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Abstract

Purpose Early diagnosis of cartilage degeneration and

longitudinal tracking of cartilage health including repair

following surgical intervention would benefit from the

ability to detect and monitor changes of the articular car-

tilage non-invasively and before gross morphological

alterations appear.

Methods Quantitative MR imaging has shown promising

results with various imaging biomarkers such as T2 map-

ping, T1 rho and dGEMRIC demonstrating sensitivity in

the detection of biochemical alterations within tissues of

interest. However, acquiring accurate and clinically valu-

able quantitative data has proven challenging, and the

reproducibility of the quantitative mapping technique and

its values are essential. Although T2 mapping has been the

focus in this discussion, all quantitative mapping tech-

niques are subject to the same issues including variability

in the imaging protocol, unloading and exercise, analysis,

scanner and coil, calculation methods, and segmentation

and registration concerns.

Results The causes for variability between time points

longitudinally in a patient, among patients, and among

centres need to be understood further and the issues

addressed.

Conclusions The potential clinical applications of quan-

titative mapping are vast, but, before the clinical

community can take full advantage of this tool, it must be

automated, standardized, validated, and have proven

reproducibility prior to its implementation into the standard

clinical care routine.

Keywords Quantitative MRI � Reproducibility �
T2 mapping � Variability � Review

Introduction

Currently, non-surgical and surgical techniques exist with a

goal to stabilize and improve cartilage health and based on

clinical evaluation of pain symptoms and subjective out-

comes scoring. It appears that these preventative and repair

strategies experience some successes [52]. Arthroscopy is

currently the gold standard for in vivo diagnosis of carti-

lage degeneration as it allows for the direct assessment of

the cartilage surface integrity and the qualitative assess-

ment and grading of cartilage stiffness [19]. However,

subjecting a patient to a second arthroscopic procedure to

directly evaluate cartilage surface integrity and stiffness is

invasive with associated morbidity and avoided whenever

possible. Currently, there are limited non-invasive imag-

ing-based clinical tools available which are sensitive

enough to assess the changes in cartilage associated with

the earliest stages of osteoarthritis (OA). Radiographs are

commonly used to evaluate decreased joint space associ-

ated with cartilage thinning, but this approach is limited to

moderate to severe diffuse cartilage loss, which must occur

before joint space narrowing will present radiographically

[22]. Conventional magnetic resonance imaging (MRI)

allows for macroscopic anatomic assessment of the carti-

lage but is less sensitive to the biochemical changes asso-

ciated with early OA (i.e. proteoglycan depletion, changes
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in water content and collagen content and organization)

[58]. As the prevention, delay and the potential reversal of

cartilage damage have been the desired goals of OA

treatment, the development of an appropriate method of

assessing and tracking early OA is imperative.

Recently, quantitative MRI techniques such as T2, T2*,

dGEMRIC (delayed gadolinium-enhanced MRI of carti-

lage), sodium imaging ((23)Na), chemical exchange satu-

ration transfer (CEST), diffusion weighted imaging (DWI)

and T1rho mapping have been shown to be sensitive to

biochemical changes in cartilage [12]. Studies in the hip,

knee, shoulder and ankle have demonstrated significant

changes in quantitative mapping values associated with

various stages of OA, surgical repair techniques and vari-

ous pathologies [33, 39, 46]. Of these sequences, T2

mapping and dGEMRIC are currently the most widely used

in the clinical setting and while many researchers have

shown differences in dGEMRIC and T2 mapping values

between healthy populations and those with OA, the spe-

cific values associated with healthy and damaged cartilage

remain variable and not well understood [68]. The lack of

understanding of factors that contribute to the variable

values in the literature has hindered the inclusion of these

techniques as part of standard clinical care. Potential

sources of variation affecting T2 mapping results include

scanner type and magnet strength, coil type, patient and

control population, imaging protocol, T2 mapping

sequence parameters, post-image processing, method of

calculation and analysis/reporting of values. In order for

quantitative MRI to be more clinically useful, it is impor-

tant to first determine the factors affecting the reproduc-

ibility in efforts to create standardized and universally

accepted protocols.

The purpose of this paper, therefore, is to review the

current T2 mapping literature and highlight and discuss

potential reasons for the lack of reproducibility among

centres. By identifying these factors, we may be able to

reach a consensus across centres to reduce variability and

increase reproducibility. By doing so, we may better be

able successfully to implement quantitative techniques,

such as T2 mapping, into the standard clinical workflow,

something that has eluded the orthopaedic community. The

focus of this review will be on T2 mapping since it is

currently the most widely used non-invasive cartilage

mapping sequence. However, the sources of variability, in

most cases, can be extrapolated to other quantitative MR

imaging techniques.

Materials and methods

Electronic searches in PubMed (http://www.ncbi.nim.nih.

gov/pubmed) were performed to identify relevant studies

for this review. No starting date was entered for the elec-

tronic searches in order to obtain the entire span of litera-

ture available in PubMed. Search terms included

‘‘Asymptomatic’’, ‘‘Osteoarthritis’’, ‘‘Quantitative MRI’’,

‘‘Magnetic Resonance Imaging’’ and ‘‘Cartilage T2’’. The

reference lists of relevant manuscripts were also screened

during this process.

T2 mapping technique

T2 relaxation time/value refers to the spin–spin relaxa-

tion time which relates to the decay of magnetization in

the transverse plane following radio frequency (RF)

pulse excitation. T2 mapping has demonstrated sensitiv-

ity to water content and collagen content, structure and

organization in cartilage [11]. Damage to the collagen-

proteoglycan (PG) matrix and the increase of water

content in degenerating cartilage has been shown to

increase T2 values [35], and elevated values have been

observed in patients with OA [15]. T2 mapping has

proven to be a useful predictor of cartilage degeneration

and repair tissue following surgical intervention in the

knee [29], hip [6] and ankle joint [14]. Compared with

other quantitative MRI techniques (shown in Table 1),

T2 mapping has the advantage that it can be performed

non-invasively without the injection of contrast agents

and that T2 mapping sequence and post-processing

software are available in many commercial MRI scanner

systems. For any clinical tool, it is essential to appreciate

and document reproducibility including the test–retest

reliability. Such has been evaluated in the knee articular

cartilage with Glaser et al. [20] reporting that precision

errors are smaller in investigations of the patella than in

the femoral or tibial cartilage. Additionally, Mosher

et al. [44] found greater reproducibility in repeated T2

measurements in the patella compared to the femoral or

tibial measurements. The reasons for variations in carti-

lage reproducibility should be better understood and such

assessments should be extrapolated to other joints and

tissues.

Study population

The chief clinical application for T2 mapping involves the

detection of early cartilage damage prior to the onset of

symptoms and prior to detection using conventional

screening techniques; thus, the inclusion criteria for these

subjects and patients are critical for the evaluation of the

efficacy of the technique. It is necessary to understand

normative T2 values in the joint in order to comprehend

values associated with damage. Additionally, using nor-

mative areas of cartilage as a reference or a control is

common within the literature for its application in
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longitudinal tracking and normalizing, and thus, the

inclusion of such data should be better understood and

standardized.

While it is currently not possible to be certain that no

early cartilage degeneration exists in the subject without

histology, inclusion as an asymptomatic individual has

been performed using a variety of parameters ranging in

intensity from acquiring a subjective history of the indi-

viduals’ joint to performing a clinical examination of the

joint, lending itself to the variability observed in the liter-

ature. For the knee, subject reported questionnaires such as

the Western Ontario and McMaster Universities Arthritis

Index (WOMAC), the Lysholm Knee questionnaire and the

Tegner Activity Scale may be useful in quantifying joint

health when used in conjunction with objective semi-

quantitative scores such as the Kelgren Lawrence radio-

graphic score and morphologic semi-quantitative MRI

scores [such as the following with their known acronyms:

Whole-Organ Magnetic Resonance Imaging Score

(WORMS), MRI Osteoarthritis Knee Score (MOAKS),

Boston Leeds Osteoarthritis Knee Score (BLOKS) and

Knee Osteoarthritis Scoring System (KOSS)]. Arthro-

scopically, macroscopically normal cartilage can be

determined via scoring systems such as the Outerbridge

Classification and the International Cartilage Repair Soci-

ety (ICRS) arthroscopic grading system score, but the

process is invasive and not practical for prospective healthy

cohort studies. Highlighting the difficulty of classifying a

subject as healthy, Joseph et al. [28] evaluated the differ-

ence in subjects at risk for OA and healthy cohorts and

observed that in the patella and lateral tibia, there was a

higher prevalence of cartilage defects in the healthy control

group compared to the subjects at risk for OA. Apprich

et al. [1] evaluated 43 patients via morphological MRI, 11

of who exhibited no cartilage damage or defects on the

medial condyle. These 11 patients were given a grade 0

ICRS score and were deemed morphologically normal, but,

upon analysis three of these ‘‘normal’’ patients exhibited

T2 means higher than that for the patients with an ICRS

score of grade I.

Apart from evaluating asymptomatic subjects, the use of

an internal control (an area of morphologically ‘‘normal-

appearing’’ cartilage) has been utilized in surgical repair

patients serving as a reference to track repair tissue changes

in T2 values within the patient. This method may be

problematic as the steps to identify an internal control vary

in the literature. Mamisch et al. [40] placed the internal

control 0.5 cm from the transplant area in all patients,

Welsch et al. [59] specified that the internal control had to

be at least 2.0 cm away from the cartilage repair tissue and

in a different paper, and Welsch et al. [60] utilized an

internal control in the same anatomic region of interest

(ROI) as the area of the cartilage repair tissue. Apprich

et al. [2] observed that in patients with a focal cartilage

defect, adjacent areas of morphologically appearing carti-

lage showed consistently higher mean T2 values than

Table 1 Pros and Cons of various quantitative MRI mapping

techniques

Sensitivity Strengths Limitations

T2 Mapping Water content,

collagen

content,

structure and

organization

Non-invasive,

commercially

available

Not sensitive to

PG/GAG

T2*

Mapping

Collagen

matrix,

collagen

fibre, network

and

interaction of

water

molecules

Ability to

measure

shorter T2

signals (i.e.

use in tendon

and deep

layers of

cartilage)

Limited contrast

resolution. Can

be difficult to

segment

T1 rho PG/GAG High dynamic

range

Has SAR

limitations,

longer scan

times and high

RF power

required

dGEMRIC PG/GAG High resolution

and has shown

to be very

sensitive

Contrast agent

with associated

morbidity and

expense. Delay

after contrast

administration.

Patient must do

physical

activity

Sodium

Imaging

PG/GAG Non-invasive

and high

contrast

Use of special

coils, very

high-field

scanners, long

imaging times,

limited

resolution and

typically used

in research

setting

Chemical

exchange

saturation

transfer

(CEST)

PG/GAG Non-invasive

and short

imaging time

Used in very

high fields

therefore

typically in

research setting

Diffusion

weighted

imaging

(DWI)

Collagen fibre

network by

the way of

sensitivity to

the restriction

of water

molecules

Has shown

great

sensitivity;

however,

results have

been very

preliminary

Low SNR,

spatial

resolution and

poor FOV

coverage in

tissues with

lower T2

Where PG proteoglycan, GAG glycosaminoglycans, SAR specific

absorption rate, RF radio frequency, SNR signal-to-noise ratio and

FOV field of view
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control volunteers without a defect. This finding may

indicate the impact of focal defects on the surrounding

cartilage and the joint as a whole. As discussed previously,

‘‘normal’’ cartilage definition, one without signs of early

cartilage degeneration on standard morphological images,

may not be sufficient [11]. The definition of the internal

control cartilage should be standardized and, even if stan-

dardization is achieved, internal control may not be feasi-

ble or reproducible for longitudinal studies of an individual

patient, as the ‘‘control’’ cartilage may change between

time points.

Imaging protocol

Several scanning sequences have been developed for the

purpose of determining T2 values of tissue, but the use of

various T2 acquisition techniques may contribute to the

variability observed in the literature. Such T2 acquisition

sequences include the spin-echo (SE) and fast SE (FSE)

techniques as well as several pulse sequences such as

multi-echo SE (MESE) sequences and spiral sequences. 3D

double-echo steady-state imaging (DESS), a gradient echo

based sequence, has recently gained interest as it generates

two signal echoes characterized by different contrast

behaviour from which the underlying T2 value can be

calculated [61]. The DESS approach allows for the mor-

phological and quantitative MRI to be acquired in one

scan, but less accuracy in the T2 value calculation has been

predicted as the calculation is accomplished by using only

two data points unlike most T2 acquisitions that fit based

on upwards of six data points. Welsch et al. [64] reported

high correlation between DESS derived T2 values and T2

mapping values, but values from the T2 mapping MESE

sequence had a higher sensitivity for detecting damaged

cartilage. Furthermore, Pai et al. [47] investigated the dif-

ferences in T2 values of healthy patellar cartilage using SE,

FSE, MESE and a spiral sequence at 3.0T and found the

mean values to range between 27.0 and 41.0 ms. Consid-

ering that the differences in T2 values between healthy and

damage cartilage have been shown to be in the range of

2.0–12.3 ms [35, 40, 59, 68], the findings by Pai et al. [47]

are sobering as they highlight the variation that can result

in using different T2 acquisition scans. It may be consid-

ered that the differences in T2 mapping values found in the

literature will continue as newer acquisition scanning

techniques (MESE and DESS) are being adopted while the

current popular techniques such as the SE and FSE

sequences are still being used and reported.

Field strengths and coils

The T2 mapping literature has utilized varying scanners

from different manufacturers using magnet strengths

between 1.5T and 7.0T for human articular cartilage

in vivo. MRI at 3.0T has recently become perhaps the

benchmark for clinical routine and research as it has twice

the signal-to-noise ratio (SNR) and higher resolution than

that of the standard 1.5T. More recently, MRI field strength

of 7.0T has been used with preliminary success in the

research setting as these systems are still investigational

and not approved or widely available for standard clinical

care. Imaging at 7.0T has been gaining interest as it allows

for increased morphological detail and has functional

imaging capacity coupled with faster acquisition times

[57]. Signal-to-noise ratio is directly related to magnetic

strength, and T2 mapping values have been shown to be

highly affected by noise [30]. When comparing SNR at

3.0T and 7.0T, it was observed that SNR varied greatly

between different tissues with some of the largest SNR

increases found in articular cartilage and no SNR increases

observed in the trabecular bone [45]. However, the

increased field strength of the 7.0T may come at the cost of

increased artefact (susceptibility and chemical shift) and

acoustic noise [9].

The evolution of high-field MRI has been further aided

by advancement of coil technology such as the introduction

of the multichannel coil and the phased array coil. The type

and condition of the coils used not only affect image

quality but can affect the T2 calculation. Chang et al. [9]

observed average differences in cartilage T2 reaching

-6.8 ± 6.7 ms at the tibia and -8.2 ± 9.7 ms at the femur

when comparing values from a 28-channel coil with a

quadrature coil, consequently advising that coils should be

switched with caution during quantitative MR studies.

Loading status

T2 values have demonstrated sensitivity to the patient’s

activity level prior to scanning as it can relate to the

time the joint is unloaded. These changes may be due to

an influx/efflux of water or by a change in collagen fibre

orientation within the loaded joint [43]. To reduce the

effects of loading, T2 mapping acquisition is commonly

performed following 30–45 min of unloading inside the

scanner [40, 62]. Mamisch et al. [40] compared T2

mapping values of healthy and repair cartilage during

early unloading and late unloading and observed signif-

icant differences between patients only in the late

unloading condition. Furthermore, it was observed that

after subjects rested for 40 min in the scanner, T2 values

of the medial femoral condyle increased significantly

with increasing ICRS cartilage defect grade while the

unloaded state did not show a significant increase in the

same measure [1]. T2 values in the knee cartilage

between early unloading and late unloading conditions

have shown to have an increase in T2 values of up to

1388 Knee Surg Sports Traumatol Arthrosc (2014) 22:1385–1395

123



9.1 ms with the largest change found in the superficial

layer of cartilage [3]. Liess et al. [37] observed an

increase in cartilage thickness and an increase in T2

values of the patellar cartilage 45 min post-exercise,

suggesting the activity level before the scan should also

be regulated. The unloading time and protocols prior to

scanning/mapping in these reports vary, and the optimal

procedure has not been determined.

T2 calculation

It has been demonstrated that different methods of T2

calculation cause significant differences in T2 values [32,

51]. Pixel-wise monoexponential non-negative least-

squares fit analysis is currently the most common method

of calculating T2 values. Commercialized software

packages such as MapIt (Siemens Medical Solutions,

Erlangen, Germany), OsiriX (Imaging Software, Geneva,

Switzerland), MRIMapper (Beth Israel Deaconess and

MIT 2006) and MPCURVEFIT (NASA/GSFC Code 662,

Greenbelt, MD) have been used to generate T2 maps

using a monoexponential fit algorithm. While each

package uses the same general algorithm, it is unclear if

there exists small differences in the algorithms that could

affect the T2 calculation substantially therefore pro-

spective analysis of these potential differences should be

performed. Custom in-house software has been reported

using similar monoexponential fit algorithms with some

additions including discarding early or late echoes and

the use of post-processing techniques such as noise

correction [15]. While these additions may lead to more

accurate T2 values, the specific algorithms are often not

reported in custom in-house software leading to difficulty

in interpreting and reproducing the results.

Koff et al. [32] compared T2 values of 10 healthy knees

using a linear, a weighted, and a nonlinear fitting algorithm

for a monoexponential decay equation and reported that all

three methods resulted in significantly different T2 values.

Although the average difference of T2 values between

methods was around 5.0 ms, the nonlinear algorithm con-

sistently exhibited the best fit to the acquired data [32].

Raya et al. [51] examined the accuracy and precision of the

traditional linear least-squares regression fit and two new

noise-corrected nonlinear fits: a noise-corrected exponen-

tial fit and a noise-corrected squared signal intensity

exponential fit. Using a phantom and varying levels of

artificially induced noise, it was found that the traditional

fit methods led to lower accuracy at lower T2 values

compared to two noise-corrected fit methods with overes-

timations up to 500 % (up to 60.0 ms over the known

phantom value). Intuitively, noise reduces the accuracy of

T2 values, and thus, noise correction should be further

investigated.

Data exclusion is commonly reported within the litera-

ture including exclusion of T2 values with a poor fit, out-

liers, selected slices and echoes [15, 30, 32, 35]. T2 values

above 150.0–200.0 ms have been excluded from analysis

in order to omit synovial fluid and partial volume effect

that may have been included within the region of interest

[35]. Exclusion of full slices due to partial volume aver-

aging, motion artefact, arterial pulse artefact and chemical

shift artefact has been reported [32]. The magic angle

effect, which occurs when collagen fibres are oriented at

55� relative to the applied static magnetic field (B0), has

been used to explain the aetiology of focally increased

signal observations on short TE images of cartilage,

especially curved cartilage surfaces such as the cartilage of

the femoral condyle and the acetabular cartilage [42].

Because increases in T2 values have been associated with

cartilage damage, this area of increased signal is believed

to introduce a source of quantification error. Mosher et al.

[42] observed that over a normalized distance, T2 profiles

oriented at 50–60� to B0 are statistically significantly

longer (higher T2 values) than the T2 profiles oriented at

0–10�. The presence of stimulated echoes can introduce

difficulty when analysing multiecho decay data or multi-

echo T2 data as these stimulated echoes lead to corruption

of the exponential decay of the primary echoes [49]. This is

thought to lead to inaccurate T2 values from invalid dis-

tributions. The first echo has been excluded from calcula-

tions due to the stimulated echo effect [38], which was well

described by Hennig et al. [25]. This is a debated point as

improved accuracy of T2 values has been demonstrated

when the first echo is dropped [38] yet others have con-

cluded that the lower SNR of the later echo times would

cause more variation in the T2 values than leaving in the

first echo [67] as the first echo is considered the only

‘‘correct’’ spin echo.

Segmentation methods

Currently, analysis of cartilage T2 values requires manual

or semi-automatic segmentation (based on edge detection)

which is not only time intensive but could potentially add

variability. Segmentation accuracy is highly dependent on

the sequence [18] with delineation between cartilage and

bone most accurately performed on gradient echo sequen-

ces [17]. However, gradient echo sequences have smaller

contrast dynamic range compared to sequences, such as

turbo-spin-echo sequences, which could reduce the sensi-

tivity to cartilage degeneration. Currently, there is no

universally accepted sequence for cartilage segmentation.

Semi-automated segmentation techniques are performed

on morphological images and require the trained user/rater

to manually correct for areas of synovial fluid, chemical

shift artefact and regions of partial voluming [56]. The
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morphologic images are then registered to the T2 mapping

images, and the corresponding T2 values are extracted. The

registration of images may also cause variation in T2 val-

ues depending on the registration algorithm. Manual seg-

mentation techniques are performed either on morphologic

images or directly on the T2 mapping images. Again, raters

must be trained to perform manual segmentations to

decrease variability and ensure accuracy. As previous work

has indicated, the cartilage/bone interface can be difficult

to delineate with manual segmentation due to factors such

as partial volume averaging of cartilage voxels with bone

voxels [55]. Since T2 mapping sequences are not fat sup-

pressed, a chemical shift artefact is often present near the

bone interface and can affect segmentation as well as

calculated T2 values. Current Food and Drug Administra-

tion (FDA) approved T2 mapping software packages

require manual segmentation of each slice which in turn is

time consuming and not feasible in the clinical routine.

Automated cartilage segmentation is needed for analysis of

the full cartilage volume in the clinical environment in

order to standardize the segmentations and reduce the post-

processing time.

Region of interest (ROI)

The subregions/ROIs used for analysis following cartilage

repair procedures are typically determined by evaluating

the morphological MR image and recalling surgical

reports. Due to the high prevalence of OA in the weight-

bearing femoral/tibial joint, this is a common area for

subregion analysis following surgical intervention in the

knee, with two to three consecutive slices used for analysis

[15]. Nonetheless, classification and detection of the

weight-bearing region vary across studies. A zonal thick-

ness of at least two pixels in the subregion has been set as a

minimum requirement for analysis [1, 59]. Further studies

are needed to validate the reproducibility of various

methods of locating the cartilage repair sites and the effect

on the T2 mapping values.

For additional analysis, a few institutions have presented

further separation into two or three zones representing the

deep, middle and superficial layers as they are believed to

correspond with the anatomical structure of cartilage [65].

Apprich et al. [1] observed that the average T2 values for

the deep, superficial and global cartilage layers signifi-

cantly increase with severity of cartilage defect grade. T2

zonal variations have also been used to characterize carti-

lage repair tissue such as by Welsch et al. [59] who

observed zonal increases from deep to superficial cartilage

following MACT but not following MFX. The differences

in T2 values between superficial and deep zones are likely

due to the zonal variation of cartilage structure and com-

position within normal hyaline cartilage [41]. Deep zones

of normal hyaline cartilage are marked by collagen fibres

that run perpendicular towards the cortical surface, while

the more superficial zones nearer the articular surface the

collagen fibres have a more random and then tangential

orientation that causes a dissimilar mobility of water pro-

tons in the partly anisotropic part of the cartilage tissue.

The number of subregions used to describe normative or

baseline cartilage in healthy cohorts has varied greatly as

appreciated in Table 2. The most common approach in the

knee has been subdividing the patella, medial and lateral

femur, and the medial and lateral tibia [26, 28]. Other

researchers have further divided these cartilage regions into

anterior and posterior or lateral and medial subregions [23].

However, no standardized set of subregions has been

adopted.

Results

The method of analysing and reporting T2 values results in

the literature differs among institutions making comparison

difficult if not entirely unfeasible, and as such, these

techniques are visited. The mean and standard deviations of

T2 values within subregions are most commonly reported;

however, alternate methods have been adopted. Normali-

zation of T2 mapping values has been proposed as a way to

minimize variability between subjects. It has been sug-

gested that normalizing T2 values to healthy appearing

cartilage could aid in the assessment of the tissue’s heter-

ogeneity and the tracking of OA in a clinical setting. Dunn

et al. evaluated the T2 values in femoral and tibial cartilage

in patients with varying degrees of OA and compared them

with healthy cohorts based on the calculation of the T2 Z-

score. The group observed higher Z-scores in the weight-

bearing region both in patients with mild and severe OA

when compared with healthy cohorts [15]. The Z-score is

evaluated per pixel and is generated using the mean and

STD of T2 values from each subregion by the following

equation: Z = (voxel i-mean healthy)/STD healthy.

Recent work by Lattanzi et al. [34] stressed the probable

importance of standardizing quantitative MRI results on a

patient-specific basis by using the Z-score for evaluating

patients with femoroacetabular impingement (FAI).

Although the work evaluated the Z-score using T1 values,

the baseline or healthy T1 values varied significantly

among patients. Therefore, the standardization of the T1

values to each patient was able to increase sensitivity in

detecting abnormal cartilage in FAI [34].

The T2 index has been utilized to compare repair tissue

to the normal internal control tissue [13, 63]. The T2 index

aims to express the repair tissue relative to the normal

tissue using the equation: T2 Index = (repair T2 (mean)/

normal T2 (mean)) 9 100 [13]. Significant differences
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have been found between scaffold techniques using the T2

index [63], and the T2 index has also been shown to cor-

relate with the International Knee Documentation Com-

mittee (IKDC) subjective score following MFX [13].

Some researchers have presented more complex analysis

called texture analysis, which involves comparing neigh-

bouring pixels [24]. Grey-level co-occurrence matrix

(GLCM) texture analysis determines the frequency that

neighbouring grey-level values occur in an image.

Recently, the literature has demonstrated the potential of

this technique in the field of biochemical cartilage MRI

using T2 maps of the knee joint and has been able to detect

early degenerative changes in the cartilage matrix reflected

by the spatial distribution of T2 values [28]. Parameters for

GLMC texture analysis include contrast, variance, homo-

geneity, entropy and are typically calculated in each car-

tilage subregion. GLMC entropy of cartilage T2 has been

shown to be elevated in patients with OA compared to

healthy controls [7, 36] as well as more heterogeneous [28]

and has higher variance [8], and higher contrast [8, 28].

Carballido-Gamio et al. [7] determined that texture ana-

lysis used in conjunction with mean T2 values could

improve classification between subjects with and without

OA.

Discussion

The most important finding of the present review was

identification of the factors that impact the observed vari-

ability of T2 values in the current literature. Early diag-

nosis of cartilage degeneration and longitudinal tracking of

cartilage health response to non-operative treatment as well

as repair following surgical intervention would require the

ability to non-invasively detect and monitor changes in the

cartilage integrity prior to gross morphological changes.

Factors that influence normal cartilage variation should be

identified to improve our understanding of cartilage disease

such as OA. Quantitative MR imaging has demonstrated

promising results with various biomarkers, but acquiring

accurate and clinically valuable quantitative data has pro-

ven challenging and variable.

Automated segmentation and registration of the full

cartilage volume is needed for quantitative analysis of the

mapping results and for tracking patient progress over time.

Current FDA approved T2 mapping software packages

require manual segmentation of each slice, which is not

clinically practical and requires the MRI technologist to

select the slices to segment. Optimally, cartilage should

also be automatically divided into clinically relevant sub-

regions using reproducible landmarks to allow for corre-

lation with surgical findings and longitudinal tracking of

cartilage health. Cartilage should be evaluated inT
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subregions that are clinically relevant and reproducible as

variations in the composition and structure of healthy

cartilage, such as in the knee, have proven inconsistent and

may lead to inhomogeneous distribution of cartilage T2

values [16]. Some institutes have chosen to evaluate only

the weight-bearing regions of the cartilage, but this may

not be as useful as degeneration can occur throughout the

whole joint, highlighting the need for subregions that take

this into consideration [54].

If successfully implemented into clinical routine, carti-

lage mapping has many potential uses. Clinically mean-

ingful colour scales could be applied to cartilage mapping

overlays for qualitative assessment (shown in Fig. 1), and

quantitative data could be analysed to help in clinical

decision making and outcome tracking. Quantitative map-

ping could be utilized in treatment planning and tracking a

patient’s progress over time. The current biochemical state

of the cartilage may also be related to clinical outcome;

however, this has yet to be determined and few studies with

histological correlation have been performed in vivo in the

human. In addition, the health of the cartilage may help

determine whether a conservative approach such as phys-

ical therapy can be attempted or if surgical intervention is

needed. It may be theorized, however, as we currently do

not fully understand the cartilage biochemical alterations

that occur in each of these scenarios (i.e. osteoarthritic

cartilage, early OA, damaged cartilage, post-operative,

non-operative intervention, and pharmaceutical and thera-

peutic intervention), that each may have a different effect

on the T2 value and that the research community should

strive for understanding of this. It may also be reasonable,

taking into account the parameters that may introduce

variability and affect reproducibility, that a specific method

of analysis (i.e. determination of internal healthy control

cartilage; subregion/ROI analysis) may be appropriate for

different situations (e.g. follow-up evaluation after carti-

lage repair surgery, monitoring cartilage following an

injury for development of OA etc.) as determined by a

surgeon or researcher. This notion may facilitate under-

standing of individual circumstances and reasons to opti-

mize reproducibility.

There are many implications for the future inclusion of

quantitative MRI techniques such as T2 mapping into the

day-to-day standard clinical workflow. If the technique

becomes reproducible and time effective, it may be pos-

sible for quantitative mapping to be used to monitor the

effect that surgical or non-surgical treatment of other joint

tissues has on the health of cartilage with near immediate

feedback. For example, it has been shown that removal of

the meniscus causes early progression to OA [4]. Further-

more, non-anatomic joint reconstruction could lead to

abnormal loading within the joint and early cartilage

degeneration [50]. Surgical approaches such as hip FAI

surgery are thought to stabilize and even reverse the pro-

gression of cartilage damage, but this has not been able to

be evaluated in a non-invasive manner. Physical therapy

rehabilitation techniques such as muscle strengthening and

bracing are thought to reduce pressure within joint com-

partments and possibly affect cartilage health [10].

Response of cartilage health to intervention strategies such

as platelet-rich plasma (PRP) injections, stem cell injec-

tions or other pharmaceutical interventions could also be

investigated with the use of quantitative MRI mapping.

Currently, treatment response to PRP has been monitored

using repeat morphological MRI, which may assess gross

macroscopic chondral damage but may not be as sensitive

to earlier degeneration and cartilage health [5].

Cartilage T2 mapping has a number of limitations which

is reflected in the lack of implementation into the current

clinical workflow as well as outlined in this review. Large

multicenter trials paying particular attention to reproduc-

ible methodology should continue to be implemented.

Understanding how these values react at different time

points, geographical locations and various environmental

circumstances would be of great importance in the litera-

ture. The Osteoarthritis Initiative (OAI) has made consid-

erable advances in this direction with standardized

calibration procedures and acquisition methods, which are

compulsory processes in order for comparisons and lon-

gitudinal measurements to be made [53].

T2 mapping analysis is currently limited by its time

cost. To reduce this time cost and further decrease error

(i.e. human error) to be practical and reproducible in the

normal clinical workflow, automated segmentation and

Fig. 1 Example of a sagittal multi-echo spin-echo T2 acquisition

with colour map overlay of the femoral, tibial and patellar cartilage

manual segmentations
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registration routines should be implemented. If imple-

mented, future studies would need to evaluate these

automated routines in asymptomatic individual and

clinical patients, at various time points longitudinally.

This information will be vital to the literature to evaluate

any increases in reproducibility when implementing a

fully automated approach.

Conclusion

Quantitative MRI techniques, such as T2 mapping, may

provide the basis for diagnosis and follow-up evaluation of

cartilage injury and response to cartilage treatment and

repair and may provide valuable information regarding the

composition of the tissue and the state of the cartilage

repair tissue. Initial results have been promising and as the

field continues to evolve, reproducibility of the quantitative

mapping technique and its values are essential. The causes

for variability between time points and among centres need

to be understood and the issues addressed. An imaging

protocol for cartilage health quantification should be

agreed upon within the clinical community. The protocol

must fit within the routine clinical imaging time and

include the images needed for cartilage quantification

without sacrificing clinical diagnostic ability for the entire

joint. Once a set of standardized protocols are developed

and proposed, subsequent studies are needed to determine

specific values or distribution of values, which are associ-

ated with healthy and damaged cartilage. The potential

clinical applications of T2 mapping are vast but before the

clinical community can take full advantage of this tool, it

must be reproducible, automated, standardized and vali-

dated prior to its implementation into standard clinical care

routine.
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