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Abstract
AIM: To quantify the wrist cartilage cross-sectional area 
in humans from a 3D magnetic resonance imaging (MRI) 
dataset and to assess the corresponding reproducibility. 

METHODS: The study was conducted in 14 healthy 
volunteers (6 females and 8 males) between 30 and 
58 years old and devoid of articular pain. Subjects 
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were asked to lie down in the supine position with 
the right hand positioned above the pelvic region on 
top of a home-built rigid platform attached to the 
scanner bed. The wrist was wrapped with a flexible 
surface coil. MRI investigations were performed at 
3T (Verio-Siemens) using volume interpolated breath 
hold examination (VIBE) and dual echo steady state 
(DESS) MRI sequences. Cartilage cross sectional area 
(CSA) was measured on a slice of interest selected 
from a 3D dataset of the entire carpus and metacarpal-
phalangeal areas on the basis of anatomical criteria 
using conventional image processing radiology software. 
Cartilage cross-sectional areas between opposite 
bones in the carpal region were manually selected and 
quantified using a thresholding method.

RESULTS: Cartilage CSA measurements performed 
on a selected predefined slice were 292.4 ± 39 mm2 
using the VIBE sequence and slightly lower, 270.4 ± 
50.6 mm2, with the DESS sequence. The inter (14.1%) 
and intra (2.4%) subject variability was similar for both 
MRI methods. The coefficients of variation computed 
for the repeated measurements were also comparable 
for the VIBE (2.4%) and the DESS (4.8%) sequences. 
The carpus length averaged over the group was 37.5 ± 
2.8 mm with a 7.45% between-subjects coefficient of 
variation. Of note, wrist cartilage CSA measured with 
either the VIBE or the DESS sequences was linearly 
related to the carpal bone length. The variability 
between subjects was significantly reduced to 8.4% 
when the CSA was normalized with respect to the carpal 
bone length.

CONCLUSION: The ratio between wrist cartilage 
CSA and carpal bone length is a highly reproducible 
standardized measurement which normalizes the natural 
diversity between individuals.

Key words: Cartilage; Magnetic resonance imaging; 
Wrist; Quantification

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Wrist cartilage cross-sectional area has 
been quantified in wrists of healthy subjects using 
3T magnetic resonance imaging. Based on a semi-
automatic segmentation method, the reproducibility 
of the measurements is high as compared to previous 
studies. A standardized quantitative index has been 
proposed. This standardized index can be used for 
future follow-up studies. The measurements performed 
in a small group of subjects should be further confirmed 
in a larger group.
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INTRODUCTION
Progressive damage to articular cartilage has been 
appreciated in a variety of pathological situations 
including rheumatoid arthritis (RA)[1] and osteoarthritis 
(OA)[2]. In addition, early detection of such damage 
has important implications for both grading disease 
severity and for the assessment of therapeutic efficacy 
of interventions, underlying the need for reliable 
and accurate imaging methods. Magnetic resonance 
imaging (MRI) is well suited to this application as it can 
provide a 3D dataset of joint anatomy as a whole and 
not indirectly as a space between opposite cartilage 
cortices as with conventional radiography. Considering 
the relatively large amount of cartilage at the knee, MRI 
investigations have provided interesting information 
relating to cartilage loss in OA[2-4]. In contrast, for the 
wrist, a site commonly affected in RA, the obvious 
limitation related to the corresponding cartilage size 
has made the investigation much more challenging. 
Initial investigations performed at a conventional mag
netic field of 1.5T have been inconclusive in measuring 
early degenerative changes[5]. Accordingly, the initial 
evaluation score of RA using MRI (RA-MRIS), proposed 
by the Outcome Measures in Rheumatology (OMERACT) 
group, has been mainly based on the detection of 
bone erosions, bone edema and synovial thickening[6,7] 
whereas cartilage lesion criteria were ignored. Due 
to technological advances in MRI and corresponding 
improvement in image quality, the last OMERACT 
conference suggested taking cartilage criteria into 
account for the RA-MRIS score[8]. On the basis of a 
comparative analysis of joint space narrowing (JSN) 
using conventional radiography and MRI, the OMERACT 
group proposed to include the criterion of cartilage 
lesion in the new RA-MRI score using grading of JSN[8]. 
Using the same kind of approach, Peterfy et al[9] further 
confirmed that MRI JSN scoring may offer a viable 
alternative to conventional JSN radiographic scoring. 
However, the qualitative approach described requires 
highly-trained observers and provides a gross score 
which may not be sensitive enough to detect early 
cartilage alteration.

Besides this qualitative approach, other MRI 
techniques allowing for the indirect investigation of the 
chemical composition of cartilage (collagen and proteo
glycans) have been developed. They are mainly related 
to T1 and T2 relaxation times mapping, magnetisation 
transfer, diffusion MRI or sodium MRI[10,11]. Among those 
techniques, the delayed gadolinium (Gd) enhanced 
MRI of cartilage (dGEMRIC) has provided promising 
results[12]. The potential drawbacks of this technique 
are that it is time consuming and requires repeated 
investigations prior to, and then an hour after, contrast 
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agent injection. 
Again and likely for the above reasons, this kind 

of MRI investigation has been mainly performed in 
knees of OA patients[13-15] with no data reported for wrist 
cartilage. 

It is noteworthy that most of the MRI studies 
reported so far have been conducted using a conven
tional magnetic field, i.e., 1.5T but a few studies have 
clearly indicated that MRI investigations at higher field, 
e.g., 3T could provide a better signal/noise ratio and 
a more accurate identification of certain anatomical 
structures[16-19].

In the present study, taking advantage of high-field 
MRI, we sought to determine whether cartilage cross-
sectional area could be quantified at the wrist level in 
healthy volunteers. Additionally, we aimed to define 
the normal range for this quantitative index and the 
reproducibility of the corresponding measurements. 

MATERIALS AND METHODS
Subjects
The fourteen healthy subjects (6 females and 8 males) 
included in the study provided written informed consent 
for the protocol which had received the approval of 
the local ethics committee (Aix-Marseille University 
ethics committee). Their ages ranged between 30 and 
58 years (mean ± SD = 47.4 ± 8.9). None of them 
reported any joint pain, past wrist trauma or other 
rheumatologic pathologies.

MRI
MRI investigations were performed at 3 T using a 
Siemens VERIO 3 T scanner (Siemens, Erlangen, 
Germany). Subjects were asked to lie down in a supine 
position inside the scanner. To ensure a comfortable 
position, a home-built rigid platform was attached to 
the scanner bed so that the right hand was positioned 
above the pelvic region. The wrist was then wrapped 
with a flexible surface coil. This position was not only 
comfortable for the subjects but also allowed us to 
localize the wrist at the magnet center, a place where 
magnetic field homogeneity is optimal.

After a localization procedure using scout images, 
two 3D MRI sequences of the entire carpus and 
metacarpal-phalangeal area were performed, i.e., the 
volumetric interpolated breath-hold examination (VIBE) 
sequence, mainly used for abdominal investigations[20,21] 
and the double-echo steady-state (DESS) sequence 

previously used for knee cartilage imaging[22-25]. The 
corresponding sequence parameters are summarized in 
Table 1.

Cartilage segmentation and measurements
The entire segmentation protocol was performed on a 
slice of interest selected from each 3D dataset on the 
basis of anatomical criteria (described below). Cartilage 
cross-sectional areas (CSA) between opposite bones 
in the carpal region were manually selected. Then a 
thresholding process was applied on the corresponding 
region so that only the voxels within the proper signal 
intensity setting[26,27] were kept and counted. The 
cartilage CSA was automatically computed considering 
the image resolution, the slice thickness and the number 
of voxels. This strategy was similar to what has been 
previously described for knee and metacarpophalangeal 
joints[2-4]. 

The different steps leading to the selection of the 
slice of interest are illustrated in Figure 1. 

We initially looked at the anterior flat border of the 
radius in the axial plane and drew a line parallel to it 
through the middle part of the distal forearm. In the 
corresponding perpendicular sagittal view, we then 
selected the slice passing through the distal radius, 
lunate, capitate and the third metacarpal base. The 
corresponding coronal section was located through the 
middle of the bones mentioned above. As illustrated 
in Figure 1A, various joint spaces were visible on this 
slice and we manually selected the area of interest 
(Figure 1B), including the cartilage in the radio-carpal 
joint, the intercarpal joints and the carpo-metarcarpal 
joints (joints # 2; 3 and 4 in Figure 2A). At this stage, 
we used a thresholding process allowing to maintain 
the signal related to the cartilage alone. The same 
threshold was applied for each subject. In addition to 
those measurements, the carpus length was measured 
as indicated in Figure 1C from the proximal aspect of the 
lunate to the distal aspect of the capitate.

This segmentation process and the corresponding 
measurements were performed twice by the same 
experienced radiologist (JVZ, 3-mo interval) and once by 
two senior radiologists (JVZ and PS). The measurements’ 
reliability was evaluated, comparing between the two 
operators’ measurements. Measurement reproducibility 
was assessed via repeated measurements performed by 
the same operator.

Comparisons of measurements were performed using 
Wilcoxon tests. Test-retest reliability was analyzed using 
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Sequence FOV (mm) ST (mm) RT (ms) ET (ms) AT (S) Matrix size Resolution (mm)

3D DESS 130 × 130 0.5 14 5.2 330 256 × 256 0.5 × 0.5
3D VIBE 130 × 130 0.5 10   3.38 290 256 × 256 0.5 × 0.5

Table 1  Variables of the magnetic resonance imaging sequences

FOV: Field of view; ST: Slice thickness; ET: Echo-time; RT: Repetition time; AT: Acquisition time; VIBE: Volume interpolated 
breath hold examination; DESS: Dual echo steady state.
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RESULTS
As illustrated in Figures 1 and 2, the MR sequences 
we used generated images of the carpal joint in which 
articular cartilage appeared as a high signal intensity 
contrasting with the low signal-intensity subchondral 
bone. 

The carpus length averaged over the group was 37.5 
± 2.8 mm with a 7.45% between-subjects coefficient 
of variation. Cartilage cross-sectional area (in mm2) 
measured on the selected slices from images recorded 
with both VIBE and DESS sequences are summarized in 
Table 2. 

The averaged cartilage cross-sectional area obtained 
with the VIBE sequence was 292.4 ± 39 mm2 whereas 
the corresponding value with the DESS sequence 
was significantly lower (270.4 ± 50.6 mm2, P = 5.6 × 
10-7). Interestingly, the between-subjects coefficients 
of variation were similar for both MRI sequences 
(14.1% and 16.8% for the VIBE and DESS sequences 
respectively). The coefficients of variation computed for 
the repeated measurements were also comparable for 
the VIBE (2.4%) and the DESS (4.8%) sequences (Table 

coefficient of variation (CV) and intra-class correlation 
coefficients (ICC). Relative reliability is related to an 
individual maintaining his/her position within a sample 
with repeated measurements[28]. We assessed this type 
of reliability with the ICC, a two-way random effects 
model with single measurement reliability in which 
variance over the repeated sessions is considered. The 
ICC indicates the error in measurements as a proportion 
of the total variance in scores. Absolute reliability is 
the degree to which repeated measurements vary for 
individuals[28]. This was performed by calculating the 
CV for each subject, and then reporting the mean CV 
for the respective dependent variables. Accordingly, the 
CV was initially calculated as the SD of measurements 
recorded for repeated measures and was then divided 
by the mean of both measurements. Spearman’s rank 
correlation coefficient was calculated to investigate the 
relationship between measurements obtained with both 
MR sequences. Statistical analyses were performed using 
Statistical software for Windows (Statsoft, version 5.5; 
Statistica, Tulsa, OK, United States). ICC analysis was 
done using a downloadable excel spreadsheet[29]. A P 
value of 0.05 was chosen as the significant threshold.
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Figure 1  Standardized selection of a slice of interest. A: Axial slice of the wrist in which we initially determined the axis of the anterior part of the Radius (1) (green 
line) and then the perpendicular sagittal axis (orange line); B: Corresponding sagittal slice in which, we chose the slice going through the proximal part of the capitate (3) 
and the metacarpal basis (6); C: Corresponding coronal slice showing the radius (1), ulna (5), navicular (4), semi-lunar (2) and capitate bones (3). Arrow indicates the 
carpal bone length measurement from the lowest point of the capitate to the highest point of the semi-lunar bone.
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Figure 2  Manual segmentation of the cartilage cross-sectional area. A: Coronal slice (as in Figure 1C) showing different joints between radius and scaphoid (1), 
radius and lunate (2), lunate and ulna (3), scaphoid and capitate (4), lunate and ulna (5), lunate and triquetrum (6), triquetrum and hamate (7) hamate and capitate 
(8), carpals bones and metacarpal bones (9) scaphoid and lunate (10); B: Coronal slice illustrating the manual segmentation of the cartilage area of interest and the 
corresponding result (C).
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2). As illustrated in Table 2, measurements performed 
twice by the same operator and by an additional 
operator were very similar. The corresponding intra-
class coefficients were higher than 0.9 in each case 
(Table 2). Interestingly, cartilage cross-sectional area 
measurements were significantly and linearly related 
to carpal bone length measurements (Figures 3A and 
B). As compared to the CSA values, the corresponding 
standardized measurements, i.e., the cartilage cross-
sectional area scaled to the carpal bone length displayed 
smaller coefficients of variation, i.e., 8.4% and 10.6% 
for the measurements obtained from the VIBE and the 
DESS sequences respectively.

This positive linear relationship was found for meas
urements performed from MR images obtained with 
both MRI sequences, i.e., VIBE (R2 = 0.82) and DESS (R2 
= 0.75).

In addition, as illustrated in Figure 3C, these mea
surements were linearly and significantly related (R2 = 
0.79) to each other. However, the cartilage CSA values 
quantified on the basis of the VIBE sequence were 
consistently larger than those obtained with the DESS 
sequence.

DISCUSSION 
In the present study, we demonstrated that use of high-
field MRI combined with a semi-automatic segmentation 
process can be utilized to measure cartilage cross-
sectional area at the wrist, a site commonly affected 
in RA, accurately. On that basis, we investigated the 
normal range of the carpal cartilage cross-sectional 
area of healthy adults, the physiological inter-individual 
heterogeneity and a potential way of normalizing the 
corresponding measurements. 

It is noteworthy that the initial scoring system devised 
in the field of MRI investigations of rheumatoid arthritis 
(RAMRIS) disregarded cartilage MRI quantification due to 

its low sensitivity[6,7]. On the basis of MRI investigations 
performed at higher-field, i.e., 3T, cartilage thickness has 
been recently introduced as a potential surrogate marker 
for RA[8] severity. In the current situation, however, we 
are still lacking quantitative information related to the 
normal range of cartilage cross-sectional area in healthy 
human wrists and the reproducibility of the corresponding 
measurements has never been assessed. 

From a methodological point of view, we showed that 
high-field 3D MR imaging using both VIBE and DESS 
sequences provides adequate spatial resolution and 
signal to noise ratio allowing accurate and reproducible 
quantification of the articular cartilage area in the 
carpal joints. The results of the present study clearly 
indicate that measurements obtained from both MRI 
sequences are largely reproducible. On the basis of 
repeated measurements performed by the same and 
by two different operators, we calculated intra-class 
coefficients which were higher than 0.9. These values 
can be compared to the ICC of 0.18 initially reported 
by the OMERACT initiative[30]. Significantly, they are 
similar to those reported using the recent MRI scoring 
system related to cartilage narrowing in the wrist of 
patients with RA[1], indicating that the reproducibility of 
our quantitative approach is similar to what has been 
obtained for a scoring system, a qualitative approach by 
definition[1]. The corresponding coefficients of variation 
were also similar using both techniques. 

Of importance, the natural variability of wrist cartilage 
cross-sectional area was related to the measured 
carpal bone length. The highly significant relationships 
depicted in Figures 3A and B suggested that cartilage 
CSA would vary in the same way as the carpal bone 
length and that the corresponding ratio might be used 
as a normalized index. This normalization procedure is 
comparable to what has been previously reported for the 
knee cartilage volume using tibial head diameter[31] or 
the tibial plateau area[32] as normalization indices. In both 
cases, the normalization procedure led to a reduction 
of the coefficient of variation from 19% to 13% which 
is comparable to the reduction we reported for our 
normalized measurements, i.e., from 14% to 8% and 
from 16% to 10% for the VIBE and the DESS sequences 
respectively. In addition, these results indicate that 
cartilage cross-sectional area or volume measurements 
cannot stand alone as a diagnostic criterion of cartilage 
loss. On the other hand, the highly linear relationship 
between cartilage area and carpal bone length provides 
a standardized measurement which might be helpful 
in future studies conducted in wrist of patients with 
rheumatologic diseases. 

With an eye toward practicality, and in consideration 
of protocol duration constraints imposed on MRI with Gd 
injection[33], we deliberately chose in the present study 
to avoid gadolinium injection and used conventional 
MRI sequences, i.e., two ultra-fast gradient echo pulse 
MRI sequences. These sequences provide high spatial 
resolution within an acceptable acquisition time, i.e., 
about 5 min. This type of sequence has already proved its 
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VIBE DESS

M1 292.4 ± 39 270.4 ± 50.61

M2    292.3 ± 43.8 274.1 ± 37.41

M3    295.9 ± 41.2 272.9 ± 49.11

CVb 14.1 16.8
CVw   2.4   4.8
ICC1 0.96 (0.88-0.98) 0.93 (0.78-0.98)
ICC2 0.98 (0.92-0.99) 0.92 (0.76-0.97)

Table 2  Quantitative measurements of cartilage

1Significantly different than the corresponding measurement using the 
VIBE sequence. Values are presented as means ± SD. M1 and M2 refer 
to both measurements performed by the same operator. M3 refers to 
the measurement performed by the second operator. CVb and CVw 
refer to Between-subject and within subject coefficients of variation 
considering the measurements performed by the first operator. ICC1 
and ICC2: Intraclass coefficient with 95%CI calculated considering both 
measurements performed by the same operator and measurements 
performed by both operators. CV: Coefficient of variation; ICC: Intra-
class correlation coefficients; VIBE: Volume interpolated breath hold 
examination; DESS: Dual echo steady state.
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utility for the detection of focal cartilage abnormality[11]. 
Contrary to most of the fast gradient echo pulse sequ
ences providing a T1-based contrast, the DESS sequence 
offered a T2-weighted contrast. This sequence is actually 
a combination of fast imaging in the steady precession 
(FISP) and PSIF (backward-running FISP) and allows T2 
weighted imaging with a fast gradient echo technique 
which has proven its usefulness for the detection of 
cartilage abnormalities[22-25]. In contrast, the VIBE 
sequence has not been used very much in the field of 
musculo-skeletal investigations but rather for head and 
neck or abdominal imaging[21]. It provides a T1-based 
contrast. While current guidelines in RA recommend the 

use of T1 weighted imaging, we demonstrated in the 
present study that images with both T1 and T2 contrast 
can be used for quantitative investigation of cartilage. 
In addition, the three-dimensional nature of the MRI 
sequences used herein, permit investigation not only 
of cartilage but also of bone erosions, an index in the 
RAMRIS score. Further, in that configuration, one is able 
to choose a well-defined segment in 3 dimensional space 
and investigate parallel joint spaces for each subject. 
Such an opportunity would not have been possible using 
a 2D scheme, given the slightly different orientations 
of wrist within the flexible coil. The different contrasts 
related to the VIBE and the DESS sequences may 
explain the slightly different cartilage area measurements 
we obtained. However, the highly significant linear 
relationship between measurements obtained with 
both methods on the one hand, and with the carpal 
bone length measurements on the other hand strongly 
suggest that both methods can be used. 

Both operators in the present study were experi
enced radiologists and processed the MR images after 
a training period. Considering the multiple steps of the 
semi-automatic procedure, one may have expected a 
large operator dependency of the results. And yet, the 
corresponding ICC were not appreciably different when 
data were examined by both readers or repeatedly by 
the same reader, indicating the high reliability of this 
approach and suggesting that such a reliability can be 
achieved by any trained reader using similar MRI scans. 
Automatic segmentation tools have been developed for 
the measurement of cartilage volume and thickness in 
the knee[34,35]. Considering the low contrast between 
cartilage and adjacent structures in the wrist, with its 
far smaller cartilage thickness, it seems unlikely that 
such automatic tools could be used for the quantitative 
investigation of cartilage in the wrist. 

The limitations of the current study arise from the 
modest sample size and the limited age range of the 
subjects. Of relevance, no marked changes in knee 
cartilage volume have been identified in healthy subjects 
with ages ranging from 24 to 82 years[31]. In contrast, a 
linear decrease of cartilage thickness has been reported 
in the weight-bearing areas of the femur in healthy 
subjects[32]. Further studies should be performed in a 
larger group of subjects in order to determine whether 
carpal cartilage cross-sectional area remains stable with 
respect to age. 

In conclusion, we report herein for the first time the 
normal range of wrist cartilage cross-sectional area in 
healthy subjects. We demonstrated that reproducible 
measurements of carpal cartilage cross-sectional area 
can be performed using high-field MRI and that there 
exists a wide variation in cartilage cross-sectional area 
in the normal human wrist. We also showed that a 
standardized index of cartilage cross-sectional area can 
be calculated taking into account carpal bone length. The 
corresponding normalized measurement may be helpful 
for future studies aiming at investigating wrist cartilage 
in patients with rheumatologic diseases. Technical issues 
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Figure 3  Relationships between wrist cartilage cross-sectional area 
measurements. Relationship between wrist cartilage CSA (mm2) and carpal 
bone length (mm) measured. The cartilage CSA was measured using the VIBE 
(A) and the DESS (B) MRI sequence; C: Relationship between cartilage CSA 
measured using the VIBE (x-axis) and the DESS (y-axis) MRI sequences. 
The continuous line crossing the both axes represents the identity line. VIBE: 
Volume interpolated breath hold examination; DESS: Dual echo steady state; 
CSA: Cartilage cross-sectional area; MRI: Magnetic resonance imaging.
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related to the occurrence of joint effusion might be 
problematic in differentiating fluid from cartilage and 
likely be a substantial source of error in inflammatory 
arthritis. Future studies addressing these questions 
will possibly benefit from technical evolutions allowing 
the suppression of MRI signal from fluid[36]. These 
findings encourage further efforts towards quantitative 
standardized MRI of cartilage at high field. Additional 
studies are warranted in order to determine the 
sensitivity of such normalized indices with respect to the 
RAMRIS index[37].
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COMMENTS
Background
Although magnetic resonance imaging (MRI) has been recently recognized as 
a potentially useful tool for appreciating and characterizing cartilage loss at the 
wrist, the corresponding data are few and qualitative in nature. 

Research frontiers
There is a need for reproducible quantitative measurements of cartilage cross 
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