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1 Introduction
Since its introduction in the 1970s, computed

tomography (CT) has played an important role in the
diagnosis of musculoskeletal disorders. It quickly
became the method of choice for the diagnosis of
traumatic, degenerative or developmental lesions.
Although image quality is altered by streak artifacts
of medical devices, CT is still indicated in post-
operative imaging (Blum et al. 2000; Cotten et al.
2002; Fayad et al. 2005). Today, CT is also widely
used in interventional imaging (i.e., guided injection,
biopsy, vertebroplasty, etc.) (West et al. 2009).

The diagnostic performance of CT is however
limited by the low-contrast resolution, which leads to
a poor analysis of soft tissues when compared with
magnetic resonance imaging (MRI). The analysis of
intra-articular lesions is also very difficult in the
absence of intra-articular contrast. CT studies may
also be an important source of ionizing radiation. This
may help explain the prominent role of MRI in the
evaluation of musculoskeletal disorders.

With  multi-detector computed tomography
(MDCT), wide-range detectors and a significant
reduction in radiation exposure, CT has regained its
former importance in the evaluation of the musculo-
skeletal system. Spatial and temporal resolutions were
considerably increased. Submillimetric isotropic
acquisition allows multiplanar and volume rendering
(VR) three-dimensional (3D) reformations, improving
the diagnosis and preoperative planning of bone and
soft tissues disorders (Iochum et al. 2001). Improve-
ments in temporal resolution limit motion artifacts
especially in large-volume explorations, which are
particularly suitable for the evaluation of polytrau-
matized patients with musculoskeletal injuries
(Fig. 1). Additionally, high temporal resolution allows
dynamic imaging of joints. Novel CT techniques, such
as dual-energy and CT perfusion are also available for
musculoskeletal imaging. Dual-energy CT is based on
image acquisition with a beam with variable kilo-
voltage allowing not only a better characterization of
tissues, but also a reduction in metal artifacts. Bone
and contrast media can also be subtracted with this
technique (Karcaaltincaba and Aktas 2011). With CT
perfusion, multiple and successive phases are acquired
allowing an optimal analysis of the contrast bolus.
This technique provides a functional evaluation of

bone and soft tissues’ tumors with the advantages of
being more reproducible and easier to analyze than
MRI (Oldrini et al. 2009; Goh and Padhani 2006).
Other benefits of CT scanning include a lower cost,
better availability, fewer contraindications and the
possibility to image post-operative or unstable patients
(Semelka et al. 2007; West et al. 2009).

Finally, advances in CT technology helps to reduce
the radiation exposure. After a review of the typical
doses used in musculoskeletal CT examinations, we
will discuss in detail the various methods of dose
reduction in the field of musculoskeletal imaging,
with a special emphasis on both behavioral and
technical factors.

2 Typical Doses Used
in Musculoskeletal CT
Examinations

The International Commission on Radiological Pro-
tection (1991) advocates the establishment of rec-
ommended doses for CT examinations. When greater
exposure is proposed, the need for it, and the impli-
cations of its use, should be examined. The Council
Directive of June 30, 1997, requests each Member
State of the European Union to establish and enforce
the use of reference levels of diagnostic radiation
exposure that should not be exceeded during standard
procedures (European Community 1997). The Euro-
pean Commission proposes reference values of
weighted CT Dose Index (CTDIw) and Dose Length
Product (DLP) for various types of CT studies
(European Commission 1999).

For the lumbar spine, the proposed reference levels
are a CTDIw of 35 mGy and a DLP of 800 mGy cm.
For the pelvic girdle (i.e., hip, sacroiliac), the pro-
posed reference levels are a CTDIw of 25 mGy and a
DLP of 520 mGy cm. For the exploration of a trau-
matic spine, the proposed values are a CTDIw of
70 mGy and a DLP of 460 mGy cm (European
Commission 1999). These reference doses are, how-
ever, based on survey data from the late 1980s and
early 1990s, prior to the widespread introduction of
spiral CT and MDCT (Shrimpton and Edyvean 1998;
Hidajat et al. 2001). Since then, MDCT has dramat-
ically changed clinical practice, and the guidelines
should be reviewed accordingly (Hidajat et al. 2001;
Bongartz et al. 2004).
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Fig. 1 Whole-body CT-scan of a 28-year-old man for assess-
ment of bike on car polytrauma. Arterial acquisition with 3D
reformations in VR of the whole body (a) then centered on the
right femoral fracture (b) and sagittal oblique reformation of
the thoracic aorta (c¢). The acquisition was performed with a 64-
detector row CT covering the whole body, representing a
180 cm acquisition in 34 s (64 x 0.5 mm, rotation time 0.5,
pitch 0.828, 120 kV, current tube modulation with mAs range

For example, it is interesting to note that these
guidelines recommend a nominal slice thickness of
2-5 mm for a lumbar spine CT, while most MDCT
acquisitions today are systematically performed with
submillimetric slice thicknesses. Moreover, due to the
improvement of MDCT acquisition speed, it is now
possible to obtain a wide z-axis coverage, which leads
to new indications, such as whole-body bone CT for the
assessment of a myeloma (Horger et al. 2005; Gleeson

50-145 mAs, DLP = 2,090 mGy cm). This acquisition was
performed at the arterial phase with thin slices, allowing for 3D
VR vascular reformation. This reformation allows for a better
analysis of the ratio between the diaphyseal fracture of the right
femur and the superficial femoral artery and to assist in
preoperative assessment. Note also the bilateral fracture of the
obturator rings and the rupture of the aortic isthmus

et al. 2009) or whole-spine CT for the assessment of
osteoporosis (Damilakis et al. 2010). The new tech-
niques made possible by the developments in CT
technology, such as dynamic imaging, perfusion and
dual-energy still do not have established dose reference
levels. Finally, the dose exposure of CT studies in some
parts of the musculoskeletal system (such as peripheral
joints) either has not yet been evaluated or has no
reference dose values determined (i.e., shoulder).
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Table 1 Spine CT scan doses from a literature review (Pantos et al. 2011)

Spine segment CTDIw" (mGy)

Cervical 44.3 (5.3-103.2)
Thoracic NA
Lumbar 30.3 (10.6-59.7)

NA not available

DLP* (mGy cm) Effective Dose® (mSv)

324 (56-1,275) 2.6 (0.3-7.5)
253 (66-515) 4.6 (1.0-9.8)
302 (49-870)° 5.2 (0.8-15.7)

? Values are given as the median, and range values are in parentheses

® Note the differences between lumbar spine CT doses given by Pantos et al. (2011) and Biswas et al. (2009) in Table 2. This
differences can be principally explained by the increase in dose between single detector CT and MDCT [Pantos et al. (2011)
mainly refers to surveys performed on single detector CT while Biswas et al. (2009) performed its study on MDCT] and also reflect
the increase in z-axis coverage supported by faster acquisitions with MDCT

In the literature, publications addressing CT scan
radiation doses are still rare, and the results described
are variable. In a literature review from 2008, Mettler
et al. (2008) reported an average effective dose of
6 mSv for spine CTs, with values ranging from 1.5 to
10 mSv. In a more recent literature review, Pantos
et al. (2011) reported an even higher range, from 0.8
to 15.7 mSv for a lumbar spine CT, with a median
dose of 5.2 mSv (Table 1). On the other hand, a study
focusing on musculoskeletal CT doses, Biswas et al.
(2009) revealed an average dose of 19.15 mSyv in their
institution for the acquisition of lumbar spine CT
(Table 2). This large dose variability can mainly be
explained by the difference in the z-axis coverage
between these studies. For example, Galanski et al.
(2001) reported an average dose of 2.7 mSv with an
average coverage of only 5.8 cm with a single-slice
CT scanner. Biswas et al. (2009) on the other hand
reported an average dose of 19.15 mSv, for an aver-
age coverage of 25.5 cm, with a 16-detector row CT
scanner. These differences in the delivered radiation
dose are more related to the CT acquisition protocol
used, rather than a difference in the number of
detectors rows. Although the change from single-slice
CT to MDCT implied in an increase of the delivered
dose (Thomton et al. 2003), the switch from 4 to 16 or
64-detector row CT did not. The technical improve-
ments that accompanied the increase of detector rows
keep the delivered dose relatively stable (Mori et al.
2006; Jaffe et al. 2009; Fuji et al. 2009). In fact, the
increase in the overall number of CT scans performed
(Brenner and Hall 2007) as well as the increase in
z-axis coverage supported by faster acquisitions lead
to increased radiation exposure (Mettler et al. 2008;
Richards et al. 2010). Furthermore, within a single
institution, significant variations regarding CTDI and
DLP are also observed (Tables 2 and 3). This can be

explained by the adjustment of exposure parameters
according to patient size and CT indication. For
example, tube output parameters are kept low for the
evaluation of bony structures, whereas for a focused
soft tissue evaluation it is necessary that the tube
output has to be increased. Implementation of new
dose reduction techniques, such as iterative recon-
struction, also influences the dose delivered during
CT-scan (Table 3).

Very few studies report CT exposure levels on
peripheral joints. To our knowledge, the only study
analyzing all the doses delivered in musculoskeletal
CT, including peripheral joints, was performed by
Biswas et al. (2009). Their results showed that with
respect to the radiation exposure on CT the farther
from trunk the lower the effective dose, which was
almost negligible for wrist studies (Table 2). This is
due to the fact that peripheral joints are small in size,
so tube output parameters and z-axis coverage can be
shortened. In addition, the tissue weight coefficient
used to calculate the effective dose is very small in
view of the absence of nearby radiosensitive organs.
Table 4 summarizes the values of the tissue weights
used by Biswas et al. (2009) to estimate the effective
dose in musculoskeletal CT in various anatomic
locations.

3 Modalities for Dose Reduction
in Musculoskeletal CT

The rational for CT dose reduction arises from three
major principles of radioprotection: justification,
optimization and substitution (International Commis-
sion on Radiological Protection 1977). These princi-
ples have notably been included in the European
directive Euratom 97/43 (European Community 1997)
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Table 2 Upper and lower extremity joint and spine exposure data for computerized tomography (Biswas et al. 2009)

Joint scan CTDIvol* (mGy) DLP* (mGy cm) Effective dose® (mSv)
Wrist and hand 14.41 £ 15.52 137 £ 134 0.03 £ 0.03
Elbow” 21.52 + 23.83 293 £+ 311 0.14 £ 0.22
Shoulder 19.49 + 13.77 316 £+ 211 2.06 + 1.52
Hip 19.83 + 7.67 422 + 174 3.09 £ 1.37
Knee 18.39 + 14.43 360 £+ 288 0.16 + 0.12
Ankle and foot® 17.88 £ 13.39 310 £ 210 0.07 + 0.05
Cervical spine 64.17 £ 29.04 1,414 + 831 4.36 + 2.03
Thoracic spine 64.39 + 22.23 2,171 + 805 17.99 £ 6.12
Lumbar spine 66.53 £ 21.56 1,701 + 689 19.15 £+ 5.63

? The values are given as the mean =+ the standard deviation
° Arm only (arm above the head)
¢ Unilateral

Table 3 Lumbar spine CT and shoulder CT-arthrography doses in the present authors’ institution before and after implemen-
tation of iterative reconstructions Adaptive Iterative Dose Reduction 3D (AIDR 3D, second version of Toshiba CT iterative
reconstruction)

CTDIvol* (mGy) DLP* (mGy cm) Effective dose® (mSv)

Lumbar spine CT

Before iterative reconstruction® 402 £ 114 1,094 + 309 12.32 + 3.5

With AIDR 3D 255 £ 119 695 + 338 7.83 £3.8
Shoulder CT-arthrography

Before iterative reconstruction” 439 £ 159 611 £ 260 398 + 1.7

With AIDR 3D 16.1 £43 205 £ 82 1.34 £ 0.5

? The values are given as the mean + standard deviation
° CT-scans performed in Filtered Back Projection with Quantum Denoising System (Toshiba)

Table 4 Dose conversion factors used to estimate effective doses for different musculoskeletal CT-scan examinations calculated
by Biswas et al. (2009)

Joint and spine CT scan Dose conversion factors® (uSv/mGy cm)

Shoulder 6.52
Elbow” 0.48
Wrist and hand 0.22
Hip 7.31
Knee 0.44
Ankle and foot® 0.23
Cervical spine 3.08
Thoracic spine 8.29
Lumbar spine 11.26

? Dose conversion factors are calculated by dividing the effective dose by the dose length product given by the study of Biswas
et al. (2009). Note that Biswas et al. calculated these factors with IMPACT dosimetry calculator software according to ICRP 60.
New factors should be used to take into account the ICRP 103 values

 Arm only (arm above the head)

¢ Unilateral
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and in the precautionary principle As Low As
Reasonably Achievable (ALARA). The ALARA
principles have been widely and repetitively discussed
in the literature (Kalra et al. 2004; Semelka et al. 2007,
McCollough et al. 2009; Lee and Chhem 2010; Singh
et al. 2011; Dougeni et al. 2011). We are going to
approach each of these principles successively dem-
onstrating their behavioral implications, technological
fundaments and focusing on their application in
musculoskeletal CT.

3.1 Behavioral Factors

Awareness and education. First, as in any other
field, the level of education and awareness among
radiologists and technologists are important elements
in the process of dose reduction. Wallace et al. (2010)
showed that after educating a physician, it was pos-
sible to reduce, by 29%, the lumbar spine CT doses
used within several institutions.

Justification and substitution. Justification and sub-
stitution are also two important elements, particularly
in musculoskeletal CT, where the substitution with
imaging methods without ionizing radiation, such as
ultrasound or MRI are often possible (Semelka et al.
2007; West et al. 2009; Borgen et al. 2006). For
instance, Oikarinen et al. (2009) showed in their study
on 30 lumbar spine CT performed on patients younger
than 35 years that in only seven (23%) of them the
indication could be justified. Among these studies, 20
could have been replaced by MRI, and three patients
needed no imaging at all. Clarke et al. (2001) also
showed that 90% of lumbar spine CT could have been
replaced by MRI. MRI, however, is not always feasible
because of patient claustrophobia, incompatible
implants, pacemakers or critical medical conditions
(Semelka et al. 2007). The performance of CT is,
nonetheless superior to that of MRI in some settings
(West et al. 2009). In spine imaging, CT shows a better
sensitivity for the detection of early infection-related
bone changes (Tins et al. 2007). CT is also better than
MRI for the characterization of gas and calcifications.
Because of its high spatial resolution, CT also allows a
better visualization of scaphoid cortical fractures
(Memarsadeghi et al. 2006), a better analysis of wrist
ligaments lesions when combined with arthrography
(Moser et al. 2007) and a better detection of some
osteoid osteomas with respect to MRI (Liu et al. 2003).

Finally, CT-angiography is sometimes better than
MR-angiography for the assessment of vascular
invasion from bone and soft tissue tumors (Argin et al.
2009; Thévenin et al. 2010). In our institutions, CT is
indicated in the following situations: complex fracture,
fracture with vascular impairment, fracture-disloca-
tions, occult fractures (other than hip and scaphoid),
bone and soft tissue tumors, postoperative follow-up,
bone dysplasia, intervertebral disc herniations and joint
evaluation. CT arthrography can be performed in
almost any joint and offers a better evaluation of
superficial cartilage lesions and multiplanar reforma-
tions which can be useful in the preoperative evaluation
(Omoumi et al. 2009; Wyler et al. 2009).

Scan coverage and number of phases. During the
realization of a scan, the dose can be mastered by
reducing the number of acquisitions (i.e., phases) and the
length of acquisition in the z-axis (Rehani et al. 2000).
The coverage must be limited to the zone of interest,
previously identified by the scout views. As mentioned
above, it is one of the major reasons for dose differences
between various examinations (“The smaller the exposed
area, the smaller the dose”). In musculoskeletal CT most
examinations consist of a single-phase non enhanced
acquisition. With the development of interventional,
dynamic and perfusion CT, multiple acquisitions are
performed in the same area making the limitation of the
number of phases important for dose reduction.
Position and centering. A precise centering of the
anatomical zone to be scanned in the isocenter of the CT
gantry provides optimal image quality and delivered
dose (Kalra and Toth 2007). Spatial resolution is better
in the isocenter of the gantry because more interpola-
tions of the data are performed than at the periphery
(Li et al. 2007). With the increase of the width of the
beams, and particularly with 64 or 320-MDCT, cone
beams generate more artifacts (Mahesh 2009). These
artifacts are less severe in the isocenter of the gantry and
are not noticed in practice with a good centering.
Moreover, a good centering is particularly important
with the use of the automatic dose modulation because
the calculations are made considering the patient to be in
the isocenter of the gantry. Improper centering can
increase the dose significantly (Mahesh 2009). The
width of the scanned volume should also be as narrow as
possible to limit scattered radiation and beam-harden-
ing artifacts. Therefore, shoulder girdles should be
placed on different levels when exploring the shoulder.
During acquisitions on the lower limb (i.e., foot, ankle,
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knee), the contralateral limb should be flexed out of the
scanning field when possible. Additionally peripheral
joints should be scanned as far as possible from the trunk
of the patient in order to decrease the dose received in
radiosensitive organs. Biswas et al. (2009) showed that
the acquisition of an elbow alongside the body as
compared to above the head was the source of a con-
siderable increase of the effective dose (8.35 wvs.
0.14 mSv, respectively).

3.2  Technical Factors

Scan modes. While with the spread of MDCT the
helical mode lead to a replacement of the sequential
acquisition mode, the development of wide-detector
area CT scanners lead to its come back. 320-detector
row CT scanners now allow the acquisition of a 16 cm
volume, covering the entire length of most joints with a
single tube rotation (i.e., shoulder, wrist and hand, hip,
sacroiliac, knee, ankle and foot). This scanning mode
considerably reduces acquisition time (up to 0.24 s for
the acquisition of a 16 cm volume, with no gaps), and
hence motion artifacts. Moreover it allows a significant
dose reduction with respect to the conventional helical
mode. With wide-detector area CT, overbeaming is
proportionately less important, compared to 16- or
64-detector row CT scanners (Perisinakis et al. 2009;
Mori et al. 2008). In addition, the use of volume mode
suppresses the overranging which is characteristic of
the helical mode (Gervaise et al. 2010). In helical mode,
the additional radiation dose due to overranging
increases with the number of detectors and is also
proportionally more important for the acquisition of
smaller volume lengths (van der Molen and Geleijns
2007), as is the case of peripheral joint acquisitions.
Thus, when evaluating small parts with a 16- or 64-
detector row CT scanner, some authors suggest using
the sequential or step-and-shoot acquisition mode to
avoid the additional dose exposure due to overranging
(Schilham et al. 2010; Kalra et al. 2004).

Tube potential. Reduction of the tube kilovoltage
(kV) accounts for an important dose reduction (for
example, keeping other parameters constant, a kilo-
voltage decrease from 120 to 80 kV reduces the
delivered dose by a factor of 2.2 (Mahesh 2009), but it
is also responsible for considerable increase in image
noise (Kalender et al. 2009). In practice, the increase
in noise is not detrimental to the analysis of bone

structure, thanks to its high natural contrast. It is
therefore possible to image peripheral joints at 80 kV
(i.e., wrist, knee, ankle, foot) (Figs. 2, 3). For large
proximal joints (i.e., shoulder, hip, sacroiliac, spine),
the kV must be adapted to the body habitus of the
patient: 120 kV for a standard patient, 100 kV for thin
patients, and 135-140 kV for patients with excess
weight to maintain adequate image quality. For
proximal joint CT-arthrography, it is better to use a
maximal kilovoltage of 120 because the density of the
iodine at 120 is higher than at 140 kV, which can
improve the contrast-to-noise ratio (Subhas et al.
2010). During vascular or perfusion examinations, a
lower kV of 100 or even 80, depending on the
thickness of the anatomical zone to cover, is possible
(Nakaura et al. 2011). Some teams also proposed low-
dose acquisitions at 100 kV for spinal traumas
(Mulkens et al. 2007) or myeloma (Kropil et al. 2008)
assessment. Acquisitions with kV as low as 80 have
been advocated for scoliosis (Abul-Kasim et al. 2008)
or osteoporosis assessment (Damilakis et al. 2010).

Tube current and mAs. The reduction in milli-
Amperage (mA) causes a proportional decrease of the
delivered dose, but also an increase in image noise.
This can be deleterious to the interpretation of the
CT-scans which require a good contrast-to-noise
ratio, as is the case for discoradicular pathologies. In
their study on lumbar spine CT, Bohy et al. (2005)
showed that a mAs reduction beyond 35% of the
standard settings lead to a decrease in the diagnostic
performance of lumbar spine CT. Today, the devel-
opment of automatic dose modulation allows the
adaptation of the mA to the patient’s body habitus
(McCollough et al. 2006). Van Straten et al. (2009)
showed that this type of modulation was particularly
interesting in some anatomical regions such as
shoulders and pelvis, where it accounted for an
effective dose reduction of 11 and 17%, respectively.
Its use is also interesting to adapt the mA to the
variations in the patient’s body habitus when long
body segments are imaged (e.g. lumbar spine) while
keeping a homogeneous image quality. Mulkens et al.
(2005) showed that the use of automatic dose modu-
lation in three-dimension (3D-AEC) allowed for a
dose reduction of 37% in lumbar spine CT studies.
Mastora et al. (2001) also found that online tube
current modulation resulted in a 35% reduction in the
product of mean tube current and time with no loss in
image quality when exploring the thoracic outlet for



376

A. Gervaise et al.

Fig. 2 CT-scan of the right wrist of a 20-year-old man during
the preoperative assessment of a parachute trauma with 0.5 mm
axial slices in bone window centered on the distal extremity of
the radius (a), coronal reformation in bone window in 1.5 mm
slice (b), and 3D reformation in VR (c). Note the good analysis
of the bone structures thanks to coronal and 3D reformations in

Fig. 3 CT-arthrography of the right knee of a 64-year-old
woman presenting with post-traumatic pain by rupture of a
popliteal cyst. Axial slice centered on the patellofemoral joint
acquired in volumic scan mode with 80 kV, 50 mAs, rotation
time 0.5 s and with DLP = 15.3 mGy cm. Note the good
visualization of the patellofemoral chondropathy in spite of the
important reduction of the acquisition parameters

spite of the important reduction of the acquisition parameters
(volume acquisition in 200 x 0.5 mm, 80 kV, 50 mAs, rotation
time 0.5 s) and scan dose (DLP = 39.3 mGy cm and effective
dose = 0.008 mSv). In comparison, this CT dose is only 21
times more than a standard wrist radiographic examination
(0.38 uSv) (Noel et al. 2011)

suspected thoracic outlet syndrome. Moreover, some
authors proposed low-dose protocols with low mA.
Horger et al. (2005) showed that whole-body low-
dose MDCT is appropriate for the diagnosis of lytic
bone lesions and for the assessment of fracture risk in
multiple myeloma patients. In their study, a
16 x 1.5 mm collimation was used with a tube
voltage of 120 kV and a tube current time product
ranging from 40 to 70 mAs. The effective dose of
MDCT calculated with a tube current time product of
40 mAs was only 1.7-fold higher than the mean
radiation dose associated with whole-body conven-
tional X-ray (4.1 vs. 2.4 mSv) (Horger et al. 2005).
Pitch. With some current MDCT using the concept of
effective mAs (mAs/pitch), pitch modification has no
influence on the dose because it is automatically
adapted to mA (Nagel 2007). A high pitch, of about
1.5, is preferred to reduce the acquisition time and
motion artifacts (for example, during the exploration
of a polytraumatized patient). The pitch should,
however, remain lower than 2 to keep an optimal
quality of multi-planar reformations (Nagel 2007) and
to avoid helical artifacts (Kalra et al. 2004). In con-
trast, a small pitch is preferred to reduce metal
hardware-related artifacts (Stradiotti et al. 2009).
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Fig. 4 Transverse lumbar spine CT images reconstructed with
standard filtered back projection (FBP) (a) and Adaptive
Iterative Dose Reduction 3D (AIDR 3D) (b) in a 56-year-old
man (1 mm slices, 135 kV, tube current modulation with noise
index set at 8, DLP = 347 mGy cm). Note the noise reduction

Slice thickness. In general, acquisitions are performed
with thin slices (0.5-1 mm) required for bone structure
analysis and reconstructed in thicker slices (2-5 mm)
for soft tissues analysis. Submillimetric slices improve
spatial resolution, reduce partial volume effects and
allow the reconstruction in a quasi-isotropic volume
(von Falck et al. 2010). On the other hand, thin slice
acquisition can lead to an increased radiation dose to
the patient (McNitt-Gray 2002). In case of excessive
mA reduction, the acquisition in thin slices engenders
an increase in image noise. So, whereas the acquisition
is made in submillimetric slices, the soft tissues anal-
ysis is performed on thick slices with a better signal-to-
noise ratio (von Falck et al. 2010).

Iterative reconstruction. The use of iterative recon-
struction is a considerable advance in terms of CT dose
reduction (Table 3). The first result showed a dose
reduction of at least 50%, while keeping an equivalent
image quality (Hara et al. 2009; Silva et al. 2009). Few
studies have focused on the evaluation of the benefits of
iterative reconstruction in musculoskeletal imaging. In
our institution, we conducted a study on 15 lumbar spine
CT acquired in volume mode with a 320-detector row CT
scanner. The images acquired using iterative recon-
struction (Adaptive Iterative Dose Reduction—AIDR,
first version of Toshiba CT iterative reconstruction) were
compared to those acquired using standard filtered back
projection (FBP) (Gervaise et al. 2011). Image noise and

with AIDR 3D compared to FBP, without any significant
change in image pattern (standard deviation values of the ROIs
placed in left psoas muscles are 27.94 HU with FBP and 18.39
HU with AIDR 3D, which corresponds to a noise reduction of
34%)

signal-to-noise ratio (SNR) were quantified, measuring
the values of the regions of interest (ROI) placed in
similar anatomic regions on both AIDR and FBP series.
A subjective analysis of the image quality was performed
by two radiologists. Our results showed a significant
reduction of 31% (24-37%) of the mean image noise with
AIDR, compared with FBP images and an improvement
of 47% (33-63%) of the mean SNR. The qualitative
evaluation also showed a significant improvement of the
image quality on the AIDR series when compared with
FBP images. Despite the image noise reduction, there
was no modification of spatial resolution. Finally, our
study showed a mean potential dose reduction of 52%
with AIDR compared to FBP. These preliminary results
are promising, and even more so, as iterative recon-
structions continue to quickly evolve (Fig. 4).

Whereas iterative reconstruction is particularly
interesting to reduce the dose of examinations main-
taining a good SNR, it is less useful in cases directed
primarily to bone analysis, for example in search of a
fracture. The high natural contrast of bone structures
allows low-dose acquisitions sometimes noisy, but
with no affect on the interpretation. However, one of the
other main advantages of iterative reconstruction is the
reduction of artifacts associated with beam hardening
and FBP (Boas and Fleischmann 2011) (Fig. 5). It is
thus particularly interesting for bone and soft tissues
analysis when metal hardware is present. Traditionally,
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Fig. 5 Shoulder CT images reconstructed with standard
filtered back projection (FBP) (a, b) and Adaptive Iterative
Dose Reduction 3D (AIDR 3D) (c, d) in a 59-year-old man.
0.5 mm axial slices (a, ¢) and 0.5 sagittal reformations (b, d) in
bone windowing. Note the noise reduction with AIDR 3D

a better visualization of metallic materials requires the
increase of parameters such as the kVp and the mAs, as
well as a low pitch and a thin collimation. All these
parametric changes are a source of dose increase.
Iterative reconstruction reduces the metal and the
streak artifacts while avoiding a dose increase due to
the optimization of the acquisition parameters.

Noise reduction filter. The improvement of the SNR
necessary for the analysis of soft tissue, particularly in
discoradicular pathology, can also be made by the use
of noise reduction filters with a post-processing
software. The application of these filters is performed
on already-reconstructed images, and can be used with

compared to FBP associated with a reduction of streak artifacts
(volume acquisition in 240 x 0.5 mm, 120 kV, 150 mAs,
rotation time 0.75s, DLP = 151 mGy cm and effective
dose = 1 mSv)

any CT image and even 3D reformations. Contrary to
filters used during the process of image reconstruction,
some of these noise reduction filters seem to smoothen
the image without altering spatial resolution. However,
studies should be performed to confirm the benefits of
these new post-treatment software packages.

Overranging shield. These shields reduce the over-
ranging by using an active collimation in the z-axis at
the beginning and at the end of the helical CT scan
(Stierstorfer et al. 2007). They are particularly inter-
esting for the study of small length body parts with a
16- or 64-detector row CT when overranging is an
important factor affecting the radiation dose delivered
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to the patient. Christner et al. (2010) showed that with
a 64-detector row CT, with a pitch of 1, a total
nominal beam width of 38.4 mm and an acquisition
length of 15 cm, the dose reduction with a shield
reached up 16% of the total dose delivered. On the
other hand, for acquisitions with a coverage of more
than 300 mm in a 64-detector row CT scanner,
overranging represented less than 3% of the total
dose, whichever pitch was used (Christner et al.
2010). In musculoskeletal CT, this active collimation
is thus particularly efficient to reduce the dose during
the acquisition with a 16- or 64-detector CT-scan of
the shoulders and hips, considering the short coverage
and the proximity of radiosensitive organs (i.e., the
thyroid and gonads).

4 Dynamic Studies of Joint Motion

A study of motion can be performed by the mean
of multiple static acquisitions at different joint
position or as a continuous dynamic acquisition.
This latter must be privileged during motion studies
of joints (Wolfe et al. 2000; Moojen et al. 2003;
Foumani et al. 2009) not only because the con-
straints are different between a moving and a static
system but also because the phenomenon of hys-
teresis can influence the position of various ana-
tomical structures (Berdia et al. 2006; Short et al.
1997). The improvement of the temporal resolution
of MDCT and the development of wide-detector
area CT scanners allow dynamic studies of
peripheral joints (Hristova et al. 2009; Blum et al.
2009). The adaptation of the acquisition parameters,
as well as the application of recent methods of dose
reduction help to maintain a low radiation dose.
Thus, CT becomes a functional analysis tool,
improving the analysis of in vivo articular motion
and joint dysfunction.

A dynamic motion study is possible in helical
mode with a 64-detector row CT scanner. Tay et al.
(2007) showed in an experimental study that it was
possible to perform the motion acquisition of a wrist
in four phases with a very low pitch (0.1) by using a
protocol with retrospective gating. This technique,
however, creates many motion and band artifacts
as well as an important increase in radiation dose

(Tay et al. 2007), making it a lot less efficient than
volume acquisitions with wide-detector CT scanners.

In our institution, we study the motion of joints
with a 320-detector row CT, allowing the acquisition
of volumes up to 16 cm in length. A tube rotation
speed of 0.35 s combined with a partial reconstruc-
tion technique of the data warrants a temporal reso-
lution as low as 0.24 s. This volume acquisition mode
also presents some advantages: reduction of the dose
compared to the helical mode (Gervaise et al. 2010)
and the temporal uniformity of the acquired volume
(every single voxel acquired at the same time with no
table movement and no gaps). Using this technique,
we are able to evaluate joint motion in several clinical
settings: wrist occult instabilities, patellofemoral pain
syndromes, posterior impingement of the ankle and
subtalar joint motion analysis (Fig. 6).

These motion studies require the repetition of several
acquisitions, which leads to increased radiation dose. On
a peripheral joint however, performing low-dose
acquisition with an effective dose lower than 1 mSv
without compromise to the interpretation of the motion
is possible (Snel et al. 2000). For the flexion/extension
study of the wrist with an acquisition in volume mode of
eight phases (80 kV, 17 mAs, rotation time of 0.35 s,
scan length of 10 cm), the DLP is only 133 mGy cm,
corresponding to an effective dose of 0.1 mSv (Fig. 7).
Thanks to this low effective dose, it is possible to study
several types of movements (i.e., flexion/extension,
clenching the fist, ulnar and radial deviations), while
keeping a total effective dose largely below 1 mSv.

For the dynamic exploration of the hip or the
shoulder, it is important to reduce radiation dose by
optimizing the scan parameters. If the motion study
concerns only the bone segments, the high natural
contrast of the bone allows for considerable reduction
in kV and mAs (Gurung et al. 2005). It is also
important to reduce and center the zone of interest.
Even though Hristova et al. (2009) showed improve-
ment of the image quality by continuous acquisition
of data, the intermittent acquisition mode is preferred.
In this mode the number of phases are generally
limited to 12 allowing the reduction in radiation dose
by reducing the exposure time. On the pelvis, the
radiation dose can be maintained under 10 mSv,
which corresponds to that of a standard multiphasic
abdominopelvic CT.
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Fig. 6 Dynamic CT scan of the subtalar joint of the right ankle
of a 39-year-old woman presenting with a calcification of
cervical ligament of the sinus tarsi. Examination performed
with a 320-detector row CT with acquisition of seven dynamic
phases during eversion/inversion motion of the ankle (120 kV,
75 mAs, rotation time 0.5 s, DLP = 811 mGy cm, correspond-
ing to an effective dose of 0.6 mSv). Sagittal reformation on the

5 Perfusion Studies

The tumor perfusion with CT-scan was described
several years ago (Levine and Neff 1983). Similar to
dynamic examinations, CT perfusion of bone and soft
tissue tumors are possible due to the improvement of
the MDCTs’ temporal resolution and the development
of wide-detector area CT scanners. CT perfusion
studies provide data comparable to that of an MRI on
tumoral vascularity, with a better visualization of
bone reactive changes (periosteal apposition, cortical
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subtalar joint shows the ligament calcification (a). Coronal
reformations focused on the subtalar joint during the eversion/
inversion motion of the ankle (b—d) and 3D VR reformations in
eversion (e) and inversion (f) showing the range of motion of
the right ankle. In spite of the ligament calcification, this
dynamic study shows a conservation of the articular range of
motion

fracture, osteolysis) and tumoral neovascularization.
The quantification of the enhancement is also easier
on CT perfusion when compared to MRI perfusion
(Miles et al. 2001). Perfusion studies can be
performed in helical mode with MDCT scanners with
bidirectional scanning (Ketelsen et al. 2010) or in
volume mode with a wide-detector area CT scanners.
Tumor perfusion in volume mode, without table
movement, can reduce motion artifacts and improve
the quality of the reconstructions and perfusion
curves. This technique also allows the use of the
first acquisition as a bone subtraction mask, thus



Dose Optimization and Reduction in Musculoskeletal CT

381

Fig. 7 Dynamic CT-arthrography of the left wrist of a
57-year-old man presenting with scapholunate and luno-
triquetral ligament tears. Examination performed with a 320-
detector row CT during a radio-ulnar deviation motion with
successive acquisitions of eight volumes (scan length of 10 cm,
80 kV, 17 mAs, rotation time of 0.35 s, corresponding to an

Fig. 8 Tumor perfusion CT of an osteoid osteoma in the left
femoral diaphysis of a 38-year-old patient, with 0.5 mm axial
slice after contrast injection at the arterial phase, without
(a) and with bone subtraction (b). Perfusion curves of the left
superficial femoral artery (red) and of the nidus (blue) (c). The
acquisition was performed with a 320-detector row CT with a

improving the detection and characterization of intra-
osseous abnormalities. However, these perfusion
studies lead to an important increase in radiation dose
(Ketelsen et al. 2010). The protocol optimization
should be performed by adapting the parameters of
acquisition (reduction of the kV and the mAs), by
reducing the coverage of the scanned area and
by limiting the number of acquisition phases.

acquisition time of 2.8 s, DLP = 133 mGy cm and an effective
dose of approximately 0.1 mSv). Frontal reformations in
1.5 mm slices: in radial deviation (phase 1: a), in neutral
position (phase 3: b) and in ulnar deviation (phase 5: ¢). Note
the increase of the scapho-lunate gap with the ulnar deviation of
the wrist
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16 cm coverage, with 15 phases (first phase without injection,
then nine phases every 5 s and five phases every 10 s), 120 kV,
75 mAs and rotation time of 0.5 s, DLP = 495 mGy cm. Note
the good visualization of the nidus thanks to the bone
subtraction images, confirming the early arterial contrast
enhancement also shown by the CT tumor perfusion curve

In our institution, for example, we studied the ben-
efits of CT perfusion for the diagnosis and the follow-up
of osteoid osteomas (Heck et al. 2010). A pathology in
which MRI findings may be misleading (Liu et al.
2003), and for which CT can facilitate the diagnosis
by showing the bone reaction around a small nidus.
In addition to characterization of the lesion, the CT
perfusion highlights the hypervascularization of the
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Fig. 9 Tumor perfusion
CT-scan of a schwannoma of
the forearm in a 51-year-old
woman. 0.5 mm axial slice, at
the arterial phase (a), sagittal
reformation without (b) and
with bone subtraction (c), 3D
reformation in VR (d) and
analysis of the perfusion
curves by post-processing
software (e). The acquisition
was performed with a 320-
detector row CT in volume
mode with 240 x 0.5 mm,
12 cm coverage, 80 kV,

50 mAs and rotation time of
0.5 s, acquisition of a first
phase without injection, then
an intermittent acquisition of
nine phases every 5 s, then of
five phases every 10 s. The
total DLP for 15 phases is
590 mGy cm. The vascular
reformations allow for a better
analysis of the ratio between
the tumor and the vessels and
to assist in preoperative
planning. The perfusion
curves allow for a better
analysis of the tumor
angiogenesis
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Low kV: 80 kV

Uric Acid

CaCo03

Fig. 10 Dual-energy CT of a 66-year-old man with topha-
ceous gout of the feet. Examination performed with a 320-
detector row CT with acquisition of two successive volumes of
16 cm focusing on feet/ankles and hands/wrists in 80 kV/217
mAs (a) and 135 kV/37 mAs (b) (collimation of 320 x

nidus. A precontrast mask volume can be subtracted
from the subsequent injected volumes removing cor-
tical and trabecular bone and helping to demonstrate
bone medullary edema-like changes around the nidus.
Thus, this additional information, usually provided by
MRYI, is now accessible through CT scans. To control
the radiation dose, we limit the coverage area of the
scanner to the zone of interest (approximately 4—8 cm).
Moreover, kV and mAs are adapted to the body habitus
of the patient and to the anatomical zone. The number
of phases is also limited to 15, with an acquisition
interval of 5 s for the first nine phases (arterial phase),
and then of 10 s for the latter phases. All these measures
provide a perfusion study with a total DLP usually
between 500 and 800 mGy cm (Figs. 8 and 9).
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0.5 mm, rotation time of 0.75 s). The total dose is 397 mGy cm,
corresponding to an effective dose of 0.09 mSv. Post-process-
ing (¢ and d) allows for the characterization of the urate
deposits by differentiating them from calcifications, thus
confirming the diagnosis of tophaceous gout

6 Dual-Energy CT

All manufacturers provide dual energy acquisition on
their CT scanners. The techniques used among them
are however, quite different. This might have an
influence on the results and on the clinical applica-
tions of these techniques. Dual-energy CT has several
potential applications in the evaluation of musculo-
skeletal disorders but further studies are still neces-
sary to fully assess its performance (Karcaaltincaba
and Aktas 2011).

One application concerns the detection and char-
acterization of urate deposits in gout (Choi et al.
2009). An initial study by Nicolaou et al. (2010) with
a dual-source CT scanner showed that the acquisition
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of all peripheral joints (elbows, wrists, hands, knees,
ankles and feet) provides a good sensitivity and
specificity for the detection and the location of
tophaceous gout with a total effective dose that varied
between 2 and 3 mSv. With the 320-detector row CT,
a dual-energy technique is obtained from the suc-
cessive acquisition of two volumes at different kVp
acquired without table feed (the first acquisition with
a high kilovoltage and a low milliamperage and the
opposite for the second). Thanks to post-treatment
software, this method differentiates the deposits of
gout from simple calcium deposits, while keeping a
low total effective dose (Fig. 10).

Another application of dual-energy CT is bone
removal during reconstruction, allowing the identifi-
cation of bone marrow edema. Pache et al. (2010)
showed that it is possible to see a post-traumatic bone
marrow edema on knee dual-energy CT, with an
increase of the radiation of approximately 28%
compared with single-energy CT.

Finally, Subhas et al. (2010) showed that compared
to a single-energy acquisition dual-energy CT pro-
vides a better signal-to-noise ratio relationship on CT-
arthrography of the shoulder with an equivalent dose.

7 Conclusion

CT is an ever evolving imaging modality that remains
an important tool for the evaluation of musculoskeletal
disorders. Although further studies are still necessary to
ascertain the optimal delivered dose, the developments
in CT technology lead to a major reduction of patient
exposure. The dose reduction techniques discussed, not
only allow the acquisition of high quality images with
minimal dose, but also open the possibility for new CT
applications. Novel techniques such as dual energy CT
or CT perfusion often requires extended volume
exploration and/or multiphasic acquisitions not feasi-
ble previously due to radiation exposure limitations in
clinical examinations.
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