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Abstract 

Background To analyze regional variations in T2 and T2* relaxation times in wrist joint cartilage and the triangular 
fibrocartilage complex (TFCC) at 3 and 7 T and to compare values between field strengths.

Methods Twenty‑five healthy controls and 25 patients with chronic wrist pain were examined at 3 and 7 T 
on the same day using T2‑ and T2*‑weighted sequences. Six different regions of interest (ROIs) were evaluated for car‑
tilage and 3 ROIs were evaluated at the TFCC based on manual segmentation. Paired t‑tests were used to compare 
T2 and T2* values between field strengths and between different ROIs. Spearman’s rank correlation was calculated 
to assess correlations between T2 and T2* time values at 3 and 7 T.

Results T2 and T2* time values of the cartilage differed significantly between 3 and 7 T for all ROIs (p ≤ 0.045), 
with one exception: at the distal lunate, no significant differences in T2 values were observed between field strengths. 
T2* values differed significantly between 3 and 7 T for all ROIs of the TFCC (p ≤ 0.001). Spearman’s rank correlation 
between 3 and 7 T ranged from 0.03 to 0.62 for T2 values and from 0.01 to 0.48 for T2* values. T2 and T2* values 
for cartilage varied across anatomic locations in healthy controls at both 3 and 7 T.

Conclusion Quantitative results of T2 and T2* mapping at the wrist differ between field strengths, with poor correla‑
tion between 3 and 7 T. Local variations in cartilage T2 and T2* values are observed in healthy individuals.

Relevance statement T2 and T2* mapping are feasible for compositional imaging of the TFCC and the cartilage 
at the wrist at both 3 and 7 T, but the clinical interpretation remains challenging due to differences between field 
strengths and variations between anatomic locations.

Key points 

• Field strength and anatomic locations influence T2 and T2* values at the wrist.

• T2 and T2* values have a poor correlation between 3 and 7 T.

• Local reference values are needed for each anatomic location for reliable interpretation.
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Graphical Abstract

Background
The wrist is one of the most challenging anatomic areas 
to examine by magnetic resonance imaging (MRI) due 
to the small size of tissues including the thin articular 
cartilage at multiple locations and the triangular fibro-
cartilage complex (TFCC) with its complex anatomy 
[1]. Detection of early, premorphologic alterations of 
the cartilage or the TFCC may be clinically relevant in 
a presurgical assessment prior to reconstructive wrist 
surgery and may also have therapeutic implications in 
the sports context [2–4].

Conventional MRI usually depicts morphologic 
degenerative changes at the cartilage and the TFCC 
only at advanced stages of disease [1]. In contrast, 
compositional MRI promises to overcome these issues 
by depicting biochemical tissue properties much ear-
lier than morphologic changes can be detected [5, 6]. 
T2 and T2* relaxometry (“mapping”) are two widely 
applied techniques that enable non-invasive quanti-
fication of tissues’ water content and assessment of 
collagen content and organization [7, 8]. Higher mag-
netic field strengths with higher contrast-to-noise and 

signal-to-noise ratios allow for high spatial resolution 
imaging allowing the application of compositional MRI 
techniques also for small anatomical structures not 
achievable with lower field strengths [9].

However, at 3 T, T2 mapping data for the cartilage or 
TFCC at the wrist are limited to a few feasibility studies 
[1, 10, 11]. Moreover, to date, systematic tissue assess-
ment applying T2 and T2* mapping at the wrist at 7 T is 
unavailable. Despite the potential advantages of 7-T MRI 
of the wrist, studies comparing morphologic 7-T and 
3-T MRI have not shown unequivocal superiority of the 
former for assessment of different joint tissues [12–15]. 
This is related to the lack of dedicated radiofrequency 
coils and to the technical challenges of ultra-high-field 
MRI, including inhomogeneity in the transmit field  (B1

+) 
distribution and chemical shift artifacts, which may also 
affect compositional imaging such as T2 and T2* map-
ping [14, 16]. In addition, regional variability in T2 and 
T2* values for healthy tissue at different anatomic loca-
tions, which has been reported for the articular cartilage 
of the knee and hip, has not been described for compo-
sitional imaging at the wrist [17, 18]. Knowledge of local 
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variations in compositional imaging is necessary for valid 
image interpretation based on quantification.

We hypothesized that T2 and T2* values differ between 
field strengths, but show excellent correlation, and 
that T2 and T2* time values show significant variability 
between different anatomic locations in healthy articular 
cartilage and in different regions of interest (ROIs) of the 
TFCC at the same field strength. Hence, the aims of this 
study were (1) to compare T2 and T2* values obtained at 
3 and 7 T for articular cartilage and the TFCC at different 
anatomic locations in healthy controls and patients with 
chronic wrist pain; (2) to assess the correlation of T2 and 
T2* values between field strengths; and (3) to compare 
T2 and T2* values of articular cartilage and the TFCC in 
healthy controls at 3 and 7 T to determine whether these 
values vary with anatomic location.

Methods
Study sample
Participants were prospectively enrolled between July 
2018 and June 2019 after providing written informed 
consent. The study sample consists of 25 patients and 25 
healthy volunteers (Fig.  1). Patients with chronic wrist 
pain (of more than three months) who were referred for 
outpatient consultation at a tertiary referral center for 
hand surgery were asked to participate in the study. The 
exclusion criteria were a history of trauma within the 
last six months, suspicion of carpal tunnel syndrome, 
any previous surgical intervention at the wrist, any past 
fracture of the distal forearm or carpal bones, a history 

of inflammatory arthritis, and inability to undergo 3-T or 
7-T MRI.

Results based on multi-tissue ordinal expert assess-
ment comparing 3-T and 7-T results in the same study 
cohort have recently been published [12].

MRI protocol
All study participants were examined at 3 T (Magnetom 
Vida, Siemens Healthineers, Erlangen, Germany) and 
7  T (MAGNETOM Terra, Siemens Healthineers) with 
dedicated wrist coils on the same day. All participants 
underwent 3-T MRI first. For all measurements at 3 T, a 
16-channel receive hand–wrist radiofrequency coil was 
used. For excitation, the integrated body coil was used. 
For 7-T MRI, a 1-channel transmit/16-channel receive 
wrist radiofrequency coil (Rapid Biomedical GmbH, 
Rimpar, Germany) was employed. The transmit part 
consists of a separate quadrature birdcage coil. At 7  T, 
a coronal multi-echo spin-echo T2-weighted sequence 
(repetition time [TR] 2,000 ms; echo time [TE] 16.1 ms, 
32.2 ms, 48.3 ms, 64.4 ms, and 80.5 ms; acquisition time 
06:52 min:s; voxel size 0.3 × 0.3 × 2.0 mm; flip angle 180°; 
bandwidth 434  Hz) and multi-echo gradient-echo T2*-
weighted sequence (TR 648  ms; TE 4.08  ms, 7.01  ms, 
9.62  ms, 12.23  ms, and 15.29  ms; acquisition time 
04:10  min:s; voxel size 0.3 × 0.3 × 3.0  mm; flip angle 60°; 
bandwidth 470 Hz) were acquired.

At 3 T, protocols with image acquisition times compa-
rable to those used at 7 T were applied: a coronal multi-
echo spin-echo T2-weighted sequence (TR 2,000 ms; TE 

Fig. 1 Flowchart of the study
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16.1 ms, 32.2 ms, 48.3 ms, 64.4 ms, and 80.5 ms; acqui-
sition time 06:52 min:s; voxel size 0.3 × 0.3 × 3.0 mm; flip 
angle 180°; bandwidth 228 Hz) and a coronal multi-echo 
gradient-echo T2*-weighted sequence (TR 648  ms; TE 
6.04  ms, 16.94  ms, 27.84  ms, 38.74  ms, and 49.64  ms; 
acquisition time 04:10; voxel size 0.3 × 0.3 × 3.0 mm; flip 
angle 60°; bandwidth 260 Hz). Detailed MRI parameters 
are provided in Supplementary Table S1. The scan time 
including coronal T1-weighted turbo spin-echo, coronal 
fat-suppressed proton-density-weighted turbo spin-echo, 
and transversal T2-weighted turbo spin-echo images (not 
part of this evaluation) amounts to a total acquisition 
time of 22:35 min:s at 7 T and 23:48 min:s at 3 T. Both T2 
and T2* maps were generated by the vendor’s standard 
software syngo MapIt (Siemens Healthineers) [1]. T2 and 
T2* relaxation times were derived from T2/T2* param-
eter maps using a pixel-wise, monoexponential least-
squares-fit analysis [1].

MRI assessment
All images were blinded for the whole assessment 
and were evaluated by a radiologist (R.H.) with eight 
years of experience in musculoskeletal MRI and a spe-
cial interest in wrist imaging. T2 and T2* maps were 
assessed by placing ROIs at nine anatomic locations. 
Six of these ROIs were placed in the cartilage of the 
distal radius, in the proximal scaphoid, in the proximal 
radial lunate and ulnar lunate, in the distal radioulnar 

joint, and in between the distal lunate and proximal 
capitate [1]. Three ROIs were placed at the TFCC [19]: 
at the central disk and at both the foveal and the api-
cal attachment of the TFCC (Fig. 2). The images were 
magnified on a workstation monitor to enable opti-
mal visualization of the anatomy and to optimize ROI 
placement. ROIs were manually placed in each ana-
tomic location using the images of the first echoes 
of the T2 multi-echo spin-echo and T2* multi-echo 
gradient-echo sequences by omitting structures other 
than cartilage or TFCC. ROIs were then copied to 
the corresponding positions on T2 and T2* maps [1]. 
Mean T2 and T2* values were calculated for each ROI 
and used for further analysis.

The imaging evaluation for T2 and T2* at 3 T and 7 T 
was repeated by a second radiologist (E.B.) with four 
years of experience in musculoskeletal MRI. This second 
evaluation was performed independently from the first 
reading for 10 randomly chosen study participants (5 
controls, 5 patients) to determine inter-reader reliability. 
The second radiologist was blinded to the imaging evalu-
ation of the first reading.

Statistical analysis
Statistical analysis was performed by a biostatisti-
cian (C.G.) using R software version 4.2.2. The Wil-
coxon rank-sum test was used to evaluate differences 
in age between patients with chronic wrist pain and 

Fig. 2 Three‑Tesla images of the first echo of the T2*‑weighted multi‑echo gradient‑echo sequence (a) and T2‑weighted multi‑echo spin‑echo 
sequence (b) of a healthy volunteer with superimposed color‑coded maps of T2* and T2 values. Regions of interest (ROIs) were placed 
in the cartilage of the distal radius, in the proximal scaphoid, in the proximal radial and ulnar lunate, in the distal radioulnar joint, and in between 
the distal lunate and proximal capitate. Three ROIs were placed at the triangular fibrocartilage complex: at the central disk and at both the foveal 
and apical attachments. The same analysis was performed for 7‑T MRI
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healthy controls. Paired t-tests, supported by qq-
plot check, were used to compare T2 and T2* values 
for different anatomic locations at 3  T or 7 T. Paired 
t-tests were also employed for the comparison of T2 
and T2* values between 3 and 7 T. The use of paired 
t-tests was supported by checking the normal distri-
bution through qq-plots for the paired differences of 
measurements. The correlation of T2 and T2* values 
between 3 and 7  T was determined by calculating 
Spearman’s rank correlation to account for outliers. 
Intraclass correlation was used to calculate the inter-
observer reliability. Values less than 0.50 indicate 
poor reliability, values between 0.50 and 0.75 indicate 

moderate reliability, values between 0.75 and 0.90 
indicate good reliability, and values greater than 0.90 
indicate excellent reliability [20]. Values of p lower 
than 0.05 were considered to indicate a statistically 
significant difference.

Results
Participant characteristics
A total of 27 healthy controls and 36 patients with 
chronic wrist pain were screened for study inclusion. 
Two healthy controls and eight patients were excluded 
prior to the study due to contraindications for MRI, 
lack of consent, or medical history. Three participants 

Fig. 3 Three‑Tesla (a, b) and 7‑T (c, d) images of the first echo of the T2‑weighted multi‑echo spin‑echo sequence (a, c) with corresponding 
color‑coded maps of T2 values (b, d) of a 42‑year‑old patient with chronic wrist pain
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with chronic wrist pain did not complete 7-T MRI due 
to claustrophobia. Overall, 25 healthy controls (13 
women) and 25 patients (14 men) with chronic wrist 
pain completed the study. The healthy controls (aged 
25 ± 4  years, mean ± standard deviation) were younger 
than the patients with chronic wrist pain (39 ± 16 years; 
p = 0.003). Figures  3 and 4 show examples of corre-
sponding 3-T and 7-T T2-weighted and T2*-weighted 
images.

T2 and T2* values at different field strengths
At 3  T, T2 values at the cartilage of controls ranged 
from 32.4 ± 10.5  ms (mean ± standard deviation) at 
the distal radioulnar joint to 44.2 ± 7.2 at the distal 
lunate and proximal capitate and from 23.5 ± 5.9 ms to 
29.3 ± 8.0  ms at the TFCC. T2* values at the cartilage 
of controls ranged from 14.2 ± 1.6  ms at the radius to 
19.7 ± 3.3 ms at the distal lunate and proximal capitate 
and from 10.1 ± 1.2 ms to 11.3 ± 2.0 at the TFCC.

Fig. 4 Three‑Tesla (a, b) and 7‑T (c, d) images of the first echo of the T2*‑weighted multi‑echo gradient‑echo sequence (a, c) with corresponding 
color‑coded maps of T2* values (b, d) of a 42‑year‑old patient with chronic wrist pain
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At 7  T, T2 values at the cartilage of controls ranged 
from 40.6 ± 15.3  ms at the distal radioulnar joint to 
48.8 ± 9.8  ms at the radius and from 26.7 ± 10.7  ms to 
31.7 ± 16.8 ms at the TFCC. T2* values at the cartilage 
of controls ranged from 8.6 ± 2.1  ms at the radius to 
11.9 ± 3.0 ms at the ulnar lunate and from 6.2 ± 1.9 ms to 
6.4 ± 1.4 at the TFCC. T2 and T2* values of all assessed 
anatomic locations and for patients with chronic wrist 
pain are provided in Table 1.

T2 and T2* values of the cartilage differed significantly 
between 3- and 7-T MRI for all anatomic locations 
assessed except T2 values at distal lunate and proximal 
capitate in controls (44.2 ± 7.2 ms versus 46.3 ± 13.0 ms, 
p = 0.254). At the TFCC, the only significant differ-
ence between field strengths observed for T2 values 
was for the apical attachment of the TFCC in patients 
(27.3 ± 4.3  ms versus 32.9 ± 14.9  ms, p = 0.042). T2* val-
ues differed significantly between 3 and 7 T in every ana-
tomic location of the TFCC (Table 1).

The Spearman rank correlation between 3 and 7  T 
ranged from 0.03 to 0.62 for T2 time values. For T2* val-
ues, correlation coefficients between 3 and 7  T ranged 
from 0.01 to 0.48 (Table  1). Overall, the correlation 
between the field strengths was poor for both the carti-
lage and the TFCC.

T2 and T2* values at different anatomic locations
The comparison of T2 and T2* values between pairs 
of anatomic locations (separated into cartilage and 
TFCC) for healthy controls is presented in Table  2. 
For cartilage, 9/15 comparisons at 3  T (60%; p-values 
from < 0.001 to 0.035) and 11/15 comparisons at 7  T 
(73%; p-values from < 0.001 to 0.049) showed signifi-
cant differences for T2 time values. At the TFCC, T2 
values showed significant differences between ana-
tomic locations in 3/3 comparisons at 3 T (100%; p-val-
ues from < 0.001 to 0.018), while no differences were 
observed at 7 T (p-values from 0.060 to 0.472).

For T2* values of cartilage, significant differences 
were seen in 10/15 comparisons at 3  T (67%; p-values 
from < 0.001 to 0.031) and in 8/15 comparisons at 7  T 
(53%; p-values from < 0.001 to 0.045). At the TFCC, T2* 
values differed significantly between anatomic locations 
in 3/3 comparisons at 3 T (100%; p-values from 0.001 to 
0.092). No differences were revealed for the same com-
parison at 7 T (p-values from 0.602 to 0.837).

Inter‑reader reliability
The inter-reader reliability for T2 and T2* values, meas-
ured as intraclass correlation coefficient, ranged from 
0.03 to 0.98 at different anatomic locations, with most 

Table 1 Comparison of T2 and T2* values at 3 and 7 T for healthy controls and patients with chronic wrist pain at different anatomic 
locations

Data are given as mean ± standard deviation; p-values and Spearman’s rank correlation are given for the comparison between 3 and 7 T. aA Apical attachment of the 
TFCC, CD Central disk of the TFCC, fA Foveal attachment of the TFCC, DRUJ Distal radioulnar joint, TFCC Triangular fibrocartilage complex

Controls Patients

Location 3 T 7 T p‑value Correlation 3 T 7 T p‑value Correlation

T2 Radius 43.8 ± 11.6 48.8 ± 9.8 0.045 0.34 38.2 ± 11.3 49.0 ± 14.1 0.002 0.45

Scaphoid 43.9 ± 7.9 56.3 ± 15.6 0.001 0.10 46.5 ± 9.6 53.7 ± 10.2 0.01 0.03

Lunate (radial) 34.3 ± 7.3 41.9 ± 11.0 0.03 0.05 34.7 ± 5.5 40.9 ± 9.6 0.01 0.45

Lunate (ulnar) 34.0 ± 5.9 42.1 ± 6.4  < 0.001 0.45 35.1 ± 5.6 48.2 ± 9.4  < 0.001 0.58

DRUJ 32.4 ± 10.5 40.6 ± 15.3 0.04 0.13 39.3 ± 18.2 45.0 ± 10.9 0.08 0.36

Capitate/lunate 44.2 ± 7.2 46.3 ± 13.0 0.25 0.62 43.4 ± 6.2 51.5 ± 10.2 0.001 0.41

TFCC CD 23.5 ± 5.9 26.7 ± 10.7 0.48 0.10 24.7 ± 8.5 31.2 ± 13.8 0.12 0.27

TFCC fA 29.3 ± 8.0 31.7 ± 16.8 0.38 0.26 33.3 ± 11.2 41.2 ± 26.4 0.06 0.30

TFCC aA 26.8 ± 6.0 29.0 ± 9.8 0.18 0.11 27.3 ± 4.3 32.9 ± 14.9 0.04 0.24

T2* Radius 14.2 ± 1.6 8.6 ± 2.1  < 0.001 0.01 14.4 ± 2.5 8.5 ± 2.2  < 0.001 0.19

Scaphoid 17.1 ± 3.2 10.3 ± 3.1  < 0.001 0.21 17.6 ± 3.4 10.7 ± 3.4  < 0.001 0.11

Lunate (radial) 16.3 ± 4.3 9.4 ± 2.6  < 0.001 0.48 16.5 ± 3.3 11.1 ± 3.4  < 0.001 0.36

Lunate (ulnar) 17.8 ± 3.1 11.9 ± 3.0  < 0.001 0.40 18.8 ± 4.4 12.5 ± 3.5  < 0.001 0.42

DRUJ 14.4 ± 2.7 11.4 ± 3.4 0.001 0.36 17.9 ± 5.0 12.4 ± 4.3  < 0.001 0.38

Capitate/lunate 19.7 ± 3.3 11.4 ± 3.2  < 0.001 0.13 18.2 ± 3.3 11.2 ± 3.3  < 0.001 0.01

TFCC CD 10.1 ± 1.2 6.4 ± 1.4  < 0.001 0.28 10.9 ± 1.5 7.4 ± 2.0  < 0.001 0.41

TFCC fA 11.3 ± 2.0 6.2 ± 1.9  < 0.001 0.04 12.7 ± 3.0 7.7 ± 2.9  < 0.001 0.03

TFCC aA 10.5 ± 1.5 6.3 ± 2.0  < 0.001 0.24 13.2 ± 3.0 7.8 ± 2.7  < 0.001 0.47
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correlation coefficients (64%) being higher than 0.75, 
indicating good reliability. No systematic differences in 
reliability between 3- and 7-T MRI were observed. Sup-
plementary Table S2 provides a detailed overview of 
the inter-reader reliability.

Discussion
In our comparative study, we found that T2 and T2* val-
ues of the cartilage and T2* values of the TFCC differed 
significantly between 3 and 7 T. Overall, the correlation 
for T2 and T2* values between field strengths was poor 
for both cartilage and the TFCC. Most T2 and T2* values 
of articular cartilage varied between anatomic locations 
in healthy volunteers at both 3  T and 7  T. At 3  T, this 
was also true for the TFCC, whereas no differences were 
observed between anatomic locations of the TFCC at 7 T.

To our knowledge, no previous studies have assessed 
T2 or T2* mapping techniques of the wrist at 7-T MRI, 
despite potential benefits related to its inherently high 
contrast-to-noise and signal-to-noise ratios compared to 
lower field strengths [9]. Further, data at 3  T are sparse 
and systematic comparisons between field strengths or 
between anatomic locations are lacking despite these 

data being necessary for a valid interpretation of T2 and 
T2* values in patients.

Compositional MRI techniques such as T2 and T2* 
mapping enable noninvasive tissue quantification and 
thereby provide information about structural changes 
and tissues’ molecular status [5, 8, 21]. T2 and T2* times 
are affected by the orientation of collagen, collagen con-
tent, and tissue hydration and have been used in a vari-
ety of studies at different joints [22]. Studies performing 
compositional MRI techniques at the wrist are rare, 
which may be related to difficulties in image acquisition 
and quantification due to the small size of the anatomic 
structures at the wrist [1]. Götestrand et al. [12] reported 
a superior depiction of several anatomical structures, 
including the articular cartilage and different parts of 
the TFCC, for 7  T compared with 3  T in a small sam-
ple of healthy volunteers, emphasizing the potential of 
wrist imaging at ultra-high-field MRI [23]. We recently 
confirmed these results for cartilage imaging by com-
paring the image quality between 3- and 7-T MRI in a 
multi-reader assessment of the current study cohort. The 
potential superiority of image quality at 7-T MRI may be 
used for early disease detection of osteoarthritis in the 
future, as timely diagnosis and precise treatment remain 
essential to prevent rapid disease progression in unsta-
ble conditions of the wrist [24]. Beyond image quality, 
risks to patients and discomfort of ultra-high field MRI 
must also be considered. There is currently no evidence 
for serious health effects from acute exposure up to 8 T, 
but it is worth noting that patients undergoing ultra-
high field MRI may experience certain discomforts and 
sensations due to the varying magnetic fields within the 
MRI scanner [25]. Some reported effects include vertigo, 
peripheral nerve stimulation, headache, the appearance 
of phosphenes, thermal heat sensation, dizziness, and 
unsteady gait after scanning [26–29].

Our observed differences in T2 and T2* values 
between 3 and 7  T support the findings of previously 
published studies. Although T2 and T2* relaxation 
times typically decrease with increasing field strength, 
we observed an increase in T2 relaxation times at 
higher magnetic field strength [30]. A similar increase 
was also observed by Welsch et  al. in the deep layer 
of knee cartilage tissue [31]. One possible explanation 
for this unexpected increase is the fact that the mag-
netization decays non-exponentially (roughly biexpo-
nentially) and that at 3 T the short T2 component still 
contributes to the signal, whereas at 7 T the short com-
ponent is probably too short and the longer compo-
nents dominate the signal. Similar effects might occur 
in wrist cartilage. However, differences between 3 and 
7 T in our study might be related to not only different 

Table 2 Comparison of T2 and T2* values at different anatomic 
locations at 3 T and 7 T in healthy controls

aA Apical attachment of the TFCC, CD Central disk of the TFCC, fA Foveal 
attachment of the TFCC, DRUJ Distal radioulnar joint, TFCC Triangular 
fibrocartilage complex

T2 T2*

Location 3 T 7 T 3 T 7 T

Radius versus scaphoid 0.035 0.024  < 0.001 0.045

Radius versus lunate (radial) 0.005 0.004 0.03 0.224

Radius versus lunate (ulnar) 0.002 0.074  < 0.001  < 0.001

Radius versus DRUJ 0.102 0.01 0.74 0.001

Radius versus capitate/lunate 0.053 0.665  < 0.001 0.003

Scaphoid versus lunate (radial)  < 0.001  < 0.001 0.37 0.29

Scaphoid versus lunate (ulnar)  < 0.001  < 0.001 0.36 0.04

Scaphoid versus DRUJ 0.001  < 0.001 0.003 0.38

Scaphoid versus capitate/lunate 0.329 0.049  < 0.001 0.37

Lunate (radial) versus lunate (ulnar) 0.933 0.024 0.06 0.004

Lunate (radial) versus DRUJ 0.531 0.629 0.053 0.03

Lunate (radial) versus capitate/
lunate

 < 0.001 0.002  < 0.001 0.045

Lunate (ulnar) versus DRUJ 0.588 0.138  < 0.001 0.58

Lunate (ulnar) versus capitate/
lunate

 < 0.001 0.045 0.02 0.40

DRUJ versus capitate/lunate 0.001 0.023  < 0.001 0.81

TFCC CD versus TFCC fA  < 0.001 0.06 0.001 0.60

TFCC CD versus TFCC aA 0.018 0.472 0.09 0.84

TFCC fA versus TFCC aA 0.006 0.092 0.07 0.74
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field strengths, but also the different designs of the 
wrist coils used. In particular, the applied transmit field 
 (B1

+) has an influence on the measured T2 relaxation 
times [32].  B1

+ is typically more inhomogeneous at 7 T 
than at 3  T, which might explain the larger standard 
deviations of the measured T2 relaxation times [30]. In 
a previous study evaluating 15 volunteers at 3 T, it was 
observed that different coils caused significant altera-
tions in T2 and T2* values of the cartilage at the patella 
[33]. In addition, Chang et  al. [34] reported variations 
in T2 values at the femoral and tibial cartilage when 
comparing a 28-channel receive array coil and a quad-
rature volume coil at 7 T.

Beyond differences in field strengths, coil design and 
pulse sequences causing alterations in T2 and T2* val-
ues intra-individual variations between different ana-
tomic locations must also be considered [33, 35, 36]. 
Differences between anatomic locations, even within 
the same joint, may be related to physiological varia-
tions, functional demand, and compression load [37–39]. 
Local variations in T2 and T2* values of the cartilage of 
the knee at 7 T were described in healthy volunteers in 
2008 [18]. Subburaj et al. [17] also reported regional vari-
ations in compositional MRI including T2 mapping of 
hip joint cartilage in healthy controls and patients with 
femoro-acetabular impingement using a 3-T scanner. The 
magic angle effect must be also considered as another 
relevant factor causing variations of compositional imag-
ing between different anatomic locations [40]. In vivo and 
ex vivo studies have shown a strong magic angle effect on 
T2 values of cartilage with changes of more than 200%, 
especially in the deeper layers of cartilage [40, 41]. Our 
findings at the wrist support the findings of these previ-
ous studies, as we observed significant differences in T2 
and T2* values for articular cartilage between different 
anatomic locations at 3 T and 7 T. Differences between 
the measured T2 values at the scaphoid and at the luna-
tum in our study may be a consequence of the magic 
angle effect.

However, at the TFCC, significant regional differences 
occurred at 3 T, but not at 7 T, for both T2 and T2*. The 
variation in T2 and T2* values between different ana-
tomic locations in healthy controls suggests that single 
regional values must be interpreted cautiously. It also 
emphasizes the need to implement local reference values 
for each anatomic location, which need to be ascertained 
on the deployed hardware using the respective sequence 
protocol [6]. Due to the many factors affecting T2 and 
T2* values, intra-individual comparison using baseline 
and follow-up examinations acquired in an identical fash-
ion on the same MR system may currently be the most 
feasible clinical approach to obtain consistent and reli-
able results without the enormous burden of establishing 

local reference values. We did not find differences in 
inter-reader reliability between 3 and 7  T. Considering 
only these reliability data, our results do not suggest a 
definite advantage of performing T2 and T2* mapping 
at the wrist at ultra-high-field MRI. However, our results 
show the difficulties of the assessment of reliable T2 and 
T2* values of small anatomic structures, as correlation 
coefficients ranged from 0.03 to 0.98 with around one 
third (36%) of correlation coefficients being smaller than 
0.75.

Like any quantitative imaging technique, compositional 
MRI of cartilage requires careful attention to detail across 
the acquisition and analysis pipeline to ensure that values 
obtained are accurate, reproducible, and interpretable. 
Previous studies have shown marked variability across 
vendors, radiofrequency coils, and pulse sequences [35, 
42–45]. To address some of these challenges, a musculo-
skeletal subcommittee was formed under the Radiology 
Society of North America (RSNA) Quantitative Imag-
ing Biomarkers Alliance (QIBA) task force in 2017. The 
first profile of the committee included recommendations 
aimed at standardizing data acquisition techniques for 
cartilage T2 and T1ρ imaging as potential imaging bio-
markers [46]. However, though compositional MRI tech-
niques have been available for more than 20 years, they 
have not yet made a real impact on clinical care. This 
may be due in part to some of the technical challenges 
described above, such as standardization [47]. However, 
another major reason is the lack of disease-modifying 
drug treatments for cartilage restoration and osteoarthri-
tis, which means that the identification of early disease 
by compositional MRI currently has no or only limited 
impact on patient management [47]. This is likely to 
change in the future once disease-modifying approaches 
are available that may require longitudinal monitoring of 
structural treatment effects.

Our study has some limitations: first, the small num-
ber of study participants with missing reference stand-
ard providing a final diagnosis in the case of the included 
patients. Further, the uniqueness of the study population 
limits the generalization of our data and the transfer-
ability to other wrist conditions. Second, due to ethical 
considerations, we cannot provide any histological corre-
lation that objectively validates the MRI findings. Third, 
the sequences we used for 7-T MRI were optimized and 
adapted from standard sequences used at 3  T so that 
measurement times were comparable between field 
strengths. For T2* mapping at 7 T, we had to use shorter 
echo times due to the increased susceptibility artifacts 
at longer echo times. This might also have affected the 
results. Fourth, the coil design geometry used was differ-
ent for 3 T and 7 T; thus, the wrist position was slightly 
different during image acquisition. Moreover, at 7 T,  B1

+ 
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inhomogeneities might have contributed to the variation 
in measured T2 times.

In conclusion, T2 and T2* mapping are feasible for 
compositional imaging of the TFCC and the cartilage at 
the wrist at both 3 T and 7 T. As observed in other joints, 
quantitative T2 and T2* time values differ between field 
strengths. Further, T2 and T2* times vary between ana-
tomic locations and do not show a strong correlation 
between 3 and 7 T, which may be of high importance for 
valid imaging interpretation and emphasizes the need 
to establish reference values for healthy individuals for 
every anatomic location.
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