides a standardised, reliable technique for the 
measurement of convoluted cartilage caps and 
confirms a cutoff value of 2 cm for cartilage cap 
thickness in the distinction of osteochondromas 
from chondrosarcoma (Bernard et al. 2010).

MR imaging is less specific than radiographs 
in the differential diagnosis of primary bone 
tumours in the majority of cases (Berquist 
1993). In some cases MR imaging can contrib-
ute to diagnosis by virtue of morphological 
information, relative signal intensities on differ-
ent pulse sequences and patterns of contrast 
enhancement. Subjective assessment of relative 
signal intensities is preferred to absolute mea-
surements on unenhanced or static contrast-
enhanced MR imaging because of the numerous 
variables such as pulse sequence parameters, 
surface coils and magnet strength. One quantifi-
able technique that has been extensively evalu-
ated in the musculoskeletal system over the past 
20 years is dynamic contrast-enhanced MR 
imaging (DCEMRI). It can be applied in the 
diagnosis as well as for assessing tumour 
response to medical treatments (see Sect. 21.5) 
and detection of local recurrence following sur-
gery. The following section gives a brief over-
view of DCEMRI that applies equally well to 
the following sections in this chapter.

Static contrast-enhanced MR imaging refers 
to standard pulse sequences performed after an 
intravenous injection of a gadolinium chelate. As 
these sequences typically take several minutes to 
acquire, the tissues are in an equilibrium state 
with the contrast agent distributed between the 
blood and interstitial space (Verstraete et  al. 
1994a). DCEMRI is a sequence commencing 
shortly before a rapid bolus injection (approxi-
mately 5 ml/s) of a gadolinium chelate and con-
tinuing during and for approximately 3 min after 
the injection. Repeated slices through the same 
section(s) are obtained using a gradient echo 
sequence. A temporal resolution of 3 s per slice is 

achieved by employing a very short repetition 
and echo time (<10 ms) by the use of a reduced 
flip angle (<90°) radiofrequency pulse with rapid 
reversal of the readout gradient (Verstraete et al. 
1994b, 1995). Temporal resolution is more 
important than spatial resolution so that only one 
average per acquisition should be used. 
Representative slice(s) have to be chosen from 
the pre-contrast sequences on the assumption that 
this section will be typical of the contrast 
enhancement pattern of the entire lesion. 
Variations in enhancement patterns, however, 
have been reported between different regions 
within musculoskeletal lesions (Mirowitz et  al. 
1992). Ideally, an artery should be included 
within the imaging plane as it enables accurate 
measurement of the time of onset of enhance-
ment in the lesion as compared with the time of 
arrival of the bolus. If repeated examinations are 
required, e.g. for monitoring the effect of chemo-
therapy, a standardised technique should be 
applied to ensure accurate reproducibility. This 
should include the site of intravenous access and 
the injection rate of the gadolinium chelate. Once 
the sequence has been completed, the images can 
be assessed qualitatively and/or quantitatively in 
one of several ways. An easy method is with sub-
traction in which the first image pre-contrast 
medium injection is subtracted from the subse-
quent images (de Baere et  al. 1992). Early 
enhancing areas are readily identified and any 
high signal from fat and subacute haemorrhage 
nullified.

The easiest quantitative method is to identify 
regions of interest (ROIs) on the image and plot 
time-signal intensity curves (TSIC) using software 
routinely available on all magnet manufacturers’ 
consoles (Erlemann et  al. 1989, 1990; Fletcher 
et al. 1992). The TSIC can be displayed as a graph 
and the early pharmacokinetics of the contrast 
medium assessed either subjectively by looking at 
the shape of the curve or objectively by measuring 
the rate of enhancement from the slope during the 
first pass of the contrast medium through the 
tumour (Fig. 21.4) (Verstraete et al. 1995).

During this first pass, approximately 50% of 
the contrast medium enters the interstitial 
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space—a greater percentage may be seen in path-
ological tissues. The concentration gradient and 
diffusion rate of the contrast medium then drop, 
and changes in signal intensity are determined by 
capillary permeability and composition of the 
interstitial space. In tissues with a small intersti-
tial space, washout of the contrast medium may 
occur with a gradual decrease in the signal inten-
sity, whereas in tissues with a larger interstitial 
space, a progressive washin will occur (Fig. 21.5).

The main disadvantage of using the ROI 
method is that it relies initially on the subjective 

judgement of the operator as to where to place 
the individual ROIs. A less operator-dependent 
method is first-pass imaging which calculates the 
first-pass slope value on a pixel-by-pixel basis 
according to the following equation (Fig.  21.6) 
(Verstraete et al. 1994a, 1994b, 1995):
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SI baseline represents the mean signal intensity 
(SI) in a pixel before contrast enhancement; T is the 
time interval between two consecutive images with 
the largest change in SI in a pixel and reflects the 
temporal resolution of the sequence. The operator-
dependent selection of different ROIs is avoided. 
This technique produces parametric images that 
correlate with tissue microvascularisation and per-
fusion but does not give a TSIC. A development of 
the first-pass imaging post-processing is spatial 
mapping of instantaneous enhancement rates that 
applies an exponential fitting algorithm on a pixel-
by-pixel basis to allow estimation of the initial slope 
of the curve in order to produce parametric slope 
images (Lang et  al. 1995). Other post-processing 
techniques for evaluating DCEMRI are factor anal-
ysis of medical image sequences (FAMIS) 
(Bonnerot et al. 1992) and discrete signal process-
ing of dynamic contrast-enhanced MR images 
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Fig. 21.4 Time-signal 
intensity curves derived 
from a dynamic 
contrast-enhanced MR 
imaging sequence 
(based on Verstraete 
et al. 1995). T start is the 
time of onset of 
enhancement. SI prior 
and SI end represent the 
start and finish signal 
intensities of the first 
pass
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Fig. 21.5 Time-signal intensity curves derived from a 
dynamic contrast-enhanced MR imaging sequence show-
ing two different patterns (based on Verstraete et al. 1995). 
The first with a very rapid first pass, washin and then slow 
washout. The second with a slower but progressive first 
pass, washin and washout
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(Reddick et  al. 1994). Both techniques would 
appear to remain largely confined to research units 
and not be used in routine daily practise.

DCEMRI has been used to try and distinguish 
between benign and malignant musculoskeletal 
lesions of both the bone and soft tissue (Erlemann 
et  al. 1989, 1992; Woude et  al. 1998b; van der 
Woude et al. 1998b). All the studies have shown 
trends with malignant lesions tending to exhibit 
more rapid tissue vascularisation and perfusion 
but with overlap in the slope values of highly vas-
cular benign lesions as compared with malignant 
lesions. DCEMRI, therefore, cannot reliably dif-
ferentiate benign from malignant bone tumours 
in most cases. It should be used in conjunction 
with routine MR imaging sequences to help nar-
row down a differential diagnosis rather than 
make the diagnosis. Examples where DCEMRI 
may be helpful include osteoid osteoma where a 
rapid washin/washout distinguishes the tumour 
from a cortical abscess (Liu et al. 2003; Woertler 
2003). There can frequently be diagnostic diffi-
culties in differentiating enchondroma from a 
low-grade central chondrosarcoma. DCEMRI is 
said to show more rapid enhancement in chon-
drosarcoma than enchondroma (Giernaerdt et al. 
2000, de Coninck et  al. 2013), but it should be 
noted that tumour vascularity is not a criterion 
used histologically to differentiate benign from 
malignant cartilage tumours. In addition, the gold 
standard for the diagnosis of enchondroma ver-

sus low-grade chondrosarcoma is questionable as 
a study showed that pathologists frequently find 
this distinction equally challenging (Sliced Study 
Group 2007).

Diffusion-weighted MR imaging has been 
shown to be helpful in differentiating benign ver-
sus pathological vertebral compression fractures 
(Baur et  al. 1998). Although the original paper 
shows a quantitative method of assessment, most 
will use a qualitative technique whereby benign 
fractures show isointense or low signal intensity 
compared with the surrounding normal bone 
marrow, whereas metastatic vertebral compres-
sion fractures show relatively high signal inten-
sity (Baur and Reiser 2000). In contrast to 
vertebral compression fractures, there is little 
evidence on the role of DWI in the characterisa-
tion of primary bone tumours. Hayashida et al., 
for example, found that the mean ADC value for 
chondrosarcomas was intermediate between that 
of simple bone cysts and fibrous dysplasia 
(Hayashida). In contrast, Yakushiji et  al. found 
that showed that the minimum ADC values of 
chondroblastic osteosarcomas were lower than 
the minimum ADC values of conventional chon-
drosarcomas but higher than the minimum ADC 
values of other osteosarcomas (Yakushiji et  al. 
2009). Furthermore, a study performed by Douis 
et al. which evaluated the role of DWI in the dif-
ferentiation of enchondromas from chondrosar-
comas found that there was no statistically 
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Fig. 21.6 Post-processing 
procedure to produce 
first-pass images derived 
from a dynamic contrast-
enhanced MR imaging 
sequence (based on 
Verstraete et al. 1994a, 
1994b, 1995). The change 
in signal intensity (SI) is 
evaluated on a pixel-by- 
pixel basis and a new 
image produced
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significant difference in the minimum and mean 
ADC values of enchondromas, grade 1 chondro-
sarcomas, grade 2 chondrosarcomas or grade 3 
chondrosarcomas. The authors only found a sta-
tistical difference in the minimum and mean 
ADC values in the dedifferentiated chondrosar-
coma group which was due to the high-grade sar-
coma component of the lesion. The diagnostic 
challenge however does not lie in the 
 differentiation of an enchondroma from a high-
grade chondrosarcoma or dedifferentiated chon-
drosarcoma but in the distinction of enchondromas 
from low- grade chondrosarcomas. Based on this 
study, there is therefore no role for DWI in the 
differentiation of enchondromas from low-grade 
chondrosarcomas (Douis et al. 2014).

 Soft Tissue Tumours

Soft tissue masses will only be demonstrable on 
radiographs if particularly large, if there are sig-
nificant density differences from surrounding 
muscle (i.e. calcification or fat) or if there is sec-
ondary involvement of the underlying bone. CT 
shows similar features with increased soft tissue 
contrast resolution particularly if intravenous 
iodinated contrast medium is administered. 
Ultrasound can be helpful in the detection of a soft 
tissue mass and in distinguishing solid from cystic 
lesions. Analysis using Doppler ultrasound of the 
vascularity of soft tissue tumours has been shown 
to be of limited value when differentiating benign 
from malignant tumours (Griffith et al. 2004). The 
excellent contrast resolution of MR imaging is 
such that it reliably detects all soft tissue masses 

and routine studies together with static contrast-
enhanced sequences will indicate the correct diag-
nosis in approximately 50% cases (Berquist et al. 
1990; Ma et al. 1995; Moulton et al. 1995). A pro-
spective non-quantified analysis of various MR 
parameters reported differentiation of malignant 
from benign lesions with a sensitivity of 93%, 
specificity of 82%, negative predictive value of 
98%, positive predictive value of 60% and an 
accuracy of 85% (Gielen et al. 2004). Early studies 
using DCEMRI on both bone and soft tissue 
tumours indicated that there was a significant 
overlap of the slope values of highly vascularised 
benign soft tissue tumours and many malignancies 
(Erlemann et al. 1989; Verstraete et al. 1995). A 
prospective study concluded that static and 
DCEMRI, when added to non-enhanced MR 
imaging, improved differentiation between benign 
and malignant soft tissue masses (van Rijswijk 
et  al. 2004). The quantifiable component of this 
study was the production of a TSIC from the 
dynamic data that was then subjectively classified 
according to the shape of the curve (Fig. 21.7).

Contrast-enhanced MR imaging parameters 
which favoured malignancy in this study were 
liquefaction, early dynamic enhancement (<6  s 
after arterial enhancement), peripheral or inho-
mogeneous dynamic enhancement and rapid ini-
tial enhancement followed by a plateau or 
washout phase (i.e. TSIC shapes Types III and IV 
in Fig. 21.7) (van Rijswijk et al. 2004).

The role of DWI in the differentiation of benign 
from malignant soft tissue lesions has been evalu-
ated in multiple studies with rather mixed results. 
Whilst Maeda et al. (2007) and Einarsdóttir et al. 
(2004) found no statistically significant difference 

Type VType I Type II Type III Type IV

Fig. 21.7 Classification of subjective assessment of 
TSICs (based on van Rijswijk et  al. 2004). Type I—no 
enhancement. Type II—gradual increase in enhancement. 
Type III—rapid initial enhancement followed by a plateau 

phase. Type IV—rapid initial enhancement followed by a 
washout phase. Type V—rapid initial enhancement fol-
lowed by progressive late enhancement
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in the ADC values of benign from malignant soft 
tissue tumours, other authors have demonstrated a 
difference in ADC values of benign and malignant 
soft tissue lesions. Oka et al., for example, found 
that the mean ADC of desmoid tumours was sig-
nificantly higher than that of malignant soft tissue 
tumours (Oka et al. 2011). Similarly, Razek et al. 
reported that the mean ADC values of malignant 
tumours were lower than the mean ADC values of 
benign lesions. The authors stated that a threshold 
ADC value of 1.34 × 10−3 mm2/s resulted sensitiv-
ity of 94%, a specificity of 88% and a diagnostic 
 accuracy of 91%. The authors also found a statisti-
cally significant difference in the ADC value 

between well- and poorly differentiated soft tissue 
lesions (Razek et  al. 2012). Furthermore, 
Subhawong et  al. found that the mean and 
 minimum ADC values of cysts were higher than 
those of soft tissue sarcomas. According to the 
authors, a threshold mean ADC value of 
2.5 × 10−3 mm2/s resulted in a sensitivity of 80% 
and a specificity of 100% (Subhawong et al. 2013). 
These findings are however hampered by the fact 
that in our experience certain benign soft tissue 
lesions such as abscesses or haematomas can dem-
onstrate marked restricted diffusion. The role of 
DWI in the characterisation of soft tissue lesions 
therefore remains uncertain.
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21.4  Tumour Staging

 Bone Tumours

Surgical staging of a suspected bone sarcoma 
should ideally be performed prior to biopsy as 
oedema and haemorrhage caused by the procedure 
may exaggerate the extent of the tumour. In addi-
tion, MR imaging, particularly if DCEMRI is per-
formed, may show the most vascularised component 
of the lesion and thereby indicate the most appropri-
ate site to biopsy. Routine staging studies include an 
MRI of the presumed primary lesion with at least 
one large field-of-view sequence to exclude skip 
metastases, a CT scan of the chest and whole-body 
bone scintigraphy (or alternatively whole-body 
MRI) to exclude further bony lesions. Review of the 
MRI scan should record the extent of the tumour in 
the bone and soft tissue and the relationship with 
surrounding important structures, namely, muscle 
compartments, the adjacent joint and neurovascular 

bundle. Not surprisingly MR imaging is superior to 
both bone scintigraphy and CT in demonstrating 
bone marrow involvement (Bloem et  al. 1988; 
Gillespy et al. 1988; O’Flanagan et al. 1991; Onikul 
et al. 1996; van Trommel et al. 1997). Precise mea-
surements of bone marrow involvement with an 
accuracy of <2 mm can be made from T1-weighted 
images using routine console software (Fig. 21.8).

STIR images may overestimate tumour 
extent, as perineoplastic oedema tends to merge 
with the margins of the true tumour (Onikul 
et al. 1996). DCEMRI can be used to distinguish 
the oedema from tumour tissue as it enhances 
slower than viable tumour (Lang et al. 1995). If 
there is any doubt as to the true intraosseous 
extent of the tumour repeat, MR imaging after 
adjuvant chemotherapy is useful, as perineoplas-
tic oedema will tend to resolve, thereby reveal-
ing the true tumour margins. If anything, it is 
more prudent to overestimate the extent of the 
tumour within the bone. A more extensive 

a b

Fig. 21.8 (a) Antero-
posterior digital 
radiographic image of 
the lower limbs in a 
child with an 
osteosarcoma of the left 
distal femoral 
metaphysis. 
Measurements obtained 
from this image are 
adequate for planning 
prosthetic replacement 
of the distal femur, but 
more precise 
measurements of the 
primary tumour are 
required from (b) the 
coronal T1-weighted 
MR image to ensure 
wide excision of the 
tumour and to exclude 
skip metastases
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surgical resection with a slightly larger prosthe-
sis or allograft rarely alters the surgical tech-
nique, but a contaminated margin due to an 
underestimation could adversely affect the long-
term prognosis for the patient. There are two 
systems currently used for staging malignant pri-
mary bone tumours: the Musculoskeletal Tumour 
Society (MSTS) system (Enneking et al. 1980) 
and the American Joint Committee on Cancer 
(AJCC) system (Peabody et  al. 1998). If using 
the latter system, it is necessary to measure the 
greatest dimension of the tumour as a relatively 
recent revision- designated tumours ≤8  cm in 
maximum diameter as T1 and those >8 cm as T2 
(Greene et al. 2002a; Stacy et al. 2006). No par-
ticular advantage in the ability to predict progno-
sis for one staging system over the other staging 
systems has been shown (Heck et  al. 2003). 
Further measurements may be required from the 
initial MR staging study depending on individ-
ual unit requirements and data collection for 
various chemotherapy trials. These include mea-
suring the total length of the diseased bone to 
calculate the proportion of the bone involved 
with tumour and an estimate of the pre-chemo-
therapy tumour volume (see Sect. 21.5).

Most patients with a primary sarcoma of the 
appendicular skeleton will be suitable for limb sal-
vage surgery. Before the advent of CT and more 
recently MR imaging, measurements of tumour 
extent were obtained somewhat crudely from con-
ventional radiographs. Today these measurement 
radiographs are still obtained usually in digital 
form and the extent of surgery planned with refer-
ence to the MR study measurements (Fig.  21.8). 
Using the radiographs the surgeon will indicate to 
the biomedical engineer producing the custom-
built prosthesis the precise resection levels proxi-
mal and distal to the tumour. With both 
anteroposterior and lateral measurement films, the 
biomedical engineer can assess the calibre of the 
medullary canal to produce the best fit for the prox-
imal and distal stems of the prosthesis. If the patient 
is pre-skeletal fusion, then a radiograph of the left 
hand and wrist should be obtained to assess the 
patient’s bone age and thereby estimate future 
growth potential as a growing/extendable prosthe-

sis may be inserted. Primary sarcomas of the pelvis 
may be amenable to resection and insertion of a 
custom-built hemipelvic replacement. Because of 
the complex bony anatomy of the pelvis, measure-
ment radiographs are insufficient for production of 
the prosthesis. For this purpose in the authors’ unit, 
“life-size” CT images of the pelvis are provided to 
the biomedical engineer. If the images are provided 
on hardcopy film, then it is important to ensure that 
the scale on the images is true life-size. Alternatively 
if the data is provided in a digital format, the engi-
neer will need to make the appropriate correction 
factor when viewing the images as well as recog-
nising the cephalic-caudal distances involved.

 Soft Tissue Tumours

Routine staging studies for a suspected soft tissue 
sarcoma include a MR scan of the primary lesion 
and a CT scan of the chest. The value of the latter 
is debatable if the tumour is shown to be histo-
logically low grade or the patient is sufficiently 
elderly or infirm as to make the identification of 
small pulmonary metastases irrelevant to man-
agement of the primary tumour. Bone scintigra-
phy is rarely indicated but may be appropriate if 
the sarcoma subtype has a predilection to metas-
tasise to the bone, e.g. rhabdomyosarcoma. 
Similarly, CT of the abdomen and pelvis may be 
appropriate if the primary lesion is a myxoid 
liposarcoma as this is recognised to metastasise 
to the abdomen. The most commonly applied 
staging system for soft tissue sarcoma is the 
American Joint Commission on Cancer (AJCC) 
system (Greene et al. 2002b). This is a variation 
on the similar AJCC system for bone sarcoma 
with the T stage defined as T1 if the tumour 
≤5 cm and T2 if >5 cm in maximum diameter. 
Other soft tissue tumour staging systems which 
use 5  cm as a staging determinant are the 
Memorial Sloan-Kettering Cancer Centre and the 
Hajdu systems (Greer et  al. 1992). The 
Musculoskeletal Tumor Society (MSTS) system 
can also be applied to soft tissue tumours but has 
been found to be less useful than the other sys-
tems (Wunder et al. 2000).
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21.5  Assessment of Tumour 
Response to Medical 
Treatments

The improved disease-free survival rates for the 
commonest bone sarcomas, osteosarcoma and 
Ewing sarcoma can largely be attributed to the intro-
duction of systemic multi-agent adjuvant chemo-
therapy. Its aim is to eradicate microscopic 
metastases and to improve local control of the pri-
mary tumour, thereby facilitating limb salvage sur-
gery. Unenhanced MR sequences will show signal 
and morphological changes following chemother-
apy, but these do not correlate well with the histo-
pathological response (Teo and Peh 2004). A 
decrease in tumour volume correlates well with a 
good histological response in Ewing sarcoma and 
less well in osteosarcoma. This is because the soft 
tissue component in osteosarcoma can progressively 
mineralise and retain its volume and intratumoural 
haemorrhage due to progressive necrosis may show 
an increase in tumour volume despite a good histo-
logical response in both situations (van der Woude 
et  al. 1998b). In contrast, initial tumour size as 
assessed on pretreatment MRI has been shown to 
predict histologic response and survival in patients 
with stage II osteosarcoma (Kim et al. 2008).

Tumour volumes can be calculated on unen-
hanced MR scans both prior to and following adju-
vant chemotherapy. Change in tumour volume can 
be expressed as a ratio by dividing the tumour vol-
ume after chemotherapy by the initial tumour vol-
ume. A straightforward method of estimating 
tumour volume is to measure the maximum dimen-
sions of the tumour in three planes and then calcu-

late the volume either as a cylinder, if there is a little 
or no soft tissue component, or an ellipsoid, if there 
is a moderate soft tissue component (Fig.  21.9) 
(Sauer et  al. 1987; Abudu et al. 1999; Shin et  al. 
2000).

This is simple to perform but does not apply 
well to complex anatomical areas such as the pel-
vis. An altogether more laborious and undoubt-
edly time-consuming method is three-dimensional 
volume measurement with MR imaging (Shin 
et  al. 2000; van Rijswijk et  al. 2003). This 
involves tracing around the margins of the tumour 
on every axial slice and calculating the volume 
by multiplying the surface area on each slice with 
the slice thickness (Fig. 21.10).

Volume = a x b x c x 0.735

a = lengh
b = lateral diameter
c = anteposterior diameter

Volume = a x b x c x 0.52

a

b c

b c

a

Fig. 21.9 Diagram 
indicating tumour 
volume measurement in 
long bones if the tumour 
has little or no soft tissue 
component (i.e. 
cylindrical) or has a 
moderate to large soft 
tissue component (i.e. 
ellipsoid) (based on 
Abudu et al. 1999)

t

Ts

Fig. 21.10 Schematic diagram (based on Shin et  al. 
2000) showing the method of three-dimensional tumour 
measurements from MR imaging. The tumour volume (T) 
is calculated by measurement of each tumour surface area 
(Ts) multiplied by the scan thickness (t). It is important to 
add any interslice gap to the slice thickness before calcu-
lating tumour volume
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It is important that any interslice gap is included 
in the slice thickness estimation. The overall 
tumour volume can be calculated by  adding 
together the separate volumes for each slice (+inter-
slice gap). A standardised MR technique is manda-
tory if valid comparisons are to be made regarding 
tumour volume changes pre- and post- 
chemotherapy. This also applies to the simpler cal-
culations viewing the tumour as a cylinder or 
ellipsoid. Interestingly, one study claims that, based 
on interobserver and intraobserver variability for 
volumetric measurements, the three- dimensional 
was the most reproducible (Shin et al. 2000).

Static contrast-enhanced MR images cannot 
reliably differentiate between residual viable 
tumour, immature granulation tissue, neovascu-
larity in necrotic areas and reactive hyperaemia 
(Erlemann et al. 1990; Fletcher 1991; Lawrence 
et al. 1993). Numerous studies have assessed the 
value of DCEMRI in monitoring the response to 
adjuvant chemotherapy in bone sarcomas 
(Erlemann et  al. 1990; de Baere et  al. 1992; 
Bonnerot et al. 1992; Hanna et al. 1992; Fletcher 
et al. 1992; Shapeero et al. 1992; Verstraete et al. 
1994a, b; van der Woude et al. 1995; Dyke et al. 
2003). All have shown the technique to be reliable 
in distinguishing good responders (>90% tumour 
necrosis) from poor responders (<90 tumour 
necrosis). It is important that a standardised tech-
nique is applied for both the pre- chemotherapy 
and post-chemotherapy scans. Post-processing 
can be performed as per the different techniques 
described in Sect. 21.3.1. The simplest method is 
to compare the TSICs from the two scans. If the 
enhancement slope on the second scan remains 
the same or only slightly less than on the original 
scan, then the tumour is a poor responder. If the 
slope has flattened (i.e. a slower rate of enhance-
ment), then this suggests a good responder. It is 
important to recognise that responders cannot be 
distinguished from nonresponders after only one 
cycle of chemotherapy (Fletcher et al. 1992).

Nevertheless, a relatively recent study has 
identified DCEMRI as a prognostic factor for 
event-free survival and overall survival before 
commencement of treatment and showed that 
DCEMRI was indicative of a histologic response 
to neoadjuvant therapy (Guo et al. 2012).

Diffusion-weighted MRI has revealed promis-
ing results in monitoring the response to adjuvant 
chemotherapy in some malignant primary bone 
tumours. A few studies have demonstrated that 
differences in ADC values in osteosarcoma and 
Ewing sarcoma prior and after chemotherapy 
correlate with the degree of tumour necrosis and 
therefore can differentiate between responders 
and nonresponders (Hayashida et al. 2006b, Uhl 
et al. 2006). However a study by Oka et al. which 
assessed if mean and minimum ADC values 
could differentiate between responders and non-
responders to chemotherapy in osteosarcoma 
found that only the minimum ADC value in this 
patient cohort was able to differentiate between 
responders and nonresponders whilst the mean 
ADC value failed to show a statistically 
 significant difference between the two groups 
(Oka et al. 2010). Similarly, Bajpai and cowork-
ers who evaluated 31 patients with osteosarcoma 
revealed that mean ADC values did not correlate 
with tumour necrosis whilst the ADC value 
adjusted for tumour volume did correlate with 
histological response (Bajpai et  al. 2011). 
Furthermore, Wang et al. found that the ADC val-
ues after neoadjuvant chemotherapy in good 
responders in osteosarcoma were higher than 
those of poor responders and that the ADC values 
between viable and necrotic tumour after chemo-
therapy were statistically significant (Wang et al. 
2013). Diffusion-weighted MRI therefore seems 
to be a promising and powerful tool in the assess-
ment of treatment response of osteosarcomas. 
Further research is however required on this topic 
to corroborate these findings.

Various scintigraphic techniques have been 
studied in assessing response to chemotherapy in 
patients with bone sarcoma including three-phase 
Tc99m-methylene diphosphonate (Bloem et  al. 
1988; Erlemann et  al. 1990; Knop et  al. 1990), 
gallium-67 scintigraphy (Estes et  al. 1990) and 
thallium-201 scintigraphy (Ramanna et al. 1990). 
Although published results for these techniques 
were reasonable, the low spatial resolution and 
low specificity mean they have largely been 
superseded by DCEMRI (van der Woude et  al. 
1998a, b). The role of positron emission tomogra-
phy (PET) in sarcoma management remains 
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uncertain. PET provides a non-invasive measure 
of metabolic changes in tumour tissue. Numerous 
authors have suggested that FDG PET correlates 
with poor response to chemotherapy, tumour 
necrosis (Kong et  al. 2013, Cheon et  al. 2009; 
Costelloe et  al. 2009; Franzius et  al. 2000; 
Hamada et  al. 2009; Hawkins et  al. 2002; Nair 
et  al. 2000; Schulte et  al. 1999) and survival in 
osteosarcoma (Costelloe et al. 2009). However, a 
study by Hawkins et al. suggested that FDG PET 
only partially correlates with histologic response 
to chemotherapy, whilst in their study, SUVmax 
after neoadjuvant chemotherapy was associated 
with improved progression-free survival (Hawkins 
et al. 2009). Similarly, the role of FDG PET in the 
assessment of treatment response in Ewing sar-
coma has also been investigated. Hawkins et al. 
found that an SUVmax of less than 2.5 after neo-
adjuvant chemotherapy was associated with an 
improved 4-year progression- free survival of 
72%. The same study demonstrated that SUVmax 
before and after chemotherapy was concordant 
with histologic response in 68% and 69%, respec-
tively (Hawkins et  al. 2005). The role of FDG 
PET in the evaluation of treatment response 
appears therefore promising; however, the valid-
ity of the studies published so far is hampered by 
the relatively small sample size, and therefore 
prospective studies with larger size patient sam-
ples are required to assess the role of FDG PET in 
the treatment response of osteosarcoma and 
Ewing sarcoma.

The value of neoadjuvant chemotherapy in the 
management of soft tissue sarcoma is less well 
defined than in bone sarcoma. Volume measure-
ment changes and DCEMRI can both be used to 
assess response to chemotherapy in a similar 
manner to that described for bone sarcomas above 
(van Rijswijk et al. 2003). Similarly, few studies 
have reported that PET/CT may be able to predict 
histopathologic response after neoadjuvant che-
motherapy in high-grade soft tissue sarcoma 
(Benz et al. 2009; Evilevitch et al. 2008), whilst a 
few studies also demonstrated that pretreatment 
SUVmax in soft tissue sarcoma predicts overall 
survival and progression-free survival (Lisle et al. 
2009; Schwarzbach et al. 2005). The role of neo-
adjuvant chemotherapy in soft tissue sarcomas is 

however equivocal. Therefore, the utility of PET/
CT in the management of soft tissue sarcomas 
appears to be of limited value.
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A
Aarhus MRI grading methods

abnormalities scoring system, 760, 762
activity score, 765
chronic score, 765
chronic structural changes evaluation, 763, 764
inter-and intra-observer analysis, 763
osseous lesions analysis, 760

Acetabular angle
analysis/validation of reference data, 431
clinical relevance/implications, 431
definition, 430
indication, 430
reproducibility/variation, 431
techniques, 430

Acetabular depth
in coxa profunda, 485–486
pelvis/hip measurements, 476–477
in pincer-type femoroacetabular impingement, 489

Acetabular depth-to-width index, 476–477
Acetabular head index (AHI), 483–484
Acetabular index (AI) angle

analysis/validation of reference data, 429
clinical relevance/implications, 428–429
definition, 428
indication, 428
normal and abnormal values, 428
reproducibility/variation, 428
technique, 428

Acetabular/sharp’s angle, 470
Acetabular version

analysis/validation of reference data, 468
anterior and posterior acetabular outlines, 466, 467
anteversion angle assessment, 467
clinical relevance/implications, 468
definition, 466
indications, 466
reproducibility/variation, 468
retroversion, 466–467

Achilles tendon, 34, 35
MRI, 654
US, 652–653

ACM Angle (Idelberger-Frank Acetabular Angle), 
474–475

Acromial angle
analysis/validation of reference data, 254
clinical relevance/implications, 254
definition, 253
indications, 253
intrinsic, 257–258
radiography, 253
reproducibility/variation, 254

Acromial shape, shoulder
acromial morphology, 259
mathematical assessment, 259–260

Acromial tilt angle, 255–256
Acromiohumeral distance (AHD), 245

MRI, 251–252
parasagittal assessment, 251
radiography, 247–249
sonographic measurements, 249
ultrasound, 249–250

Acromion–glenoid angle (AGA), 266–268
Active appearance models (AAMs), 87
Active movement technique, 69
Acute myeloid leukemia (AML), 817
Adolescent idiopathic scoliosis (AIS), 191, 204
AHD, see Acromiohumeral distance
AI angle, see Acetabular index angle
Algorithmically based qualitative diagnosis method 

(ABQ), 88
Alpha (α) angle

analysis/validation of reference data, 435, 494–495
cam effect, 493, 494
clinical relevance/implications, 435, 494
definition, 434, 490
indications, 434, 490–491
multiple radial assessment, 491
oblique angle assessment, 491
radiography, 491
reproducibility/variation, 434–435, 493–494
3D isotropic T1-wt spoiled gradient-echo sequence, 

492
ultrasound, 434, 435

Index
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Altered spinal geometry
Ferguson angle, 229
lumbar index, 227
lumbar lordosis, 228
sacral inclination, 228
sagittal balance, 229–230
sagittal rotation, 229

Ankle and foot of adult
achilles tendon thickness

MRI, 654
US, 652–653

anterior talar drawer, 655–656
anteroposterior view

anatomical axis, 643
cuboid abduction angle, 644
distal metatarsal articular angle, 647–649, 659
first–second intermetatarsal angle, 647–648
forefoot adductus angle, 645
LALT, 644–645
LARF, 643–644
lesser tarsus angle, 644–645
lines and angles, 632–633
longitudinal axis of metatarsus, 645
longitudinal talar axis/collum tali axis, 643
mechanical axis, 643
metatarsal index, 646, 647
metatarsus adductus angle, 646
proximal and distal articular set angles, 647, 648
radiographic measurements, 632–633, 635
talonavicular angle, 645
talonavicular coverage angle, 645

Bohler’s angle, 627, 628
calcaneal pitch angle, 642, 650, 658
distal tibiofibular syndesmosis

AITFL, 637
anatomy, ligaments and recess, 636
arthroscopy, 637
disruption, 635
dynamic stress US, 639
interosseous ligament, 638
MRI findings, 637, 638
PITFL, 637–638
radiographic measurements, 635, 636
tibial articular concavity, 635, 636
transverse tibiofibular ligament, 638

hallux valgus angle, 647, 648, 660
hindfoot dimensions, 640, 662–663
intermetatarsal angle, 664–665
joint effusion, 639
joint stability, 632
lateral ankle ligament complex, 666–667
lateral view

calcaneal inclination axis, 641, 642
5th metatarsal base height, 642
Haglund deformity, 642
Philip-Fowler angle, 642–643
plane of support, 641
talar axis/collum tali axis, 641, 643
talar declination angle, 641
talocalcaneal angle, 643, 644
tibiocalcaneal angle, 641

medial collateral ligament complex, 668–670
mortise view measurements, 634–635
osseous anatomy, 632
plantar aponeurosis, 671–672
spring ligament complex, 673–674
talar tilt test, 675
talonavicular coverage angle, 676–677
tendons, ligaments and nerves, 651
weight-bearing axis

anterior-to-posterior distal tibial, 640
calcaneal axis, 650
hindfoot alignment, 649–650
mid-diaphyseal tibial axis, 650
radiographs, 649, 650

Ankle and foot of children, 596
anatomical considerations and terminology

calcaneus position, 598
cavus, 598
congenital talipes equinovarus, 598, 599
equinus position, 598
flatfoot, 599
hindfoot equinus, 599
lateral weight bearing talo first metatarsal angle, 

598
normal foot, 597

AP weight-bearing calcaneal fifth metatarsal angle, 
625–626

AP weight-bearing talar first metatarsal angle, 
623–624

AP weight-bearing talo-calcaneal angle, 621–622
Bohler’s angle, 627
Gissane’s angle, 628
HVA, 606, 607
infant hindfoot, 619–620
lateral/AP talo-calcaneal angle

analysis/validation of reference data, 602
clinical relevance/implications, 601
CTEV, 601
definition, 600
indications, 600
in maximum dorsiflexion, 603
normal foot, 601
reproducibility/variation, 601
technique, 600–601

lateral tibio-calcaneal angle
analysis/validation of reference data, 605
clinical relevance/implications, 604
CTEV, 605
definition, 603
indications, 603
interobserver variation, 605
in maximum dorsiflexion, 603–604
normal, 604–605
reproducibility/variation, 604
technique, 603–604

lateral weight-bearing calcaneal horizontal angle, 
617–618

lateral weight-bearing talar first metatarsal angle, 
613–614

lateral weight-bearing talocalcaneal angle
clinical relevance/implications, 610
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CTEV, 610, 611
definition, 610
indications, 610
normal foot, 610
reproducibility/variation, 610
technique, 610
valgus foot, 610, 611

lateral weight-bearing talohorizontal angle, 615–616
lateral weight-bearing tibiocalcaneal angle, 612
metatarsus adductus angle, 608–609
patient position, 596

Ankylosing spondylitis (AS)
anti-TNF-α agents, 741
atlantoaxial joint arthropathy, 749
clinical manifestations, 741
complications

Cauda equina syndrome, 749–750
spinal stenosis, 749
vertebral fractures, 749–750

conventional radiography
BASRI, 751, 753
mSASSS, 752–753
sacroiliitisgrading, 751–753
SASSS, 751, 753
spinal changes grading, 751

discovertebral abnormalities
Andersson lesions, 743
discal calcifications and ossifications, 745, 746
Romanus spondylitis, 741–742
syndesmophytes, 742–743
type I discovertebral lesions, 744–745
type II discovertebral lesions, 744
type III discovertebral lesions, 744–745

imaging protocol, 750–751
modified New York diagnostic criteria, 741
MRI

Aarhus MRI grading methods, 760–765
ASspiMRI score, 754–755
Hermann/Bollow sacroiliitis score, 765–768
Leeds score, 754
SPARCC scores, 755–756
spinal changes, 768–769

paraspinal musculature involvement, 748, 749
posterior joint abnormalities, 746–747
posterior ligamentous abnormalities

extensive ossification, 747, 748
sagittal fat-suppressed gadolinium-enhanced 

T1-weighted sequences, 747, 748
spinous process erosions, 747

symptoms, 741
Ankylosing spondylitis spinal magnetic resonance 

imaging (ASspiMRI) score, 754–755
Anterior acetabular sector angle (AASA), 480–481
Anterior angulation, 302, 304
Anterior atlantoaxial distance (AAAD), 139–140
Anterior atlantoaxial interval, 137–138
Anterior atlantodental interval (AADI), 139
Anterior centre-edge angle, see Vertical-centre-anterior 

angle
Anterior coronoid line, 306, 313
Anterior cruciate ligament (ACL), 543

angle, 544
rupture, 56

Anterior femoral head-neck offset
analysis/validation of reference data, 494–495
cam effect, 493, 494
clinical relevance/implications, 494
definition, 490
indications, 490–491
multiple radial assessment, 491
oblique angle assessment, 491
radiography, 491
reproducibility/variation, 493–494
3D isotropic T1-wt spoiled gradient-echo sequence, 

492
Anterior humeral line, 306, 311–312
Anterior inferior tibiofibular ligament (AITFL), 635
Anterior talar drawer, 655–656
Anterior tibial translation, 56–57
AP weight-bearing calcaneal fifth metatarsal angle, 

625–626
AP weight-bearing talar first metatarsal angle,  

623–624
AP weight-bearing talo-calcaneal angle, 621–622
Arthrokatadysis, see Protrusio acetabuli distance
Articular cartilage, 531
Articular geometry, 301
Articulo-trochanteric distance (ATD), 455
AS, see Ankylosing spondylitis
Atlanto-occipital joint space, 128–129
Automated computer-assisted image analysis

in biomedical imaging, 78
clinical research and development, 78
disease progression, 79
measurement method, 78
pathology detection, 78
statistical requirement, 77

Axial plane patellar displacement
bisect offset, 572–573
congruence angle, 567–568
lateral patellar displacement

analysis/validation of reference data, 571
clinical relevance/implications, 571
definition, 569
indications, 569
lateral femoral condyles, 570
measurement, 569
medial femoral condyle, 569–570
reference tangent line, 569
reproducibility/variation, 571
trochlea apex, 570

Axial plane rotation of patella
lateral patellofemoral angle, 574–576
patellar tilt angle, 577–578

B
Barnett-Nordin index, 802
Basion-axial interval (BAI), 133–134
Basion-Dens interval, 132–134
Bath Ankylosing Spondylitis Radiological Index 

(BASRI), 751, 753

Index
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Baumann’s angle
analysis/validation of reference data, 319
anatomical landmarks, 304, 305
clinical relevance/implications, 318–319
definition, 318
indications, 318
long bone measurements, 685–686
reproducibility/variation, 318
schematic representation, 319
shaft-physeal angle, 319
techniques, 318

Beta angle, 424, 437
Bicipital groove

long bone measurements, 683–684
medial wall angle of humerus, 283–284
width of humerus, 281–282

Blackburne-Peel index
analysis/validation of reference data, 582
clinical relevance/implications, 582
definitions, 579
indications, 579
reproducibility/variation, 581
techniques, 580, 581

Blount’s disease, 706
Bohler’s angle, 627, 628
Bone marrow disease

AML, 817
benign focal marrow replacement, 811
benign vs. malignant vertebral fractures

chemical shift imaging, 815, 818, 820, 821
quantitative diffusion-weighted imaging, 814, 818

diffuse neoplastic infiltration, 811
edema, 92, 93
Gaucher’s disease, 815–816
infectious spondylitis, 814
MRI, 811
myeloma, 812–813
neoplastic focal marrow infiltration, 811
red marrow, 811
yellow marrow, 811

Bone marrow scoring (BMB) score, 67
Bone mineral density (BMD)

CT, 787
in diabetic patients, 786
DPA, 787
DXA (see Dual x-ray absorptiometry)
DXR, 787
high-resolution MRI, 787
photo-densitometry, 787
QCT, 792–796
SPA, 787
spine, 826
T-score, 787, 790, 791
Z-scores, 789, 791

Bone tumours
cartilage cap thickness, 827
CT, 827
DCEMRI, 828, 830
diffusion-weighted MR imaging, 830
first-pass imaging, 829
skeletal scintigraphy, 827
staging, 833–834

static contrast-enhanced MR imaging, 828
time-signal intensity curves, 828, 829

Boogaard’s angle, 111
Boxall method, 225, 226
Bull method, 125

C
Calcaneal pitch angle, 642, 650, 658
Calipers, 172
Cam effect, 493, 494
Capitolunate angle, 341, 342, 350
Carpal angle, 370
Carpal height, 351, 354

ratio, 352, 353
Carpal radial distance ratio, 360
Carpal tunnel

median nerve, cross-sectional area, 405–407
MRI, 389–390
ultrasound, 391–392

Carpal tunnel syndrome (CTS), 387, 389, 391, 405–407
Carpal tunnel-transverse carpal ligament-MRI, 387–388
Carpal ulnar index translation ratio, 358
Carpal ulnar translation index, 355

Chamay method, 359
Dibenedetto method, 362

Carpal ulnar translation ratio, 356
Gilula method, 361
Youm method, 357

Carpometacarpal ligaments, 393–394
Carrying angle

analysis/validation of reference data, 315
anatomical landmarks, 302, 303
clinical relevance/implications, 315
definition, 314
humero-ulnar and humero-elbow-wrist angles, 314
indications, 314
reproducibility/variation, 314
technique, 314

Cartilage
edge-tracking algorithms, 91–92
imaging, 70
ultrasound, 48

Caton-Deschamps index
analysis/validation of reference data, 582
clinical relevance/implications, 582
definitions, 579
indications, 579
reproducibility/variation, 581
techniques, 580

Cauda equina syndrome, 749–750
Centre-edge angle

analysis/validation of reference data, 446
clinical relevance/implications, 445–446
definition, 445
indication, 445
pelvis/hip measurements, 460, 471–472
reproducibility/variation, 445
technique, 445

Centrumcollum-diaphyseal (CCD) angle of Muller, 503–504
Cervical spinal canal sagittal dimensions, 152–154
Cervical spine

Index
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AAAD, 139–140
anterior atlantoaxial interval, 137–138
atlanto-occipital joint space, 128–129, 131
atlanto-occipital relationships, 110
BAI, 133–134
basilar invagination

Bull method, 125
Chamberlain method, 117–118
McGregor method, 119–120
McRae method, 121–122
Ranawat method, 123–124
Redlund-Johnell method, 126

Basion-Dens interval, 132–134
Boogaard’s angle, 111
canal dimensions, 114
C C0-C3 rotation, 168–169
C2/C3 pseudosubluxation, 108
cervical dural tube transverse area, 176
cervical spinal canal

cross-sectional area, 164–165
paediatric sagittal diameter, 155–158
sagittal dimensions, 152–154
transverse dimensions, 163

cervical spinal cord area, ratio of, 183
cervical spinal cord transverse area, 181–182
cervical spondylosis, 116
cervical vertebrae

vertical height, 161–162
width of, 159–160

CMD, 110
Cobb angle, 113
craniocervical junction, 106
craniocervical measurement techniques, 107
CT, C1 bony landmarks on, 135–136
CT myelograph, adult spinal cord, 177–178
DTA, 141–142
endplate method, 114
flexion-extension motion, 166–167
foramen magnum in, 127
ISD, 148–151
measurements, 106
MRI

cervical spinal cord AP diameter on, 179–180
cervical spinal cord transverse diameter on, 181
dural sac transverse diameter on, 175

odontoid dimensions, 144–145
odontoid fractures, 108
paediatric cord/subarachnoid space ratio, 184–185
PDA, 143
posterior atlantoaxial relationship, 146–147
Powers Ratio, 130–131
precise measurement technique and careful analysis, 

106
PVSTS, 112, 170–173
Wackenheim angle, 111
X-line method, 110, 111

Cervical spondylosis, 116
Cervical translation, 113
Cervical vertebrae

vertical height, 161–162
width of, 159–160

Chamay method, 359, 360

Chamberlain method, 117–118, 120
Chemical shift imaging, 66–67
Choline, 71
Classifiers, 77, 78
Clavicle angle, 205, 206
Cobb angle

kyphosis and lordosis, 212–214
in scoliosis, 203–208

Cobb measurement of sagittal cervical angulation, 113
Common carpometacarpal (CCMC) ligaments,  

393, 394
Computational vision (CV) techniques

applications, 81–93
artificial systems, 76
biomedical imaging, 78
classification, 78
clinical medicine, 80
computer sciences, 80
digital integration, 78
DXA scans, 88
human perception, 77
human visual system, 77
imaging biomarkers, 76
machine learning, 80
mathematical research, 76
PACS, 76
pattern recognition, 80
radiology measurements

automatic/autonomous approaches, 80
clinical applications, 79
computation time, 78
cost function, 79
functional complexity, 80
interactive procedures, 79
segmentation process, 79–80

Computed tomography (CT), 15–16
axial plane measurements, 19
bone mineral density, 787
bone tumours, 827
cervical spine, 135–136, 177–178
density measurements, 27
dual-energy quantitative computed tomography, 

26–27
glenoid version angle, 291–293
linear measurements, 23
myelograph, 177–178
number measurements, 26
osteoporosis, 787
pelvis/hip measurements of children, 423–424
scout view measurements, 17–18
SEQCT, 26
three-dimensional measurements, 20–22
torsion angles, long bones of finger, 410–411
volume measurements, 24–25

Computer assistance
angle measurement, digital total-leg radiographs, 78
autonomous image analysis, 78
mechanical axes

femur and tibia, 78
intercondylar femoral notch, 78
line drawing, 78

sensitivity/specificity enhancement, 78

Index
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Congenital talipes equinovarus (CTEV)
lateral/AP talo-calcaneal angle, 601
lateral tibio-calcaneal angle, 605
lateral weight-bearing calcaneal horizontal angle, 617
lateral weight-bearing talar first metatarsal angle, 613
lateral weight-bearing talocalcaneal angle,  

610, 611
origin, 598
treatment, 599
values, 599
and varus feet, 616

Contrast-enhanced PDS (CEPDS), 725
Conventional radiography

ankylosing spondylitis
BASRI, 751, 753
mSASSS, 752–753
sacroiliitis grading, 751–753
SASSS, 752, 753
spinal changes grading, 751

osteoarthritis, 771–772
patellofemoral joint, 557, 559
wrist/hand

articular congruency, 342
capitate tangent line, 342
capitolunate angle, 342, 350
carpal angle, 370
carpal height, 351
carpal height index, 354
carpal height ratio, 352, 353
carpal radial distance ratio, 360
carpal ulnar translation, 355–359, 361, 362
chronic systemic diseases, 331
dorsal angle, 369
dorsal extrinsic ligaments, 345, 346
dorsal intercarpal ligament, 345
dorsal tilt, 369
extensor carpi ulnaris, 333
intercalated segment, 335
length of the third metacarpal, 363
ligamentous instability, 332
lunate axis, 341
lunate deformation quotient, 379
lunate fossa inclination, 371
lunotriquetral angle, 349
maximal ulnar deviation, 332
measurement errors, 333
metacarpal line/sign, 380
meticulous positioning, 333
midcarpal and radiocarpal joints depicting, 336, 339
optimal lateral projections, 334
osteoligamentous integrity, 331
palmar slope, 369
palmar tilt, 342, 369
phalangeal/metacarpal length measurements, 381
positive ulnar variance with ulnocarpal impaction, 

344
radial inclination angle, 342, 365–366
radial length, 342, 367–368
radiocapitate distance ratio, 363
radiogrammetry, 382–383
radiolunate angle, 341

radioscaphoid angle, 341
radiotriquetral ligament, 345
radioulnar angle, 373
scaphoid axis, 340
scapholunate angle, 341, 342, 348
scapholunate distance, 346–347
scapholunate ligament, 338–339, 341
scaphopisocapitate relationship, 332, 335
static instability, scapholunate diastasis, 338
trapezial inclination, 384–385
traumatic and post-traumatic assessment, 331
ulnar head inclination angle, 372
ulnar styloid process index, 378
ulnar translocation, 332
ulnar variance, 333, 374–377
volar angle, 369
volar extrinsic ligaments, 339, 345
volar inclination, 369
volar radioulnar ligament, 344
volar tilt, 369
volar ulnolunate ligament, 345
volar ulnotriquetral ligament, 345

Coracoclavicular distance, 285
Coronal balance, 215
Coventry’s method, 527
C7 plumb line, 220
Cranial migration distance (CMD), 110
Craniocervical junction, 106
CTEV, see Congenital talipes equinovarus
C7 translation ratio, 222
Cuboid abduction angle, 644
CV techniques, see Computational vision techniques

D
DCEMRI, see Dynamic contrast-enhanced MR imaging
Degenerative spondylolisthesis, 58–59
Dejour’s method, 710
Delayed gadolinium-enhanced MRI of cartilage 

(dGEMRIC), 773
Dens tilt angle (DTA), 141–142
Dibenedetto method, 362, 363, 365–366
Diffusion-weighted imaging (DWI), 67–69
Digital radiography systems, 88
Digital x-ray radiogrammetry (DXR), 787
Direct digital radiography (DDR), 5
DISI, see Dorsal intercalated segmental instability
Distal metatarsal articular angle (DMAA), 647–648, 659
Distal radioulnar joint (DRUJ), 342, 401
Distal tibiofibular syndesmosis

AITFL, 637
anatomy, ligaments and recess, 636
arthroscopy, 637
disruption, 635
dynamic stress US, 639
interosseous ligament, 638
MRI findings, 637, 638
PITFL, 637–638
radiographic measurements, 635, 636
tibial articular concavity, 635, 636
transverse tibiofibular ligament, 638
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DMAA, see Distal metatarsal articular angle
Dorsal angle, 369
Dorsal intercalated segmental instability (DISI), 335, 

340, 341, 348, 350
Dorsal ligaments

intercarpal, 397
radial collateral, 397
radiotriquetral, 398
ulnotriquetral, 398

Dorsal tilt, 369
Dual-energy quantitative computed tomography, 26–27
Dual-photon absorptiometry (DPA), 787
Dual x-ray absorptiometry (DXA), 71, 84

accuracy, precision, and radiation dose, 788
advantages, 788
geometric measurements, 792, 793
ISCD guidelines, 791
least significant change, 788, 790
of lumbar spine, 788–790
operator-dependent errors, 790
pencil/fan beam techniques, 788
peripheral DXA techniques, 791–792
principle of, 788
of proximal femur, 788–790
vs. QCT, 792
ROIs, 789, 790

Dynamic contrast-enhanced MR imaging (DCEMRI)
bone tumours, 828, 830
imaging evaluation, 64
indications, 64–66
principles, 64

E
Edge-tracking algorithms, knee, 89–91
Elbow

anatomical landmarks
anterior angulation, 302, 304
articular surface, 302, 303
distal humeral diametaphysis, 302
hook angle, 302, 304
humero-ulnar angle, 305, 306
metaphyseal-diaphyseal angle, 304, 305
O’Brien classification, 306
ossification centres, 304, 305
teardrop, 305–306
trochlear notch of ulna, 303, 306

anterior coronoid line, 306, 313
anterior humeral line, 306, 311–312
articular geometry, 301
Baumann’s angle

analysis/validation of reference data, 319
anatomical landmarks, 304, 305
clinical relevance/implications, 318–319
definition, 318
indications, 318
reproducibility/variation, 318
schematic representation, 319
shaft-physeal angle, 319
techniques, 318

carrying angle

analysis/validation of reference data, 315
anatomical landmarks, 302, 303
clinical relevance/implications, 315
definition, 314
humero-ulnar and humero-elbow-wrist angles, 

314
indications, 314
reproducibility/variation, 314
technique, 314

effusion, 327
humeral and ulnar shaft lines, 307
humeral angle, 316
humeral articular line, 307, 308
humero-condylar angle, 302, 306, 322
joint space and plicae, 325–326
LCL complex, 324
MCL complex, 323
MEE angle, 320–321
nerve entrapment, 301
post-traumatic reconstruction and arthroplasty, 301
radial, median and ulnar dimensions, 328–329
radiocapitellar and proximal radioulnar joints, 301
radiocapitellar line

analysis/validation of reference data, 310
clinical relevance/implications, 309
definition, 309
indications, 309
lateral radiograph, 309, 310
reproducibility/variation, 309

ulnar angle, 317
ulnohumeral joint, 301

Endplate method, 108, 109
Epidural fat, 202
Epiphyseal-shaft angle of Southwick, 453–454
Erosions and synovitis, 89
European League Against Rheumatism (EULAR), 728
Excursion of the flexor pollicis longus tendon, 395
Extensor hood of fingers, 396
Extrinsic carpal ligaments, 397–399

F
Fat infiltration grading, 62
Fatty muscle index, 264–265
Femoral anatomical axis, 527
Femoral anteversion, 23, 501–502
Femoral head

acetabular coverage of, 438–439
coverage, 444
displacement, in DDH, 440–441

c/b ratio, 441
clinical relevance/implications, 441
definition, 440
h/b ratio, 440
Hilgenreiner-D distance, 440–441
Hilgenreiner-H distance, 440
indications, 440
reproducibility/variation, 441
Yamamuro-A distance, 440
Yamamuro-B distance, 440

index of necrotic extent, 506

Index
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Femoral head asphericity
α angle/anterior femoral head-neck offset/offset ratio

analysis/validation of reference data, 494–495
cam effect, 493, 494
clinical relevance/implications, 494
definition, 490
indications, 490–491
multiple radial assessment, 491
oblique angle assessment, 491
radiography, 491
reproducibility/variation, 493–494
3D isotropic T1-wt spoiled gradient-echo 

sequence, 492
triangular index

analysis/validation of reference data, 497
clinical relevance/implications, 497
definition, 496
indications, 496
reproducibility/variation, 497
technique, 496–497

Femoral head extrusion index (FHEI), 483–484
Femoral neck anteversion, 693–697
Femoral neck-shaft angle, 452
Femoroacetabular impingement, 499–500
Femorotibial angle (FTA), 518, 520
Ferguson angle

scoliosis, 209
spondylolisthesis, 229

Finger pulley injuries, 412, 414, 415
Flexion-extension motion, 166–167
Flexor pollicis longus (FPL)-tendon excursions, 395
Flexor tendon-phalangeal (TP) distance, 412–415
Foot and ankle

of adult (see Ankle and foot of adult)
of children (see Ankle and foot of children)

Foramen magnum, 127
Forefoot adductus angle, 645

G
Garn method, 382
Gaucher’s disease, 815–816
Gelberman method, 374–375
Genant modified sharp score, 723
Gilula method, 361
Gissane’s angle, 628
Glenohumeral joint

AP radiograph, 239
bony anatomy, 239
coracoacromial arch, 240
coracoid process, 241
cuff impingement, 240
glenoid orientation, 243
humeral head

articular surface, 239, 240
maximum axis, 242

internal glenoid impingement, 240–241
lateral glenohumeral offset, 241
lateral glenoid offset, 241
Leclercq’s manoeuvre, 239
medial humeral offset, 239

pear-shaped glenoid, 241
posterior humeral offset, 239
post-traumatic reconstruction, 239
prosthetic arthroplasty, 243
proximal humerus reconstruction, 243
space, 273–274
structure–function information, 241

Glenoid defect, 297–298
Glenoid version angle

in children, 296
CT method, 291–293
MRI, 294–295
radiography, 289–290

Gradient recalled acquisition in the steady state 
(GRASS), 560

Graf US angle, see Alpha angle
Grelsamer-Meadows index

analysis/validation of reference data, 582
clinical relevance/implications, 582
definitions, 579
indications, 579
reproducibility/variation, 581
techniques, 580

H
Haglund deformity, 642
Hallux valgus angle (HVA), 606, 647, 648, 661
Hamatolunate facet, 400–401
Hermann/Bollow sacroiliitis score, 765–768
Hilgenreiner’s line, 420, 423
Hindfoot dimensions, 662–663
Hip dysplasia, 460
Hip/pelvic measurements

of adult (see Pelvis/hip measurements of adult)
of children (see Pelvis/hip measurements of children)

Horizontal acetabular sector angle (HASA), 480–481
Horizontal toit externe (HTE) angle, 473
Hounsfield value (HU), 26
Hueter-Volkmann law, 191
Humeral and ulnar shaft lines, 307
Humeral angle, 316
Humeral articular line, 307, 308
Humeral head retroversion, 687–688
Humeral neck shaft angle, 271–272
Humeral torsion, 687–688
Humero-condylar angle, 322
HVA, see Hallux valgus angle
Hybrid approach, 91
Hydrogen 1 (1H) magnetic resonance spectroscopy, 71

I
Iliac angle and index

analysis/validation of reference data, 433
clinical relevance/implications, 433
definition, 432
indication, 432
reproducibility/variation, 432
techniques, 432

Inclination formula, 425, 426
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Infant hindfoot, 619–620
Infectious spondylitis, 814
Insall-Salvati ratio

analysis/validation of reference data, 582
clinical relevance/implications, 582
definitions, 579
indications, 579
reproducibility/variation, 581
techniques, 579–580

Intercondylar notch, 532
Inter-facetal distance, 197
Intermetacarpal (IMC) joints, 393, 394
Intermetatarsal angle, 664–665
International Society of Clinical Densitometry (ISCD) 

guidelines, 791
Interpediculate distance, 195–196
Interspinous distance (ISD), 148–151, 167
Intrinsic acromial angle, 257–258
Ischiofemoral space (IFs), 512–513
Isthmic spondylolisthesis, 59

J
Joint line–coracoid process distance, 279–280
Joint space

elbow, 325–326
measurement, 89–91
narrowing, 89

Joint space width (JSW)
abnormal JSW, 463
analysis/validation of reference data, 464
clinical relevance/implications, 464
definition, 463
indications, 463
of knee, 529–530
normal JSW, 463
reproducibility/variation, 464
technique, 463

K
Kinematics, 69–70
Klein’s line, 451
Knee

ACL, 543, 544
alignment, 527–528
anatomy, 526
articular cartilage, 531
femorotibial angle, 518–520
intercondylar notch, 532
joint space width measurement, 529–530
lateral femoral sulcus, 533
LCL, 542
MCL, 541
mechanical and anatomical axis, 527–528
menisci, 538–539
metaphyseal-diaphyseal angle, 522
nerve, 547
PCL, 545–546
PCOR, 535–536
posterior tibial slope, 534

tibial torsion, 523–524
tibial translation, 537
TKR measurements, 548
varus angulation, 518

Kristensen method, 377
Kyphosis, 212–214

L
Lateral ankle ligament complex, 666–667
Lateral/AP talo-calcaneal angle, MRI

analysis/validation of reference data, 602
clinical relevance/implications, 601
CTEV, 601
definition, 600
indications, 600
in maximum dorsiflexion, 603
normal foot, 601
reproducibility/variation, 601
technique, 600–601

Lateral collateral ligament (LCL), 324, 542
Lateral epicondylitis, 34
Lateral femoral sulcus, 533
Lateral glenohumeral offset distance, 275–276
Lateral/medial trochlear facet ratio, 566
Lateral talocalcaneal angle, 641–642
Lateral tibiocalcaneal angle

analysis/validation of reference data, 605
ankle and foot of adult, 641
clinical relevance/implications, 604
CTEV, 605
definition, 603
indications, 603
interobserver variation, 605
in maximum dorsiflexion, 603, 604
normal, 604–605
reproducibility/variation, 604
technique, 603

Lateral trochlear inclination, 563
LCL, see Lateral collateral ligament
Lesser tarsus angle, 645
Ligamentous inter-facet distance, 199, 200
Line-drawing method, 78
Live Wire and Intelligent Scissors methods, 79
Long bone measurements

Baumann’s angle, 685–686
bicipital groove, 683–684
femoral neck anteversion, 693–697
humeral torsion, 687–688
leg length discrepancy, 691–692
lower limb alignment

anatomical axis of femur, 697, 698
centre of ankle determination, 697, 698
centre of knee determination, 697, 698
definition, 696
deformity correction, 700
femoro-tibial angle, 697
indications, 696
joint line convergence angle, 698, 699
lateral distal femoral angle, 697, 699
mechanical axis deviation, 697
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Long bone measurements (cont.)
medial proximal tibial angle, 697, 699
reproducibility/variation, 699–700
tibial osteotomy, 701
upright MRI scanner, 714
valgus osteotomy, 700–701
wedge osteotomy, 701, 702
weight-bearing full-length radiographs, 696

tibia
metaphyseal–diaphyseal angle, 706–09
post-traumatic deformity, 708–709
tibial plateau angle, 710–713
tibial torsion, 704–705

ulnar variance, 689–690
Long bones, fracture risk prediction, 824–826
Longitudinal axis of the lesser tarsus (LALT),  

644–645
Longitudinal axis of the rearfoot (LARF), 643
Lordosis, 212–214
Lower limb alignment

anatomical axis of femur, 697, 698
centre of ankle determination, 697, 698
centre of knee determination, 697, 698
definition, 696
deformity correction, 700
femoro-tibial angle, 697
indications, 696
joint line convergence angle, 698, 699
lateral distal femoral angle, 697, 699
measurement, 81
mechanical axis deviation, 697
medial proximal tibial angle, 697, 699
reproducibility/variation, 699–700
tibial osteotomy, 701
upright MRI scanner, 714
valgus osteotomy, 700–701
wedge osteotomy, 701, 702
weight-bearing full-length radiographs, 696

Lumbar index, 227
Lumbar intervertebral disc height, 193–194
Lumbar lordosis, 228
Lumbar spinal stenosis

epidural fat, 202
ligamentous inter-facet distance, 199, 200
osseous spinal canal, anteroposterior diameter of, 

198–199
spinal canal, transverse diameter of, 200–202
thecal sac, cross-sectional area of, 199

Lumbosacral angle of Dubousset, 224
Lunate deformation quotient (LDQ), 379
Lunate fossa inclination (LFI), 371
Lunotriquetral angle, 349

M
Magnetic resonance imaging (MRI), 55

achilles tendon, 654
acromial shape, 259–261
acromiohumeral distance, 251–252
ankylosing spondylitis

Aarhus MRI grading methods, 760–765
ASspiMRI and Berlin score, 754–755
Hermann/Bollow sacroiliitis score, 765–768
Leeds score, 754
SPARCC scores, 755–760
spinal changes, 768–769

BMD, 787
bone and soft tissue, morphologic measurements

grading fat infiltration, 62
grading muscle atrophy, 62–63

bone marrow disease, 810
carpal tunnel, 387–390
carpometacarpal ligaments, 393–394
cervical spine

AP diameter on, 179–180
dural sac transverse diameter on, 175
transverse diameter on, 181

distal tibiofibular syndesmosis, 635, 636
dynamic contrast-enhanced MRI

imaging evaluation, 64
indications, 64–66
principles, 64

extrinsic ligaments, wrist, 397–399
flexor tendon-phalangeal distance, 412–415
FPL-tendon excursions, 395
functional measurements

chemical shift imaging, 66–67
DWI, 67–69
dynamic contrast-enhanced MRI, 64–66
kinematics, 69–70
relaxometry, 70
spectroscopy, 70–71

glenoid version angle, 294–295
lateral/AP talo-calcaneal angle, 600–602
lower limb alignment, 714
median nerve, cross-sectional area, 405–407
metacarpophalangeal joints, fingers, 402–404
modified static orthopedic measurements

anterior tibial translation, 56
patellar maltracking, 56–58
positional abnormalities evaluation, 56
size evaluation, 56
spondylolisthesis, grading of, 58–59
volumetric measurements, 59–61

osteoarthritis, 772–774
osteoporosis, 787
pelvis/hip measurements of children, 421
rheumatoid arthritis (see MRI scoring systems, RA)
scapholunate distance measurement, 409
subacromial space, 251–252
synovitis, 724, 725
TCL-MRI, 387–388

Magnetic resonance (MR) spectroscopy, 70–71
Mann method, 368
Matsushita method, 365–366
Maximum intensity projection (MIP) reconstruction,  

45
McGregor method, 119–120
McKibbin instability index, 501–502
McRae method, 121–122
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Medial and lateral meniscus, 538
Medial collateral ligament (MCL), 323, 541

clinical relevance/implications, 669
deep layer, 668–669
definition, 668
indications, 668
superficial layer, 669, 670

Medial epicondylar epiphyseal (MEE) angle, 320–321
Medial hip joint space, 448–449
Mehta rib-vertebra angle difference, 211
Meniscus

extrusion, 540
lateral, 538–539
medial, 538–539

Metacarpal line/sign, 380
Metacarpal morphometry, 382–383
Metacarpal/phalangeal pattern profile analysis, 381
Metacarpal radiogrammetry, 382–383
Metacarpo-phalangeal joint (MCPJ), 45, 402–404
Metaphyseal–diaphyseal angle (MDA), 522
Metatarsal index, 646, 647
Metatarsus adductus angle, 608–609, 646
Meyerding method, 224–225
Microfocal radiography, 9
Migration percentage (MP), 442–443
Mirels’ rating system, 824
Model-based computer vision, 77
Modified Crass (Middleton) maneuver, 35
Modified Stokes Ankylosing Spondylitis Spine Score 

(mSASSS), 752
Moreland’s method, 527
Motion-triggered cine MR imaging, 69
MRI pelvimetry

analysis/validation of reference data, 511
biparietal diameter, 509
clinical relevance/implications, 511
definition, 509
indications, 509
interspinous (bispinous, midpelvic) diameter, 509
intertuberous diameter, 509, 510
reproducibility/variation, 510
sagittal outlet/obstetric conjugate distances, 510
transverse inlet diameter, 510

MRI scoring systems, RA
bone erosion volume, 730
bone marrow oedema, 727, 730–732
DCE-MRI

advantage, 736
clinical assessment scores, 738
early enhancement rate, 736–738
marrow oedema scoring, 739
maximum enhancement, 736
net signal enhancement, 734
radiological, histological, clinical and laboratory 

measures, 728
sequential images, 734, 735
signal intensity curves, 735
static/late phase enhancement, 736
synovial plasma volume, 735
3D FLASH sequences, 737

time to maximum enhancement (tmax), 736
TNF blocking therapy, 738
volume transfer constant, 735

erosions, 728–729
EULAR-OMERACT RA MRI reference imaging, 

728
implications, 727
synovitis

OMERACT definition, 732
pre-and post-intravenous Gd-DTPA T1-weighted 

imaging, 732
volume measurement, 732–733

T2 fat-suppressed axial images, 727, 728
Multidetector CT technology, 56
Muscle atrophy grading, 62–63
Muscle index, fat deposition, 264–265
Musculoskeletal tumors, 64
Myeloma, 812–813

N
Nash and Moe method, 207–208, 210–211
Neck-shaft angle (NSA), 84, 503–504
Neoplastic focal marrow infiltration, 811
Nerve compressive syndromes, 40–42
Nerve gap measurement, 43
Neutral vertebra (NV), 206
New York criteria, 751, 752
Non-fracture deformity, 88
Notch index, 532
NSA/CCD angle of Muller, 503–504

O
Odontoid dimensions, 144–145
Odontoid fractures, 107–109
Oedematous synovium, 724
Offset ratio

analysis/validation of reference data, 494–495
cam effect, 492, 493
clinical relevance/implications, 494
definition, 490
indications, 490–491
multiple radial assessment, 491
oblique angle assessment, 491
radiography, 491
reproducibility/variation, 493–494
3D isotropic T1-wt spoiled gradient-echo sequence, 

492
OMERACT, see Outcome Measures in Rheumatoid 

Arthritis Clinical Trials
Orthopaedic templating, 11
Ossification centre, 423
Osteoarthritis (OA)

conventional radiography, 771–772
diagnosis, 273
MRI scoring techniques, 772–774
ultrasound, 48

Osteopenia, 71
Osteophyte quantification, 81
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Osteoporosis, 70–71
BMD measurements

CT, 787
in diabetic patients, 786
DPA, 787
DXA (see Dual x-ray absorptiometry)
DXR, 787
high-resolution MRI, 787
photo-densitometry, 787
QCT, 792–796
SPA, 787
T-score, 787, 791
Z-scores, 789

bone quality, 785, 798
bone structure analysis algorithms, 800
fracture, 83
quantitative ultrasound, 787, 797–798
radiographic measurement, 797–799
screening, 83
three-dimensional tomographic images, 799–800
vertebral bodies, 84
vertebral fractures, 801–803

Outcome Measures in Rheumatoid Arthritis Clinical 
Trials (OMERACT), 707

erosion for US, 724
EULAR-OMERACT RA MRI reference imaging, 

728
synovitis for US

CEPDS, 725
colour/power Doppler sonography, 725
degree of vascularity, 726
vs. MRI, 726, 727
oedematous synovium, 724
QPD post-intravenous steroid treatment, 725
spectral Doppler resistive index, 725
synovial thickening, 726

P
PACS software, 5, 7, 9, 199, 204, 217
Paediatric cord/subarachnoid space ratio, 184–185
Paley’s method, 527
Palmar ligaments, 397

radiolunotriquetral, 397
radioscaphocapitate, 397
radioscapholunate, 397
scaphotriquetral, 397
ulnolunate, 397
ulnotriquetral, 397

Palmar tilt, 369
Palmer method, 376
Partial tears, 34
Patellar maltracking, 56–58
Patella, superoinferior displacement of

paediatric measurements, 586
patellofemoral measurements, 583–585
patellotibial measurements, 579–582

Patellofemoral joint, 10
anatomical/functional considerations

computed tomography, 558–560

conventional radiography, 557–559
determinants, 554–555
MRI, 560
radiological evaluation, 553
static or dynamic femoral relationships, 553
type of motion, 555–557
ultrasound, 557–558

axial plane patellar displacement
bisect offset, 572–573
congruence angle, 567–568
lateral patellar displacement, 569–571

axial plane rotation of patella
lateral patellofemoral angle, 574–576
patellar tilt angle, 577–578

superoinferior displacement of patella
paediatric measurements, 586
patellofemoral measurements, 583–585
patellotibial measurements, 579–582

tibial tubercle-trochlear groove distance
analysis/validation of reference data, 588
clinical relevance/implications, 588
definition, 587
indications, 587
measurement, 587
reproducibility/variation, 588
techniques, 587

trochlear anatomy
lateral/medial trochlear facet ratio, 566
lateral trochlear inclination, 563
sulcus angle, 561–562
trochlear groove depth, 564–565

VMO level, 589–590
Patellofemoral pain syndrome, 553, 554
Pedicle subtraction osteotomy (PSO), 207
Pelvic foramen distance, 425
Pelvic inclination formula, 421, 426, 465
Pelvic symmetry, 420, 425–427, 460, 465
Pelvic tilt, 217–219

clinical relevance/implications, 427
definition, 425
indications, 425
pelvic tilt index, 426
reproducibility/variation, 426–427
symphysis-ischium angle, 426
technique, 425
Tönnis’ obturator foramen index, 425, 426

Pelvis/hip measurements of adult
AASA-PASA-HASA, 480–481
acetabular and femoral head landmarks, 461
acetabular depth, 476–477

in coxa profunda, 485–486
in pincer-type femoroacetabular impingement, 

489
acetabular depth-to-width index, 476–477
acetabular fossa, 462
acetabular line, 462
acetabular/sharp’s angle, 470
acetabular sourcil, 461
acetabular version

analysis/validation of reference data, 468

Index
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anterior and posterior acetabular outlines, 466, 
467

anteversion angle assessment, 467
clinical relevance/implications, 468
definition, 466
indications, 466
reproducibility/variation, 468
retroversion, 467

ACM Angle (Idelberger-Frank Acetabular Angle), 
474–475

AHI, 483–484
anatomical pelvic and hip landmarks, 461
anterior acetabular rim, 461
centre-edge angle, 460, 471–472
centre of the femoral head, 461–462
FAI, 460
femoral anteversion and McKibbin instability index, 

501–502
femoral head asphericity

α angle/anterior femoral head-neck offset/offset 
ratio, 490–495

triangular index, 496–497
femoroacetabular impingement, 499–500
FHEI, 483–484
hip centre, 462
hip dysplasia, 460
horizontal teardrop line, 462
HTE angle, 473
ilioischial line, 462
index of necrotic extent, 506
ischiofemoral space, 512–513
JSW

abnormal, 463
analysis/validation of reference data, 464
clinical relevance/implications, 464
definition, 463
indications, 463
normal JSW, 463
reproducibility/variation, 464
technique, 463

MRI pelvimetry
analysis/validation of reference data, 511
biparietal diameter, 509
clinical relevance/implications, 511
definition, 509
indications, 509
interspinous (bispinous, midpelvic) diameter, 509
intertuberous diameter, 509, 510
reproducibility/variation, 510
sagittal outlet/obstetric conjugate distances, 510
transverse inlet diameter, 510

M-Z distance, 482
NSA/CCD angle of Muller, 503–504
pelvic inclination formula, 465
pelvic symmetry, 460, 465
posterior acetabular rim, 461
protrusio acetabuli distance

analysis/validation of reference data, 488
definition, 487
indications, 487

and osteoarthritis, 488
reproducibility/variation, 488
technique, 487–488

QFs, 512–513
scoliosis, 206
Skinner’s line, 462
sourcil cotyloidien, 461
stem anteversion, 505
symphysis pubis excursion, 507–508
teardrop distance, 463, 464
3D MDCT quantitative assessment, 498
validation criteria, 461
VCA angle

clinical relevance/implications, 479
coxa profunda, 479
definition, 478
false-profile view, 478
indications, 478
protrusio acetabuli, 479
reproducibility/variation, 478

Pelvis/hip measurements of children
acetabular angle, 430–431
AI angle, 428–429
alpha angle, 434–436
ATD, 455
beta angle, 424, 437
centre-edge angle, 445–446
computed tomography, 421
epiphyseal-shaft angle of Southwick, 453–454
femoral head, 438–441, 444
femoral neck-shaft angle, 452
Hilgenreiner’s line, 420, 421, 423
iliac angle and index, 432–433
inclination formula, 425, 426
Klein’s line, 451
medial hip joint space, 448–449
migration percentage, 442–443
MRI, 421
ossification centre, 422
pelvic tilt/symmetry, 420, 425–427
Perkins’ line, 421–423
Shenton’s line, 423
symphysis pubis width, 450
TDD, 447
ultrasound, 421
Z line, 423–424

Penumbral effects, 7
Perkins’ line, 421–423
Philip-Fowler angle, 642
Pirela-Cruz method, 355
Pisiform soft tissue attachments, 408
Pisohamate ligament, 408
Pisometacarpal ligament, 408
Pisotriquetral joint (PTJ), 408
Plantar aponeurosis, 671–672
Ponseti method, 599
Post-dislocation glenoid defect, 297
Posterior acetabular sector angle (PASA), 480–481
Posterior atlantoaxial relationship, 146–147
Posterior condylar offset ratio (PCOR), 535–536
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Posterior cruciate ligament (PCL), 545–546
Posterior inferior tibiofibular ligament (PITFL),  

637–638
Posterior tibial slope, 534, 712–713
Powers ratio, 130–131
Predens space angle (PDA), 143
Prevertebral soft tissue space (PVSTS), 112, 170–173
Proton MR spectroscopy, 71
Protrusio acetabuli distance

analysis/validation of reference data, 488
definition, 487
indications, 487
and osteoarthritis, 488
reproducibility/variation, 488
technique, 487

Proximal ulna dorsal angulation (PUDA), see Anterior 
angulation

Q
QCT, see Quantitative computed tomography
Quadratus femoris space (QFs), 512–513
Quantification of PD (QPD) post-intravenous steroid 

treatment, 725
Quantitative chemical shift imaging (QCSI), 66–67
Quantitative computed tomography (QCT)

advantage, 792
calibration phantom, 793
Cann-Genant phantom, 793
vs. DXA, 792
peripheral QCT, 796
2D QCT, 793–795
3D QCT, 795

R
RA, see Rheumatoid arthritis
Radial inclination angle, 365–366
Radial length

Mann method, 368
Solgaard method, 367

Radiocapitate distance ratio, 363
Radiocapitellar line

analysis/validation of reference data, 310
clinical relevance/implications, 309
definition, 309
indications, 309
lateral radiograph, 309, 310
reproducibility/variation, 309

Radiographs, 3
advantages, 4
anatomical determinants, 10
glenoid version angle, 289–290
limitation, 5
orthopaedic templating, 11
role of, 12
subacromial space, 247–248
technical limitations

contrast and spatial resolution, 6
distortion, 8

Radiological vertebral index, 802
Radioulnar angle, 373

Radioulnar index
Gelberman method, 374–375
Kristensen method, 377
Palmer method, 376

Ranawat method, 123–124
Ratio method, 153
Redlund-Johnell method, 126
Red marrow, 811
Reimer’s index, see Migration percentage
Relaxometry, 70
Rheumatoid arthritis (RA)

Gd-DTPA-enhanced MR imaging, 721
incidence, 721
Larson scores, 723–724
measurement method, 86
MRI scoring systems

bone erosion volume, 730
bone marrow oedema, 727, 730–732
DCE-MRI, 734–740
erosions, 728–729
EULAR-OMERACT RA MRI reference imaging, 

728
implications, 727
synovitis, 732–734
T2 fat-suppressed axial images, 727, 728

multiplanar imaging modalities, 721
pathological features, 721
quantitative analysis, 84
radiographic scoring systems, 721–722
SENS, 723
Sharp score, 722–723
ultrasound scoring systems

clinico-radiological conference review, 723
erosion, 724
4D ultrasound, 723, 726
synovitis, 724–727

Risser index, 231–232
Risser sign, 4
Romanus spondylitis, 741–744

S
Sacral inclination, 221, 228
Sacral slope (SS), 217
Sacroiliac joints (SI) joints

imaging parameters, 755
scoring method, 756–760

Sacroiliitis grading, 751, 752
Sagittal balance

C7 plumb line, 220
C7 translation ratio, 222
sacral inclination, 221
spinal tilt, 221–222
spinosacral angle, 220–221
T9 sagittal offset, 223

Sagittal rotation, 228, 229
Sagittal vertical axis (SVA), 191
Sauvegrain method, 4
Scaphoid nonunion advanced collapse (SNAC) wrist, 

351–354
Scapholunate angle, 338, 339, 341, 342, 348
Scapholunate distance, 336–339, 346–347, 409

Index
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Scapholunate ligament, 409
Sciatic nerve, 552
Scoliosis

Cobb angle in, 203–208
Ferguson angle, 209
vertebral rotation, 210–211

Shenton’s line, 423
Shoulder, 238

acromial angle, 253–254
acromial shape, 259–261
acromial tilt angle, 255–256
acromion–glenoid angle, 266–268
bicipital groove medial wall angle of humerus, 

283–284
bicipital groove width of humerus, 281–282
coracoclavicular distance, 285
fatty muscle index, 264–265
glenohumeral joint space, 273–277
glenohumeral parameters, 239–243
glenoid defect, 297–298
glenoid version angle, 289–296
humeral NSA, 271–272
intrinsic acromial angle, 257–258
joint line–coracoid process distance, 279–280
lateral glenohumeral offset distance, 275–276
subacromial space, 247–252
subcoracoid space, 286–288
supraspinatus–glenoid angle, 266–268
supraspinatus outlet parameters, 244–246
tangent sign, 262–263

Simple erosion narrowing score (SENS), 723
Single energy quantitative computed tomography 

(SEQCT), 26
Single-photon absorptiometry (SPA), 787
Skeletal maturity, 231–232
Slip angle, 224
Softening, tenomalacia, 34
Soft tissue tumours

diagnosis, 831–832
staging, 834
ultrasound, 49–51

Solgaard method, 367
Sonoelastography, 34
SPARCC scores, see Spondyloarthritis research 

consortium of Canada scores
Spinal stenosis, 749–750
Spinal tilt, 221–222
Spine deformity index, 802
Spino-pelvic organisation, 216

pelvic incidence, 216–217
pelvic tilt, 217–219
sacral slope, 217

Spinosacral angle, 220–221
Spondyloarthritis research consortium of Canada 

(SPARCC) scores
interobserver reliability, 760
limitations, 761
SI joints, scoring method, 760, 761
spine

imaging parameters, 755–756
scoring method, 756–760

Spondylolisthesis
altered spinal geometry

Ferguson angle, 229
lumbar index, 227
lumbar lordosis, 228
sacral inclination, 228
sagittal balance, 229–230
sagittal rotation, 229

anterior displacement
Boxall method, 226
definition, 224
indications, 224
lumbosacral angle of Dubousset, 224
Meyerding method, 224–225
slip angle, 224
Taillard method, 231–232
Wright and Bell method, 226

MRI, grading of, 58–59
Spring ligament complex, 673–674
Stable vertebra (SV), 206
Stem anteversion, 505
Stokes Ankylosing Spondylitis Spine Score (SASSS), 

751, 753
Subacromial outlet impingement, 259
Subacromial space

MRI, 251–252
parasagittal assessment, 251
radiography, 247–248
sonographic measurements, 249
ultrasound, 249–250

Subcoracoid impingement, 245, 286–288
Sulcus angle, 561–562
Summasketch Plus digitizing pad, 160
Sun ratio, 148, 150
Superoinferior displacement of patella

paediatric measurements, 586
patellofemoral measurements, 583–585
patellotibial measurements, 579–582

Supraspinatus–glenoid angle (SGA), 266–268
Supraspinatus outlet, 244–246
Symphysis-ischium angle, 426
Symphysis pubis

excursion, 507–508
width, 450

Syndesmophytes, 742–743
Synovitis

and erosions, 89
MRI, 726, 727

OMERACT definition, 732
pre-and post-intravenous Gd-DTPA T1-weighted 

imaging, 732
volume measurement, 732–733

ultrasound, 45–46
CEPDS, 725
colour/power Doppler sonography, 725
degree of vascularity, 726
vs. MRI, 726, 727
oedematous synovium, 724
QPD post-intravenous steroid treatment, 725
spectral Doppler resistive index, 725
synovial thickening, 726
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T
Taillard method, 231–232
Talar tilt test, 675
Talonavicular coverage angle, 676–677
Tangent sign, 262–263
Tanner and Whitehouse method, 4
Teardrop distance (TDD), 447, 463–464
Tendinosis, 34
Tendons

achilles tendon, 35
MRI, 654
US, 652–653

flexor TP distance, 412–415
FPL-tendon excursions, 395
ligaments and nerves, 651
US, 33

Tenomalacia, 34
TFCC, see Triangular fibrocartilage complex
Thecal sac, cross-sectional area of, 199
Thoracolumbar spine

AIS, 191
anterior and posterior vertebral heights, variance of, 

191, 192
cervical and lumbar lordosis, 189
Cobb angle

kyphosis and lordosis, 212–214
in scoliosis, 203–208

coronal balance, 215
growth velocity, 189
inter-facetal distance, 197
interpediculate distance, 195–196
lumbar intervertebral disc height, 193–194
lumbar spinal stenosis

epidural fat, 202
ligamentous inter-facet distance, 199, 200
osseous spinal canal, anteroposterior diameter of, 

198–199
spinal canal, transverse diameter of, 200–202
thecal sac, cross-sectional area of, 199

pelvic vertebra concept, 190
physiological lumbar lordosis, 190
sagittal balance

C7 plumb line, 220
C7 translation ratio, 222
sacral inclination, 221
spinal tilt, 221–222
spinosacral angle, 220–221
T9 sagittal offset, 223

sagittal spinal alignment, 190
skeletal maturity, 231–232
spino-pelvic organisation

pelvic incidence, 216–217
pelvic tilt, 217–219
sacral slope, 217

spondylolisthesis
altered spinal geometry, 227–230
anterior displacement, 224–226

SVA, 191
Thoracolumbar transition angle, 214
Tibial anatomical axis, 527, 534
Tibial offset, 527, 528

Tibial osteotomy, 701
Tibial plateau angle (TPA), 548, 710–713
Tibial torsion, 523–524, 704–705
Tibial translation, 537
Tibial tubercle-trochlear groove (TT-TG) distance, 58

analysis/validation of reference data, 588
clinical relevance/implications, 588
definition, 587
indications, 587
measurement, 587
reproducibility/variation, 588
techniques, 587–588

Time-intensity curve (TIC), 64, 66
TNF blocking therapy, 738
Tonnis angle, see Horizontal toit externe angle
Tönnis’ obturator foramen index, 425, 426
Torg-Pavlov ratio, 115
Torsion of finger long bones, 410–411
Total knee replacement (TKR) measurements, 548
Transverse carpal ligament (TCL), 387–388
Trapezial inclination, 384–385
Triangular fibrocartilage complex (TFCC), 334, 

342–344, 375
Triangular index

analysis/validation of reference data, 497
clinical relevance/implications, 497
definition, 496
indications, 496
reproducibility/variation, 497
technique, 496–497

Trochlear anatomy
lateral/medial trochlear facet ratio, 566
lateral trochlear inclination, 563
sulcus angle, 561–562
trochlear groove depth, 564–565

Trochlear angle, see Sulcus angle
Trochlear groove depth, 564–565
T9 sagittal offset, 223
Tumour volume measurement, 835–837

U
Ulnar angle, 317
Ulnar flexor tendon, 408
Ulnar head inclination angle, 372
Ulnar inclination, 365–366
Ulnar styloid impaction syndrome, 343, 378
Ulnar styloid process index (USPI), 343, 378
Ulnar variance, 689–690

Gelberman method, 374–375
Kristensen method, 377
Palmer method, 376

Ultrasound (US), 12, 23
achilles tendon, 652–653
automated recognition algorithms, 31–32
carpal tunnel, 391–392
complete tears, 35
coracoclavicular distance, 285
distal tibiofibular syndesmosis, 635
extensor hood, 396
flexor tendon-phalangeal distance, 412
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instability, 47
joints, 44
limitation, 35
measurement, 31
median nerve, cross-sectional area, 405–407
muscles, 36–38
nerve compressive syndromes, 40–42
nerve traumas, 43
osteoarthritis and cartilage, 48
pelvis/hip measurements of children, 421
soft-tissue masses, 49–51
subacromial space, 249–250
synovitis, 45–46
tendinosis and partial tears, 34
tendons, 33

Ultrasound scoring systems, RA
clinico-radiological conference review, 723
erosion, 724
4D ultrasound, 723, 726
synovitis

CEPDS, 725
colour/power Doppler sonography, 725
degree of vascularity, 726
vs. MRI, 726, 727
oedematous synovium, 724
QPD post-intravenous steroid treatment, 725
spectral Doppler resistive index, 725
synovial thickening, 726

V
Valgus osteotomy, 700–701
Van der Heidje modified sharp score, 722
Vastus medialis obliquus (VMO) insertion level, 

589–590
VCA angle, see Vertical-centre-anterior angle
Vertebral body ratio method, 152
Vertebral fractures

ankylosing spondylitis, 749
benign vs. malignant

chemical shift imaging, 818, 820, 821
quantitative diffusion-weighted imaging, 818, 819

Vertebral rotation in scoliosis, 210–211
Vertebral wedging angle, 214
Vertical-centre-anterior (VCA) angle

clinical relevance/implications, 479
coxa profunda, 479
definition, 478
false-profile view, 478
indications, 478
protrusio acetabuli, 479
reproducibility/variation, 478

Volar intercalated segmental instability (VISI), 335, 
339–342, 348, 350

W
Wackenheim angle, 111
Wedge osteotomy, 701–703
Whiteside-condylar angle, 528
Whiteside-epicondylar angle, 528

Whole-organ MRI scoring system (WORMS), 772–774
Wiberg’s angle, see Centre-edge angle
Wright and Bell method, 225, 226
Wrist and hand

advanced imaging
carpal tunnel, 389–392
carpometacarpal ligaments, 393–394
extensor hood of fingers, thickness, 396
extrinsic ligaments, 397–399
flexor tendon-phalangeal distance, 412–415
FPL-tendon excursions, 395
hamatolunate facet, 400–401
median nerve, cross-sectional area, 405–407
metacarpophalangeal joints, 402–404
pisotriquetral joint, 408
scapholunate interval, 409
TCL, 387–388
torsion angles, long bones of finger, 410–411
wrist bone density, 386

conventional radiography
articular congruency, 342
capitate tangent line, 342
capitolunate angle, 342, 350
carpal angle, 370
carpal height, 351
carpal height index, 354
carpal height ratio, 352, 353
carpal radial distance ratio, 360
carpal ulnar translation, 355–359, 361, 362
chronic systemic diseases, 331
dorsal angle, 369
dorsal extrinsic ligaments, 345, 346
dorsal intercarpal ligament, 345
dorsal tilt, 369
extensor carpi ulnaris, 333
intercalated segment, 335
length of the third metacarpal, 363
ligamentous instability, 332
lunate axis, 341
lunate deformation quotient, 379
lunate fossa inclination, 371
lunotriquetral angle, 349
maximal ulnar deviation, 332
measurement errors, 333
metacarpal line/sign, 380
meticulous positioning, 333
midcarpal and radiocarpal joints depicting, 336, 

339
optimal lateral projections, 334
osteoligamentous integrity, 331
palmar slope, 369
palmar tilt, 342, 369
phalangeal/metacarpal length measurements, 381
positive ulnar variance with ulnocarpal impaction, 

344
radial inclination angle, 342, 365–366
radial length, 342, 367–368
radiocapitate distance ratio, 363
radiogrammetry, 382–383
radiolunate angle, 341
radioscaphoid angle, 341
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Wrist and hand (cont.)
radiotriquetral ligament, 345
radioulnar angle, 373
scaphoid axis, 340
scapholunate angle, 341, 342, 348
scapholunate distance, 346–347
scapholunate ligament, 338–339, 341
scaphopisocapitate relationship, 332, 335
static instability, scapholunate diastasis, 338
trapezial inclination, 384–385
traumatic and post-traumatic assessment,  

331
ulnar head inclination angle, 372
ulnar styloid process index, 378
ulnar translocation, 332
ulnar variance, 333, 374–377
volar angle, 369
volar extrinsic ligaments, 339, 345
volar inclination, 369

volar radioulnar ligament, 344
volar tilt, 369
volar ulnolunate ligament, 345
volar ulnotriquetral ligament, 345
wrist radiographs, 334

Wrist bone density, 386

X
X-line method, 110, 111

Y
Yellow marrow, 811
Youm method, 357, 358

Z
Z line, 423–424

Index
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