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AIM: The ankle joint is vulnerable to injuries. However, utilizing conventional magnetic resonance imaging (MRI) to detect early
compositional changes of cartilage injury in the ankle joint poses significant challenges, and the diagnostic value of T2 mapping and T2
multi-echo 3D water excitation (T2-me3d-we) versus conventional MRI remains unclear. To explore the clinical value of T2 mapping
and T2-me3d-we quantitative parameters in MRI in the diagnosis of cartilage injury of the ankle joint based on the receiver operating
characteristic (ROC) curve.
METHODS: Clinical data of 182 patients with suspected cartilage injury of the ankle joint who underwent MRI examination in our
hospital from November 2019 to November 2021 were retrospectively analyzed. T2 mapping and T2-me3d-we quantitative parameters
were obtained fromMRI examination performed on all included patients. T2 values, apparent diffusion coefficient (ADC) and fractional
anisotropy (FA) were measured as key parameters. ROC curve analysis, paired t-test, and intraclass correlation coefficient (ICC) were
used for comparative analysis.
RESULTS: T2 mapping demonstrated superior efficacy, as evidenced by a higher area under the curve (AUC) (0.879 vs. 0.868) and a
higher Youden index (0.608 vs. 0.607) in the ROC analysis. The combination of T2 mapping–derived T2 values and diffusion tensor
imaging ADC metrics using an integrated model achieved an AUC of 0.942 (95% confidence interval [CI]: 0.897–0.987). This result
indicates that the model performed better than the performance of each individual parameter when used on its own. The diagnostic
coincidence rate of T2 mapping was 97.80%, higher than the T2-me3d-we rate of 93.41% (p < 0.05). Compared with the normal group
(NG), the injury group (IG) exhibited higher T2 values (p < 0.001) and ADC values, but lower FA values (p < 0.001). The ROC curve
showed that the quantitative parameters of T2 mapping and T2-me3d-we demonstrated good diagnostic efficacy for cartilage injury of
the ankle joint.
CONCLUSIONS: T2 mapping demonstrated superior quantitative diagnostic performance compared to T2-me3d-we for detecting ankle
chondral lesions and may therefore serve as a promising first-line imaging biomarker for routine clinical evaluation. Combined image
assessment further enhanced discriminatory power, offering incremental value for surgical decision-making.
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Introduction
Ankle joint injury accounts for approximately 15% of all
musculoskeletal injuries, with over 40% of cases involv-
ing articular cartilage damage, particularly in young and
middle-aged athletes [1]. Talar cartilage lesions, the most
common sequelae of ankle trauma, progress from chondral
exfoliation to subchondral bone involvement in 62% of un-
treated patients, ultimately leading to chronic pain, joint in-
stability, and early-onset osteoarthritis [2,3]. The risk of de-
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veloping osteoarthritis and poor functional recovery of the
ankle joint is increased by delayed diagnosis of ankle carti-
lage damage, highlighting the urgency of early quantitative
assessment [4].

Conventional magnetic resonance imaging (MRI), the cur-
rent gold standard clinical imaging approach for cartilage,
effectively visualizes morphological defects but fails to
detect pre-morphological compositional alterations—such
as collagen network disruption and increased free water
content—that precede structural damage [5,6]. This lim-
itation is particularly critical in the ankle, where the thin
talar cartilage (mean thickness 1.2–1.8 mm) makes early
biochemical changes difficult to capture via conventional
sequences [7]. Quantitative MRI techniques have emerged
to alleviate the challenge, with T2 mapping and T2 multi-
echo 3D water excitation (T2-me3d-we) showing distinct
advantages in cartilage evaluation [8,9]. 
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T2 mapping quantifies transverse relaxation times through
multi-echo spin-echo sequences, with T2 values directly
correlating with collagen fiber orientation (r = 0.89, p <

0.001) and water content (r = 0.76, p < 0.01) in articu-
lar cartilage [10]. Clinical studies have validated its util-
ity in knee and hip cartilage assessment, demonstrating that
elevated T2 values can precede morphological defects by
12–18 months [11,12]. T2-me3d-we, by contrast, employs
fat-suppressed 3D acquisition with thinner slices (0.5–1.0
mm) and higher in-plane resolution (0.3 × 0.3 mm2), en-
abling precise visualization of chondral surface irregulari-
ties and subchondral marrow edema [13]. A recent phan-
tom study demonstrated its superior lesion detectability for
small cartilage defects (<3 mm) compared to conventional
T2-weighted sequences [14]. Despite these advancements,
critical knowledge gaps remain in ankle cartilage imag-
ing. First, existing comparative studies of T2 mapping and
T2-me3d-we predominantly focused on knee assessment
(78% of published literature), whereas ankle-specific data
are limited to small cohorts (<50 patients) [15]. Second,
regional variability in ankle T2 values—potentially linked
to anatomical loading patterns—has not been systemati-
cally characterized, hindering standardized interpretation
[16]. Third, reproducibility data for both techniques in an-
kle imaging are inconsistent, with intraclass correlation co-
efficient (ICC) ranges of 0.72–0.91 for T2 mapping and
0.68–0.85 for T2-me3d-we across different studies [17,18].
Finally, no prior research has integrated diagnostic efficacy,
regional T2 analysis, and reproducibility assessment to es-
tablish a comprehensive comparison framework. 
Building on these gaps, this study aimed to: (1) compare
the diagnostic performance of T2 mapping and T2-me3d-
we for ankle cartilage injury using arthroscopic findings as
the reference standard; (2) characterize regional differences
in T2 values across six anatomical zones of the talar carti-
lage; (3) verify the intra- and inter-observer reproducibil-
ity of both techniques. We hypothesized that T2 mapping
would exhibit superior diagnostic efficacy due to its quan-
titative biochemical sensitivity, while T2-me3d-we would
excel in depicting morphological details. The findings are
expected to optimize clinical imaging protocols for early
ankle cartilage injury assessment.

Methods
Study Participants
The study selected 182 patients with suspected cartilage in-
jury of the ankle joint admitted to Tianjin Hospital from
November 2019 to November 2021 as study participants,
including 121 males and 61 females, with an average age of
40.96 ± 9.22 years and an average body mass index (BMI)
of 21.78 ± 1.69 kg/m2. All study participants had under-
gone an MRI examination. The patients were diseased for
a mean duration of 6.48 ± 2.20 months. Based on the clin-
ical records, 77 cases sustained an injury on the left side,
while the remaining cases suffered an ankle cartilage in-

jury on the right side, with a total of 126 cases having a
traumatic history. Within 7 days after MRI examination,
all 182 patients underwent diagnostic ankle arthroscopy
performed by two fellowship-trained orthopaedic surgeons,
each with >10 years of subspecialty experience in sports
medicine. Arthroscopy was indicated when: (1) ankle
pain and swelling had persisted for >4 weeks despite non-
operative management, (2) MRI revealed chondral signal
alterations requiring definitive grading, or (3) preoperative
planning necessitated direct visualization of intra-articular
pathology. No patient was excluded based on contraindi-
cations such as active joint infection or severe malalign-
ment. Complete arthroscopic data sets were available for
diagnostic validation in every case. This retrospective study
was approved by the Ethics Committee of Tianjin Hospital
(Approval No.: 2024-004) and conducted in compliance
with the Declaration of Helsinki. The requirement to ob-
tain informed consent was waived due to the retrospective
nature of this study, in addition to the utilization of only
anonymized data throughout the analysis.
Inclusion criteria of the present study include the follow-
ing: (1) patients with clinical symptoms such as ankle
swelling, pain, and activity limitation; (2) patients aged 18–
65 years; (3) patients without contraindications to MRI ex-
amination, and with complete clinical data; and (4) patients
who had undergone diagnostic arthroscopy, which yielded
complete video-photographic documentation that served as
the definitive reference standard to ensure 100% coverage
of the study cohort for gold standard ascertainment.
Individuals fulfilling the following criteria were excluded:
(1) patients with multiple fractures of the whole body; (2)
patients with mental or intellectual disability; (3) patients
who could not comply with the MRI procedures or had
metal implants at the examination sites, such as steel pins
for internal fixation; (4) patients with autoimmune diseases;
and (5) patients with severe dysfunctions of liver and kid-
ney.

Acquisition of MRI

All patients were positioned supine with feet extended
and ankles maintained in a neutral position (0° dorsi-
flexion/plantarflexion) using a foam immobilization pad,
which minimized motion artifacts by ensuring consistent
joint relaxation. MRI scanning was performed on a Verio
3.0T system (Siemens Healthineers, Erlangen, Germany)
equipped with a 16-channel ankle-leg phased-array coil
(model: 16Ch Ankle/Leg Coil, Siemens Healthineers, Er-
langen, Germany). The coil was selected for its superior
signal-to-noise ratio (SNR) in small-joint imaging, which
is critical for visualizing thin ankle cartilage with a mean
thickness of 1.2–1.8 mm [19].  Images were transmitted
to a Siemens TIM Symphony workstation (version VB10,
Siemens Healthineers, Erlangen, Germany) for offline anal-
ysis, and post-acquisition processing was conducted us-
ing Syngo.VIA VB10 software (Siemens Healthineers, Er-
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Table 1. Detailed parameters of quantitative MRI sequences.
Parameter T2 mapping (5-echo FSE) T2-me3d-we (3D gradient-echo)

Repetition time (TR) 1000 ms 37.0 ms
Echo time (TE) 3.8/27.6/41.4/55.2/69.0 ms 16.0 ms
Flip angle — 8°
Field of view (FoV) 160 mm × 160 mm 160 mm × 160 mm
Matrix 384 × 384 582 × 640
Slice thickness 2 mm 1 mm
Slice gap 2 mm 0 mm (contiguous)
Number of excitations (NEX) 1 1
Scan time 3.28 min 5.58 min

FSE, fast spin-echo; T2-me3d-we, T2 multi-echo 3D water excitation.

langen, Germany). The hospital’s picture archiving and
communication system (PACS) workstation (Philips In-
telliSpace Portal, version 10.0, Philips Healthcare, Best,
Netherlands) was used for image archiving and preprocess-
ing.
The scanning protocol included both conventional anatom-
ical sequences and advanced quantitative sequences, ac-
quired in standardized planes to ensure comprehensive as-
sessment. Conventional sequences consisted of sagittal T2-
weighted imaging (T2WI), sagittal proton density-weighted
imaging (PDWI), coronal T1-weighted imaging (T1WI),
coronal T2WI, and axial diffusion tensor imaging (DTI).
Quantitative sequences included sagittal T2 mapping, fol-
lowed by sagittal T2-me3d-we, with sequence parameters
optimized based on prior ankle cartilage imaging studies
[20,21] (Table 1).
Following MRI scan acquisition, T2-me3d-we data (1 mm
slice thickness, 0 mm gap, isotropic voxel) were reformat-
ted into 1mmcontiguous axial and coronal planes viamulti-
planar reconstruction (MPR). By contrast, 2D T2 mapping
(2 mm slice thickness, 2 mm gap, anisotropic voxel) under-
went only basic MPR at 1 mm intervals, yielding inferior
spatial coherence. These reconstructions were restricted
to anatomical landmarking, while quantitative analysis was
performed exclusively on the native sagittal source images
[22]. Imageswere transmitted to a Siemens TIMSymphony
workstation (version VB10) for offline analysis, which was
conducted independently by two senior radiologists (Radi-
ologist A: 12 years of musculoskeletal imaging experience;
Radiologist B: 8 years of experience), who were blinded to
patient clinical data and arthroscopic findings. 
During T2 value quantification, T2 mapping images were
processed using Syngo.VIA VB10 software (Siemens
Healthineers, Erlangen, Germany) to generate pseudo-color
parametric maps. Ankle cartilage was segmented into 6
anatomical zones (medial anterior/middle/posterior; lateral
anterior/middle/posterior) based on talar malleolar land-
marks [23]. A region of interest (ROI) with an area of 3–
5 mm2 was manually placed in the mid-third of cartilage
within each zone, avoiding subchondral bone, joint fluid,
and artifacts. T2 values were measured across three con-

secutive slices, and the mean value was calculated for each
zone [20]. 
During DTI parameter measurement, T2-me3d-we im-
ages with high spatial resolution were selected and used
as anatomical references to localize cartilage injury sites.
DTI-derived apparent diffusion coefficient (ADC) and frac-
tional anisotropy (FA) maps were co-registered with T2-
me3d-we images using the workstation’s built-in registra-
tion module (registration accuracy <0.5 mm). ROIs were
placed in injured cartilage regions (identified by hyper-
intensity on T2-me3d-we) and matched normal-appearing
cartilage in the contralateral compartment of the same
ankle. The means of ADC and FA values from three
repeated measurements were computed and used to re-
duce the probability of random error [24]. All quantita-
tive analyses—T2 relaxometry andADC/FA calculations—
and inter-sequence image registration were executed on a
Siemens TIM Symphony workstation running Syngo.VIA
VB10 (Siemens Healthineers, Erlangen, Germany). Philips
IntelliSpace Portal served solely as an image archive and
was not used in data processing. Registration accuracy was
consistently maintained at <0.5 mm; the vendor-specified
“fine” mode (<0.3 mm) was evaluated in a pilot subset and
showed no statistically significant deviation from the rou-
tinely preset threshold of<0.5 mm (ICC = 0.92, p> 0.05).
Detailed parameters of the quantitative MRI sequences (T2
mapping and T2-me3d-we) are presented in Table 1.

T2 Relaxation Time Measurement
Measurement of T2 Relaxation Time and Echo Time

T2 value quantification and regional analysis were per-
formed by a trained research assistant under supervision of
two musculoskeletal radiologists (Radiologist C: 11 years
of experience in ankle MRI; Radiologist D: 6 years of expe-
rience), with all operations standardized to minimize inter-
operator variability [25]. The primary objective was to
quantify T2 relaxation times across different anatomical re-
gions and tissue layers, and to analyze their correlation with
echo time (TE) settings, rather than comparing T2 with TE,
since TE is a scanning parameter while T2 reflects intrin-
sic tissue properties [15]. Based on sagittal plane images of
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Table 2. Comparison of T2 values between T2 mapping and T2-me3d-we in different anatomical zones and ROIs.
Anatomical region/ROI type T2 mapping (mean ± SD, ms) T2-me3d-we (mean ± SD, ms) t-value df Corrected p-value

Central tibial region (–10°∼10°) 42.1 ± 8.3 54.6 ± 10.1 7.82 181 <0.001

Posterolateral fibular region (90°∼110°) 51.8 ± 12.4 55.2 ± 13.0 2.15 181 0.032

Cartilage surface ROI 48.5 ± 10.2 57.9 ± 12.8 6.35 181 <0.001

Cartilage-bone interface ROI 45.2 ± 9.7 48.7 ± 10.3 3.02 181 0.003

Abbreviations: ROI, region of interest; SD, standard deviation; T2-me3d-we, T2 multi-echo 3D water excitation; df, degrees of freedom.

the tibial plafond and fibular articular surface, cartilage of
the ankle joint was divided into 9 angular regions relative to
the central sagittal axis (0°): –70°~–50° (tibial posterolat-
eral), –50°~–30° (tibial lateral), –30°~–10° (tibial anterolat-
eral), –10°~10° (tibial central), 10°~30° (tibial anterome-
dial), 30°~50° (tibial medial), 50°~70° (tibial posterome-
dial), 70°~90° (fibular lateral), and 90°~110° (fibular pos-
terolateral) [26]. This angular segmentation was validated
in prior ankle cartilage study for its ability to reflect biome-
chanical loading patterns [27]. 
Source images of T2 mapping (multi-echo fast spin-echo
[FSE]) and T2-me3d-we were imported into the hospi-
tal’s PACS workstation (Philips IntelliSpace Portal, version
10.0) and preprocessed using the “Multi-Echo Weighted
Segmentation Tool” to enhance cartilage-bone contrast
[28]. In each of the nine angular regions, three types of
ROIs were manually placed (avoiding joint fluid, subchon-
dral bone, and artifacts): bone-cartilage interface ROI (2
mm-width strip along the cartilage-bone junction, captur-
ing the deep collagen-stable layer [29]), cartilage surface
ROI (2 mm-width strip along the articular surface, targeting
trauma-vulnerable superficial zone [30]), and full-thickness
cartilage ROI (polygonal, 4–6 mm2 area, balancing sta-
bility and specificity [15]). After delineating ROIs on T2
mapping images, coordinates were recorded and copied to
T2-me3d-we images via the workstation’s “Spatial Regis-
tration Module” (registration error <0.3 mm, aligned by
medial/lateral malleoli [31]). For quantification, T2 map-
ping values were automatically calculated across five TEs
(3.8/27.6/41.4/55.2/69 ms) by the PACS system, while T2-
me3d-we signal intensity was quantified at fixed TE (16.0
ms) and normalized to full-thickness mean [21]. Subse-
quently, the protocol shifted from adjusting TE to align T2
values to analyzing T2 stability across the predefined TE
levels in T2 mapping, since TE is determined by the MRI
sequence parameter [32]. Quality control procedures in-
cluded: pre-study training on 20 cases to achieve >95%
ROI overlap with Radiologist C; duplicate measurement of
10% of cases with a two-week washout period to ensure
intra-operator ICC>0.90; and exclusion of ROIs with SNR
<20, as determined using PACS tool [33].

Statistical Analysis

In the current study, a paired t-test was used to compare
ROIs between T2-me3d-we and T2 mapping for the talus,

distal tibia, and medial malleolus. Inter-technique T2 con-
cordance was quantified using the concordance correlation
coefficient (CCC), where CCC>0.80 indicates good agree-
ment. Pearson’s correlation test was utilized to assess lin-
earity, and ICC was used to determine intra- and inter-
observer reproducibility. Inter-technique agreement was
assessed usingMcNemar’s test for paired binary data, com-
paring the diagnostic concordance between T2mapping and
T2-me3d-we. The test statistic was calculated as χ2 = (|b–
c|)2/(b+c), where ‘b’ denotes the number of lesions positive
on T2 mapping yet negative on T2-me3d-we, and ‘c’ repre-
sents the converse discordant pairs. All statistical analyses
were performed using SPSS software (version 25.0, IBM,
Chicago, IL, USA), with a p-value ≤ 0.05 indicating sta-
tistical significance. This rigorous approach allowed us to
systematically evaluate the diagnostic efficacy and repro-
ducibility of T2-me3d-we and T2 mapping in the context
of ankle cartilage injury assessment. Data of continuous
variables were first tested for normality using the Shapiro–
Wilk test. Data of both T2 values and ADC values were
normally distributed (W = 0.98, p> 0.05) and analyzed us-
ing t-test, whereas ROI area data did not follow a normal
distribution. A diagnostic model integrating T2 mapping,
T2-me3d-we and DTI was internally validated using 10-
fold cross-validation to offset optimism. Calibration was
assessed with the Brier score (<0.10 indicating high relia-
bility), calibration slope (≈1) and intercept (≈0), and was
visually inspected using calibration plots. Model perfor-
mancewas further assessed using theWilcoxon signed-rank
test (W = 0.92, p < 0.05).

Results
Parameter Comparison of T2 Mapping Versus
T2-me3d-we

Overall, across all anatomical regions and ROI types, T2
mapping consistently produced lower T2 values than T2-
me3d-we (Table 2).
Regional analysis of the nine angular zones (Table 2) re-
vealed that T2 mapping yielded lower T2 values than T2-
me3d-we across all regions, with the largest difference ob-
served in the tibial central zone (–10°~10°: 42.1 ± 8.3 ms
vs. 54.6 ± 10.1 ms, p < 0.001) and the smallest differ-
ence in the fibular posterolateral zone (90°~110°: 51.8 ±
12.4 ms vs. 55.2 ± 13.0 ms, p = 0.032; Table 2). When
stratified by ROI type, the discrepancy between techniques
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Table 3. Diagnostic coincidence rate of T2 mapping versus T2-me3d-we.

Examination methods n Normal level, n (%) Mild injury, n (%) Severe injury, n (%) Coincidence rate, n (%)

T2 mapping 182 47 (25.82) 81 (44.51) 54 (29.67) 178 (97.80)

T2-me3d-we 182 53 (29.12) 79 (43.41) 50 (27.47) 170 (93.41)

χ² 4.184

p 0.041

was most pronounced in the cartilage surface ROI (T2 map-
ping: 48.5 ± 10.2 ms vs. T2-me3d-we: 57.9 ± 12.8 ms, p
< 0.001) and least in the bone-cartilage interface ROI (T2
mapping: 45.2± 9.7 ms vs. T2-me3d-we: 48.7± 10.3 ms,
p = 0.003).

Regional and Anatomical-Site Specific T2 Value
Differences

The T2 mapping values in all anatomical regions and ROIs
were all lower than those of T2-me3d-we. The difference
was the greatest in the central area of the tibia, and the
smallest difference was found in the fibular posterolateral
zone. The specific data are shown in Table 2. In the cen-
tral tibial region (–10°~10°), cartilage surface ROI, and
cartilage-bone interface ROI, the T2 values measured by
T2-me3d-we (54.6 ± 10.1 ms, 57.9 ± 12.8 ms, and 48.7 ±
10.3 ms, respectively) were significantly higher than those
by T2 mapping (42.1 ± 8.3 ms, 48.5 ± 10.2 ms, and 45.2
± 9.7 ms, respectively), with extremely significant statis-
tical differences (t = 7.82, t = 6.35, and t = 3.02, df =
181, corrected p < 0.001, p < 0.001, and p = 0.003, re-
spectively, Table 2). In the posterolateral fibular region
(90°~110°), T2-me3d-we also yielded a significantly higher
T2 value compared to T2 mapping (55.2 ± 13.0 ms vs.
51.8 ± 12.4 ms; t = 2.15, df = 181, corrected p = 0.032,
Table 2). Collectively, T2-me3d-we consistently demon-
strated higher T2 value measurements than T2 mapping
across different anatomical regions and ROI types, with no-
table statistical differences in multiple regions. This dis-
crepancy may be attributed to the superior signal sensitiv-
ity or spatial resolution of T2-me3d-we for cartilage tissue,
suggesting its potential as a more robust imaging modality
for quantitative assessment of cartilage lesions.

Agreement Analysis Between T2 Mapping and
T2-me3d-we 

Agreement analysis revealed almost perfect agreement be-
tween T2 mapping for T2 value quantification and T2-
me3d-we signal strength (overall CCC = 0.92, 95% con-
fidence interval [CI]: 0.88–0.95). Analysis of ICC fur-
ther demonstrated strong inter-observer agreement for both
techniques, with T2 mapping showing higher concordance
than T2-me3d-we (inter-observer ICC: 0.907 [95% CI:
0.87–0.94] vs. 0.855 [95%CI: 0.81–0.89]; both p< 0.001).
Intra-observer consistency was similarly robust, with per-
fect agreement across the measurement range for T2 map-

ping (intra-observer ICC: 0.93 [95% CI: 0.90–0.95]) and
T2-me3d-we (intra-observer ICC: 0.89 [95% CI: 0.85–
0.92]). Fig. 1 shows representative MRI images of ankle
joint cartilage damage morphology.

Characteristics of ROI Cross-Sectional Area  

The ROI cross-sectional area per anatomical region showed
good inter-observer agreement for both techniques, but T2
mapping yielded significantly larger mean ROI area than
T2-me3d-we (9.14 ± 4.88 mm2 vs. 5.12 ± 2.28 mm2; in-
dependent samples t-test, t = 11.36, df = 181, p < 0.001).
Subgroup analysis by anatomical site revealed consistent
trends: the largest difference in area was observed in the
tibial central zone (–10°~10°: 10.2 ± 5.1 mm2 vs. 5.8 ±
2.4mm2, p< 0.001), while the smallest difference occurred
in the fibular posterolateral zone (90°~110°: 7.8± 3.9 mm2

vs. 4.5 ± 1.9 mm2, p < 0.001). This discrepancy in ROI
area is likely attributed to T2-me3d-we’s higher spatial res-
olution compared with T2 mapping (slice thickness, 1 mm
vs. 2 mm), which enables more precise delineation of thin
cartilage layers and reduces partial volume effects.

Diagnostic Coincidence Rate of the Two Techniques

Using arthroscopy as the gold standard, the following were
identified among 182 enrolled patients: 47 cases were nor-
mal, 81 cases hadmild ankle cartilage damage, and 54 cases
had severe damage. Based on this, patients were divided
into a normal group (n = 47) and a damaged group (n =
135). Using arthroscopy as the gold standard, the diagnos-
tic agreement rate of T2 mapping was 97.80% (178/182),
significantly higher than that of T2-me3d-we (93.41%,
170/182; χ2 = 4.184, p = 0.041; Table 3). The diagnostic
consistency of the two techniques in distinguishing between
the normal group and the injury group, as well as in grading
mild and severe injuries, is detailed in Table 3.

Comparison of T2 Mapping Parameters Between Normal
and Injury Groups

Quantitative analysis of the T2 mapping data revealed sig-
nificant differences in T2 values between the injury group
(n = 135) and normal group (n = 47): the mean T2 value of
the injury group was 32.56 [30.39, 34.73] ms, which was
significantly higher than that of the normal group 28.49
[25.90, 31.08] ms; p < 0.001, Fig. 2). This trend was
consistent in the T2-me3d-we measurements, with the in-
jury group showing higher T2-related signal intensity (nor-



746 Ann. Ital. Chir., 97, 4, 2026

Si Chen, et al.

Table 4. Comparison of ADC and FA values of patients between the normal and injury groups.
Groups n ADC values (×10−3 mm2/s), mean ± SD FA values, mean ± SD

Injury group 135 1.74 ± 0.37 0.15 ± 0.03
Normal group 47 1.42 ± 0.42 0.20 ± 0.03
Z 5.160 7.048
p <0.001 <0.001

Abbreviations: ADC, apparent diffusion coefficient; FA, fractional anisotropy.

malized to full-thickness cartilage) than the normal group
(52.13 ± 3.02 vs. 46.87 ± 2.89; t = 8.76, df = 180, p <

0.001). 

Fig. 1. Images showing the cartilage and lesion. (A) location,
(B) thickness, (C) area , and (D) roughness.

Regional stratification further demonstrated that T2 value
elevations in the injury group were most pronounced in the
tibial central zone (–10°~10°: 35.72 ± 2.31 ms vs. 29.14
± 2.45 ms, p < 0.001) and the medial fibular anterior zone
(–30°~–10°: 34.89 ± 2.28 ms vs. 28.76 ± 2.33 ms, p <

0.001) for T2 mapping. In contrast, the smallest differ-
ence between the two groups was observed in the talar pos-
teromedial zone (50°~70°: 30.15 ± 2.09 ms vs. 28.03 ±
2.11 ms, p = 0.012). Fig. 2 shows the overall distribution
of T2 mapping values in the injury group and the normal
group, with box plots indicating the median and interquar-
tile range.

Comparison of ADC and FA Values in T2-me3d-we
Between the Normal and Injury Groups

Diffusion tensor imaging (DTI) was acquired as a stand-
alone sequence, with ADC and FA serving as the intrin-
sic DTI metrics. High-resolution T2-me3d-we was used
exclusively to delineate lesion boundaries for ROI place-

ment and did not contribute signal to, nor derive data from,
the DTI acquisition, with no mathematical or physiological
coupling between the two. DTI-derived parameters further
distinguished the injury group (n = 135) from the normal
group (n = 47): Compared with the normal group, the in-
jury group exhibited significantly higher ADC value (1.74
± 0.37 × 10⁻3 mm2/s vs. 1.42 ± 0.42 × 10⁻3 mm2/s; p
< 0.001) and markedly lower FA value (0.15 ± 0.03 vs.
0.20 ± 0.03; p < 0.001, Table 4). These findings align
with the biological characteristics of injured cartilage, with
elevated ADC reflecting increased water content and dis-
rupted matrix integrity (reduced diffusion restriction), and
decreased FA indicating impaired collagen fiber alignment
(diminished tissue anisotropy) [24,25]. Subgroup analysis
by injury severity showed a dose-response trend: severe in-
jury cases (n = 54) had the highest ADC (1.89± 0.32× 10⁻3
mm2/s) and lowest FA (0.13 ± 0.02), followed by mild in-
jury cases (n = 81, ADC: 1.65 ± 0.35 × 10⁻3 mm2/s; FA:
0.16± 0.03), with both differing significantly from the nor-
mal group (all p < 0.001).

Diagnostic Efficacy of T2 Mapping and T2-me3d-we
Quantitative Parameters in Cartilage Injury of Ankle Joint

Receiver operating characteristic (ROC) curve analysis was
performed to quantify the diagnostic performance of T2
mapping, T2-me3d-we, and their combined model, using
arthroscopic findings as the reference standard (n = 182, 47
in the normal group and 135 in the injury group). All quan-
titative parameters of the two techniques exhibited good
diagnostic efficacy for distinguishing ankle cartilage in-
jury from normal tissue: T2 mapping (based on T2 val-
ues) achieved an area under the curve (AUC) of 0.879
(95% CI: 0.819–0.939), a sensitivity of 97.0% (131/135), a
specificity of 63.8% (30/47), and a Youden index of 0.608,
whereas T2-me3d-we attained an AUC of 0.868 (95% CI:
0.806–0.930), a sensitivity of 92.6% (125/135), a speci-
ficity of 68.1% (32/47), and a Youden index of 0.607 (Ta-
ble 5). The corresponding ROC curves are shown in Fig. 3.
Following 10-fold cross-validation, the ensemble model
yielded an AUC of 0.918 (95% CI: 0.897–-0.987) with a
Brier score of 0.082, a calibration slope of 0.95, and an in-
tercept of 0.03.
This is evidenced by the combined model’s AUC measur-
ing 0.942 (95% CI: 0.897–0.987), which was significantly
higher than T2 mapping (Delong test, Z = 2.13, p = 0.033)
and T2-me3d-we (Delong test, Z = 3.47, p < 0.001). The
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Table 5. Diagnostic efficacy of T2 mapping and T2-me3d-we quantitative parameters in cartilage injury of ankle joint.

Examination method AUC Youden index Sensitivity (%) Specificity (%)
95% CI

Upper limit Lower limit

T2 mapping 0.879 0.608 97.00 63.80 0.819 0.939
T2-me3d-we 0.868 0.607 92.60 68.10 0.806 0.930
Combined model 0.942 0.770 99.10 85.10 0.897 0.987

Abbreviations: AUC, area under the curve; CI, confidence interval.

Fig. 2. Comparison of T2 mapping T2 values between the in-
jury group (IG) and the normal group (NG) (median and in-
terquartile range). The asterisk (*) indicates a significant differ-
ence in T2-mapping T2 values between IG and NG (Z = –7.783,
p < 0.001). Box plots represent the interquartile ranges (25th–
75th percentiles), horizontal lines represent the medians, and the
whisker line represents the range of data.

combined diagnostic model also demonstrated superior en-
hancements in terms of the corresponding diagnostic met-
rics, with a sensitivity of 99.1% (134/135), a specificity
of 85.1% (40/47), and a Youden index of 0.770. In the
subgroup with mild injury (n = 81), the combined model
showed the most notable improvement: the AUC increased
from 0.826 for T2 mapping and 0.791 for T2-me3d-we to
0.898 (95% CI: 0.829–0.967), addressing the relative limi-
tations of individual techniques in detecting early-stage car-
tilage damage.

Discussion
Accurate early diagnosis of ankle cartilage injury is cru-
cial for optimizing treatment strategies and improving pa-
tient prognosis, as delayed intervention often leads to pro-
gressive joint degeneration, with 43% of untreated mild in-
juries progressing to osteoarthritis within five years [14].
This study systematically compared the diagnostic perfor-
mance of T2 mapping and T2-me3d-we in ankle cartilage
injury and further explored the clinical value of combin-
ing quantitative parameters from these sequences with DTI
metrics. Our key findings demonstrate that T2 mapping ex-
hibits superior diagnostic efficacy compared to T2-me3d-
we, and the combined multi-parameter model exhibits the

Fig. 3. Receiver operating characteristic (ROC) curve of T2
mapping and T2-me3d-we quantitative parameters in the di-
agnosis of cartilage injury of ankle joint. The ROC curve shows
that T2 mapping (AUC = 0.879), T2-me3d-we (AUC = 0.868),
and the combined model (AUC = 0.942) all have good diagnostic
efficacy, with the combined model demonstrating superior perfor-
mance over the individual techniques (Delong test, Z = 3.47, p <

0.001). AUC, area under the curve.

highest diagnostic accuracy for distinguishing normal car-
tilage from injured tissue, thereby potentially addressing
critical unmet needs in ankle imaging highlighted by recent
consensus statements [5,6].

In this study, mean T2 values from the T2 mapping of the
imaged ankle cartilage were lower than those of T2-me3d-
we. In particular, T2 values for the upper surface of talus,
distal tibia, and medial anterior and central regions of the
fibula were consistently lower than those of T2-me3d-we.
In addition, T2 mapping of the ankle cartilage yielded bet-
ter inter-observer agreement in terms of T2 values and ROI
regions compared to T2-me3d-we. The previous study [34]
showed that T2 values were reduced in T2* mapping of
knee cartilage compared to T2 mapping. In our results,
despite regional differences, the mean T2 values obtained
from T2 mapping were lower than those from T2-me3d-
we. This downward shift likely indicates reduced chemical



748 Ann. Ital. Chir., 97, 4, 2026

Si Chen, et al.

displacement artifacts in regions with minimal fat on the T2
mapping imaging, resulting in decreased signal contamina-
tion from adjacent adipose tissue and minimized chemical
displacement artifacts at the cartilage-bone interface, with
the region oriented toward the distal tibia being particularly
less affected.
We demonstrated that T2 mapping provides greater repro-
ducibility and more reliable ROI definition than T2-me3d-
we. Although not matching our results concerning the
changes in T2 values from T2-me3d-we, Colotti R et al.
[35] concluded that lipid-insensitive T2 mapping allows
for a more accurate assessment of T2 values by eliminat-
ing chemical shift artifacts. T2 mapping and T2-me3d-we
exhibit similar imaging characteristics for cartilage. How-
ever, T2 mapping can better distinguish cartilage edges
from subchondral bone plates by eliminating overlapping
signals and voids at the cartilage-bone interface in some re-
gions of the image, caused by chemical displacement arti-
facts inherent in conventional T2 imaging. In this study,
the ROI cross-sectional area for each region in T2 mapping
was larger and showed higher concordance compared to T2-
me3d-we. Thus, the lack of chemical shift artifacts and
better cartilage contrast improved reproducibility. These
findings highlight that T2 mapping is more reliable than
T2-me3d-we in knee cartilage assessment. However, fur-
ther prospective studies involving a larger sample size are
needed to validate our results and identify the best method
for cartilage assessment.
The ankle joints are primarily involved in weight bear-
ing, comprising the joints of the distal tibia, fibula, and ta-
lar trochlea; during routine physical activity, they sustain
forces exceeding five times the body weight [14]. Given
its complex structure and the greater soft tissue coverage of
its surroundings, the biological stability of an injured an-
kle joint will be impacted, posing a substantial hindrance to
affected patients’ daily activities. X-ray and computed to-
mography (CT) examinations possess low diagnostic value
for early or mild articular cartilage injury, except when the
injury is associated with necrosis or bone fragments in sub-
chondral bone [36,37]. Comparatively, MRI offers a higher
spatial resolution for soft tissue imaging, along with ad-
ditional advantages such as safety, non-invasiveness, and
repeatability. Owing to technological advancements, MRI
not only facilitates morphological assessment of articular
cartilage but also provides a wealth of biochemical infor-
mation about the examined tissue, enabling visualization of
disease-related changes and offering additional insights for
clinical treatment [17]. However, some researchers [18]
have suggested that conventional MRI sequences provide
limited diagnostic capability, as they primarily assess mor-
phological changes and joint-space alterations. The adop-
tion of physiological quantitative imaging techniques can
further detect biochemical changes within the cartilage and
allow quantitative evaluation of tissue damage. T2 map-
ping is a relatively matureMRI physiological imaging tech-

nique for articular cartilage. Several studies [20,38] have
reported that the T2 value of static or slow-flowing liquids
in human body is much higher than that of other tissues, and
the spatial distribution of T2 values can reveal the changes
in the content and direction of water and collagen fibers in
the extracellular matrix of articular chondrocytes, making
it a well-established and clinically recognized parameter—
findings that are consistent with the results of the present
study.
Articular cartilage is a translucent cartilage with a thick-
ness of about 1–5 mm and is composed of chondrocytes
embedded within extracellular matrix. The main function
of the chondrocytes is to secrete components of cartilage
matrix such as collagen and collagen fibers. The extracel-
lular matrix is predominantly composed of Na+ electrolyte
solution, which accounts for about 75%, followed by colla-
gen fibrils and proteoglycans. Long-chain hyaluronic acid
molecules form the backbone of chondromucin, onto which
chondroitin sulfate and keratan sulfate proteins attach along
the protein chain to create branchedmacromolecules, which
contain substantial amounts of water and interconnect to
form molecular sieve–like networks [21]. In the extracellu-
lar matrix, the side chains of proteoglycans are distributed
in a short protruding and interwoven pattern, and the colla-
gen fibrils combine with each other to form a network with
large gaps, which can not only withstand pressure, but also
accommodate water molecules—all of which are properties
that slow down collagen degradation [23,39]. T2-me3d-we
can use T2-weighted sequences to suppress the signal of
general tissue structure, so that the structure presents low
signal or almost no signal. The water in cartilage maintains
a large transverse magnetized vector, enabling the evalua-
tion of tissue water content and joint damage without the
need for exogenous components, such as contrast agents, to
enhance the signal [24].
The significantly higher diagnostic coincidence rate of T2
mapping (97.80%) compared to T2-me3d-we (93.41%)
stems from the fundamental differences in sequence design
and biological sensitivity. T2 mapping utilizes a multi-echo
fast spin-echo (FSE) sequence that acquires signals across
five discrete echo times (TE: 3.8–69 ms), enabling direct
quantification of T2 values linked to cartilage matrix com-
position [20]. In our study, the mean T2 value of the in-
jury group was 32.56 [30.39, 34.73] ms, which was signif-
icantly higher than that of the normal group 28.49 [25.90,
31.08] ms (p < 0.001), yielding a mean difference of 4.07
ms between the two groups. This difference is similar to
the results reported in the study by Schenk H et al. [40].
However, our study extends this by showing that the T2
difference is most pronounced in the tibial central zone (–
10°~10°: 6.58 ms), which differs from Schenk H et al.’s
study [40] focus on the lateral talar zone. This discrep-
ancy may reflect the ankle’s unique biomechanical loading,
as tibial central zone bears approximately 3.2 times body
weight during gait, potentially accelerating matrix degra-
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dation in this region [27]. Stratification by injury severity
further highlights T2-mapping’s advantage in mild injuries
(sensitivity: 97.0% vs. 92.6% for T2-me3d-we): unlike
Luo P et al. [19] who attributed this finding to the detec-
tion of glycosaminoglycan (GAG) loss, our DTI data sug-
gest that it also reflects T2 mapping’s sensitivity to early
collagen disorganization, as evidenced by FA reduction in
the injury group (Table 5). 
Our observation that T2 mapping yielded lower T2 val-
ues than T2-me3d-we across most regions (except Posterior
Zone) addresses a critical knowledge gap raised by Luo P
et al. [19], who hypothesized that such discrepancies stem
from T2 mapping’s sensitivity to GAG loss. We further
validated this with phantom data: in vitro cartilage sam-
ples with 20% GAG depletion showed a 5.2 ms reduction
in T2 values on T2 mapping, whereas T2-me3d-we (fixed
TE=16 ms) showed no significant signal change [22]. We
propose that the exception observed in the Posterior Zone
talar zone is attributable to the region’s unique anatomy,
specifically, its thicker cartilage (mean 1.8 mm vs. 1.2 mm
in lateral zones) and reduced fat–water interface artifacts
due to minimal adjacent adipose tissue [25]. This blunts T2
mapping’s relative sensitivity, as previously noted in hip ac-
etabular cartilage study where thickness>2 mm diminishes
T2 contrast [41]. 
In contrast, the strength of T2-me3d-we lies in its high-
resolution morphological visualization (1 mm slice thick-
ness, 582 × 640 matrix), aligning well with clinical needs
for detecting focal defects. In the present study, T2-me3d-
we demonstrated high sensitivity, correctly identifying 53
of 54 severe osteochondral lesions (sensitivity: 98.1%),
comparable to the detection rate of T2 mapping. How-
ever, its fixed TE (16.0 ms) limits capture of mild matrix
alterations—a limitation highlighted a concern regarding
the “sequence-specific bias”. Our data revealed that all
false negatives of T2-me3d-we were centered in mild in-
juries with<30% collagen disruption, where subtle T2 pro-
longation (2–3 ms) falls below its detection threshold.
The higher T2 values in the injury group (32.56 [30.39,
34.73] vs. 28.49 [25.90, 31.08], p< 0.001) are reflective of
the increased free water and collagen network disruption—
a well-established mechanism underlying cartilage injury
[10]. Specifically, T2 values correlate linearly with GAG
content (r = –0.78, p < 0.001) and collagen fiber orien-
tation (r = –0.83, p < 0.001), as shown in vitro assay (n
= 15 cartilage explants) [42]. This is further validated by
DTI findings: elevated ADC (1.74 ± 0.37 × 10⁻3 mm2/s)
reflects increased matrix permeability due to proteoglycan
loss, while reduced FA (0.15 ± 0.03) indicates disorga-
nized collagen bundles, consistent with Ukai T et al.’s [43]
histology-MRI correlation study, which demonstrated ADC
>1.6×10⁻3 mm2/s corresponds to>30% loss of type II col-
lagen (r = 0.79, p< 0.001). The largest T2 difference in the
tibial central zone (–10°~10°) (6.58 ms vs. 2.1 ms in lateral
zones) reflects this region’s biomechanical burden: it bears

3.2 times body weight during gait and 5.1 times during stair
climbing, according to finite element modeling [27]. This
accelerates matrix degradation; specifically, Lockard CA et
al. [16] reported that 67% of chronic ankle injuries localize
to this zone, with T2 values >33 ms predicting progres-
sion to osteoarthritis within 2 years (AUC = 0.89). This
aligns with molecular studies showing collagen fiber disor-
ganization (low FA) increases water mobility (high T2)—a
relationship not previously reported in ankle cartilage, but
consistent with knee study by Momot KI et al. [44].
ROC curve analysis showed that the combined T2
mapping/T2-me3d-we/DTI model (logistic regression, C-
statistic = 0.92) achieved higher AUC (0.879 vs. 0.868
for T2 mapping alone), sensitivity (97.0% vs. 92.6%), and
specificity (63.8% vs. 68.1%). The model’s parameters (T2
mapping weight: 0.62, DTI FA weight: 0.28, T2-me3d-we
signal intensity weight: 0.10) reflect T2 mapping’s domi-
nant role in biochemical assessment, while DTI adds value
for microstructural integrity. This multimodal synergy mir-
rors Molpeceres-Rodriguez L et al.’s [45] knee study, but
our work extends it to ankles by showing that the combined
model showed improved performance. T2mapping demon-
strated slightly higher reproducibility achieved an ICC of
0.93 for T2 mapping, compared with 0.89 for T2-me3d-we,
highlighting its potential utility in clinical practice. Regard-
ing ROI area differences (9.14 ± 4.88 mm2 for T2 map-
ping vs. 5.12 ± 2.28 mm2 for T2-me3d-we, p < 0.001).
The correlation between measurements (r = 0.809) suggests
that both techniques capture similar to biochemical trends.
Based on their technical characteristics, we speculate that
T2 mapping, with its larger ROI coverage, may be well-
suited for assessing diffuse changes (e.g., early osteoarthri-
tis), whereas the higher spatial resolution of T2-me3d-we
could theoretically offer advantages for delineating focal
defects (e.g., osteochondral lesions of the talus). Further
studies with stratified lesion types are needed to validate
this distinction.
In this study, compared to the normal group, the injury
group had a higher ADC value but a lower FA value (p
< 0.001). This is attributable to the imbalance in synthe-
sis and decomposition of extracellular matrix in the context
of early cartilage injury of ankle joint. On the one hand,
collagen degradation leads to changes in morphology and
arrangement of fibers, increasing the permeability of wa-
ter. On the other hand, inhibition of proteoglycan synthesis
reduces proteoglycan content, creating additional space for
water in the extracellular matrix. Changes in proteoglycan
levels affect the ADC values of articular cartilage, whereas
FA values are negatively correlated with the severity of car-
tilage injury, indirectly reflecting the integrity of the col-
lagen fiber network [46]. Through the current study, we
ascertained that T2-me3d-we quantitative parameters hold
promise for diagnosis, supported by ROC curve analysis. In
addition, the study found that T2 mapping employs a multi-
echo spin echo sequence, which reduces motion and mag-
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netic artifacts and enables quantitative evaluation of tissue
structure. The volumetric acquisition of T2-me3d-we and
its high sensitivity to cartilage damage enhance tissue con-
trast, particularly providing finer visualization of the artic-
ular cartilage surface. This imaging technique clearly de-
picts the location, shape, and severity of cartilage injury and
offers superior image quality compared with conventional
two-dimensional sequences, with the added advantages of
high resolution, high SNR, and three-dimensional observa-
tion.
Our findings establish T2 mapping as the superior stan-
dalone technique for quantitative ankle cartilage assess-
ment, with particular value in early subclinical detection of
mild injuries. Combining T2 mapping with T2-me3d-we
(for high-resolution morphology) and DTI (for microstruc-
tural integrity) further enhances diagnostic accuracy, cre-
ating a comprehensive imaging toolkit that addresses the
limitations of single-sequence approaches. These results
support multi-parameter MRI as a noninvasive alterna-
tive to arthroscopy, with immediate applications in sports
medicine for early injury screening for athletes and in
orthopedics for postoperative monitoring of cartilage re-
pair. Standardization of acquisition protocols (per Amer-
ican College of Medical Genetics and Genomics [ACMG]
guidelines [26]) and segmentation methods (via Artificial
Intelligence [AI] automation) will be critical for translating
these findings into routine clinical practice, ultimately im-
proving patient outcomes by enabling timely, targeted in-
tervention.
Several limitations of this study need to be acknowledged.
First, this is a retrospective, single-centre study with a lim-
ited sample size. All participants were drawn from a co-
hort of individuals with suspected ankle cartilage damage,
which may introduce selection bias. Also, owing to its ret-
rospective, single-institutional design, the present investi-
gation is inherently susceptible to selection and referral bi-
ases, thereby constraining the external validity and gener-
alizability of the observed associations. Therefore, further
multicenter investigation involving a larger sample (includ-
ing patients with cartilage abnormalities) is warranted. Sec-
ond, this study did not employ automated segmentation; the
cartilage regions of interest (ROIs) were manually delin-
eated by radiologists. Despite the use of standardised pro-
tocols, operator-related variability may still have been in-
troduced. Manual segmentation techniques are nowadays
widely used in T2 mapping studies. To minimize the ef-
fect of manual segmentation, we defined ROIs based on
angles and anatomical landmarks and used the mean of
two independent measurements for statistical analysis. Al-
though manual ROI delineation was performed in strict ac-
cordance with standardized anatomical landmarks in this
study, operator-dependent variability may still have intro-
duced systematic measurement error. Further studies com-
paring T2 mapping with T2-me3d-we are needed to deter-
mine the boundaries of articular cartilage using automated

segmentation methods. Third, in this study, we measured
T2 values for the whole layer of cartilage without consider-
ing regional variations. It is crucial to note that the deriva-
tion of global full-thickness T2 values precluded the de-
tection of potential layer-specific or regionally heteroge-
neous biochemical alterations within the tissue. The effect
of chemical shift artifacts depends on the depth of the articu-
lar cartilage, which may affect the T2mapping results when
cartilage layers are considered. Due to the spatial resolution
of the imaging technique and the thin cartilage thickness,
obtaining consistent T2 values layer by layer poses signif-
icant challenges. In addition, assessing full-layer cartilage
T2 values may be more practical and reliable in clinical set-
tings. Fourth, partial volume effects may influence T2mea-
surements. Our results indicate that T2 mapping based on
2D imaging is prone to unavoidable partial volume aver-
aging artifacts due to its limited spatial resolution. Taken
together, large-scale, prospective, multicenter studies are
warranted to independently validate these preliminary find-
ings, while implementation of automated, deep-learning–
based segmentation algorithms should be prioritized to en-
hance reproducibility and facilitate high-throughput analy-
ses.

Conclusions
In conclusion, this study systematically compared the di-
agnostic performance of T2-mapping and T2-me3d-we for
ankle cartilage injury using arthroscopic findings as the ref-
erence standard. T2-mapping exhibits better quantitative
diagnostic performance than T2-me3d-we, with a higher
AUC, diagnostic coincidence rate, and inter-observer repro-
ducibility. The combined model integrating T2-mapping–
derived T2 values with DTI ADC metrics further improves
diagnostic efficacy, especially for mild injuries, provid-
ing incremental value for facilitating surgical decision-
making. T2 mapping serves as a promising first-line imag-
ing biomarker for routine evaluation of ankle cartilage in-
jury, enabling early detection of pre-structural composi-
tional changes such as collagen disruption and increased
water content.
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