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T2 mapping for quantitative 
assessment of ankle cartilage 
of weightlifters
Weibiao Wu , Zhuanzhuan Kang , Di Mu , Huiyu Zhao  & Feng Yang *

The research into the prevention of sports injuries among the population, particularly juveniles, has 
become crucial due to the increasing participation in physical exercises like fitness. To assess the 
difference in T2 values of ankle talar cartilage between weightlifters and healthy volunteers using 
quantitative magnetic resonance imaging (MRI) technique T2 mapping. Study design: Prospective. 
Prospective evaluation of T2 values of ankle cartilage of 50 weightlifters (30 adults and 20 juveniles) 
and 100 healthy volunteers (80 adults and 20 juveniles) using Siemens 3.0 T MRI with PDWI, T1WI, and 
T2 mapping sequences. Three physicians manually divided the talar cartilage of the ankle joint into six 
regions of interest. Three physicians utilized the anterior and posterior cut edges of the tibial cartilage 
as markers to identify the corresponding anterior and posterior cut edges of the talar cartilage on the 
sagittal MRI images. The medial and lateral sides were defined as half of the talar articular surface on 
the coronal plane. Differences in T2 values in each cartilage region were compared using independent 
sample T test or Mann–Whitney U test. The T2 values of talar cartilage were significantly increased 
in the athlete group relative to the volunteer group (35.11 and 31.99, P < 0.001), with the most 
significant difference observed in the juvenile athlete group compared to the volunteer group (34.42 
and 28.73, P < 0.001). There was a significant difference in the T2 value of ankle talar cartilage between 
weightlifters and healthy volunteers, and juveniles may be more vulnerable to overuse sports injuries. 
This study contributes to understanding the cartilage health of juvenile athletes and the prevention of 
sports injuries.

Active participation in sports offers numerous benefits, and promoting sports involvement is of paramount 
importance to modern society1. Sports participation has been found to have a positive impact on cardiovascular 
health, self-efficacy, self-perceived quality of life2,3, and employment opportunities4. However, despite the many 
benefits of physical activity, there are also inherent risks of injury associated with sports participation5. Sustain-
ing a sports injury can negatively impact an individual’s motivation to continue participating in sports and can 
also affect team and individual sports performance6. Therefore, preventive measures are crucial to mitigating 
the harmful effects of sports injuries on individuals and society7. With an increasing number of youths engag-
ing in sports and recreational activities, there has been a rise in both acute and overuse injuries8. Sports injuries 
account for the largest proportion of all injuries in adolescents and have a significant impact on adults9. There 
are physical and physiological differences between adolescents and adults that may make children more suscep-
tible to injuries8. More than 50% of sports injuries occur in the lower extremities, with ankle sprains accounting 
for approximately 25% of all sports injuries. Additionally, post-traumatic ankle osteoarthritis progresses more 
rapidly in younger age groups10. In recent years, an increasing number of athletes have been training at a much 
younger age with high intensity or participating in multiple sports within a season, leading to an elevated chance 
of suffering an acute injury while increasing the risk of overuse injuries. Across all age groups, emergency room 
visits for sports-related injuries peak at ages 5–14 years and decrease with age. School-age children (5–12 years), 
adolescents (13–18 years), and young adults (18–24 years) have the highest rates of sports injury visits11. In 
weightlifters, there is an increase in cartilage thickness in the weight-bearing and non-weight-bearing zones of 
the knee, and these changes are negatively correlated with the time of training initiation. Athletes who encounter 
high-impact loads in childhood, adolescence, and adulthood may suffer from cartilage damage, and there is 
growing evidence that chondrocyte death is critical in the early stages of osteoarthritis10. Therefore, it is crucial 
to choose a diagnostic method that allows for rapid, accurate, highly sensitive, and noninvasive early detec-
tion of cartilage lesions in the joint12. Numerous reports have demonstrated that component MRI assessment 
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techniques can detect early degenerative changes in articular cartilage before morphological manifestations 
are detected by conventional MRI. T2 mapping, a promising component MRI technique, can assess articular 
cartilage in osteoarthritis13–15. Increased cartilage T2 relaxation time is associated with increased water content, 
type II collagen deficiency, and anisotropy of collagen fibers16–19. T2 mapping can be used to assess and monitor 
the properties of the repaired tissue based on the interaction between water molecules and collagen networks in 
regenerating cartilage20–23. Good collagen tissue is considered mature repair tissue with good clinical relevance24, 
while poor cartilage tissue suggests poor clinical outcomes25,26. Therefore, early prediction and diagnosis of 
cartilage may prevent or delay the onset of osteoarthritis27.

With the incidence rate of sports injuries on the rise, particularly among juveniles, there is an urgent need 
to detect changes that occur before the onset of sports injuries to prevent them. This paper aims to explore the 
category of sports injuries known as ’overuse injury’ and its impact on both adults and juveniles using T2 map-
ping technology. A thorough understanding of the study methodology can assist clinicians in evaluating whether 
a study finding is valid and applicable to the patient’s context.

Materials and methods
Study population
Informed consent was obtained from all participants after fully explaining the nature of the study. This study was 
approved by the Shenyang Medical College Institutional Review Board. Volunteers were recruited in non-clinical 
settings through advertising, the Internet, public interest, and by word-of-mouth.

The study population consisted of 50 weightlifters from sports centers who were recruited from October 2021 
to January 2022 (athlete group) and 100 healthy volunteers who were recruited from October 2021 to May 2022 
(long-term sedentary, volunteer group). The inclusion criteria for the study were age between 15 and 30 years, 
a BMI range of 18.5 to 27.9 kg/m2, no current ankle or other joint swellings, pain, or stiffness, and no previous 
history of ankle fracture, deformity, or surgery. Exclusion criteria included poor quality MRI images (artifacts, 
poor display, etc.) and abnormal lesion signal on routine MRI findings.

A total of 100 volunteers participated in this study, with a mean age of 23.3 ± 4.0 years and an age range of 
15–30 years. Among these volunteers, 80 were adults (40 males and 40 females) with a mean age of 25.1 ± 1.9 years 
and an age range of 18–30 years (Fig. 1a,b). The remaining 20 participants were juveniles (10 males and 10 
females) with a mean age of 16.2 ± 0.9 years and an age range of 15–17 years (Fig. 2a,b). The mean BMI of 
the volunteers was 20.7 ± 1.7 kg/m2, with a range of 18.5–27.9 kg/m2. The mean BMI for adult volunteers was 
20.9 ± 1.8 kg/m2 and for juvenile volunteers, it was 20.0 ± 0.7 kg/m2.

A total of 50 athletes took part in the study, with a mean age of 19.5 ± 3.7 years and an age range of 15–30 years. 
Among these athletes, 30 were adults (15 males and 15 females) with a mean age of 21.6 ± 3.5 years and an age 
range of 18–30 years (Fig. 3a,b), while the remaining 20 were juveniles (10 males and 10 females) with a mean age 
of 16.6 ± 0.5 years and an age range of 15–17 years (Fig. 4a,b). The mean BMI of the athletes was 22.6 ± 2.0 kg/m2, 
ranging from 18.5 to 27.9 kg/m2. The BMI for adult athletes was 23.1 ± 2.1 kg/m2, while for juvenile athletes, it 
was 21.9 ± 1.9 kg/m2. Athletes followed a comprehensive year-round training program and trained approximately 
18 times per week for 2 h each session. The average length of training for athletes was 5.3 ± 2.1 years, with adult 
athletes having an average length of training of 6.5 ± 1.3 years and juvenile athletes having an average length of 
3.6 ± 1.9 years.

Figure 1.   (a) is the T2 mapping of the ankle joint of a 25-year-old male volunteer, (b) is the T2 mapping of the 
ankle joint of a 25-year-old female volunteer.
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Image acquisition
To minimize the impact of daily activities on the T2 values of ankle cartilage, all MRI scans were conducted in 
the morning. Two weeks before the start of the study, all volunteers were instructed to limit their weight-bearing 
activities and stand or walk for an hour before the study but not sit or lie down. Scans were performed using 
a 3.0 T-MRI scanner (Siemens Verio 3.0 T, Germany) fitted with an 8-channel dedicated ankle imaging coil. 
Participants underwent ankle MRI imaging while lying supine with their foot at a 90-degree angle to the long 
axis of the lower leg. The imaging protocol included sagittal fat-suppressed proton density-weighted spin-echo 
sequence, coronal fat-suppressed proton density-weighted spin-echo sequence, axial fat-suppressed proton den-
sity-weighted spin-echo sequence, sagittal T1-weighted spin-echo sequence, and sagittal T2 mapping sequence. 
Details of the MRI protocol are presented in Table 1. T2 pseudo-color images were obtained using pixel-level 
single-exponential non-negative least squares fitting analysis. Color card of T2 mapping (Fig. 5).

Figure 2.   (a) is the T2 mapping of the ankle joint of a 17-year-old male volunteer, (b) is the T2 mapping of the 
ankle joint of a 17-year-old female volunteer.

Figure 3.   (a) is the T2 mapping of the ankle joint of a 25-year-old male athlete, (b) is the T2 mapping of the 
ankle joint of a 25-year-old female athlete.
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Data analysis
Three radiologists (names redacted), each with 3 years of experience in musculoskeletal MRI and 3 months of 
training in cartilage segmentation, retrospectively and independently analyzed the MRI images. During the 
analysis, they were blinded to the patient’s information. The observers used the anterior and posterior cut edges 
of the tibial cartilage (TBC) as markers for the anterior and posterior cut edges of the talar cartilage (TLC) on 
the sagittal MRI images. The tibial-talar joint was divided into three equal regions: anterior zone (AZ), central 
zone (CZ), and posterior zone (PZ), as illustrated in Fig. 6. Virtual lines were drawn between the three zones 
using the tool and saved on a Siemens Syngo workstation. The cartilage was segmented independently by the 
three observers. The medial and lateral sides of the talar articular surface on the coronal plane were included, 
encompassing 3–4 effectively contiguous sagittal planes. The optimal level was determined based on the effective 
contiguous layers of the T2 map, with one optimal level obtained on each of the medial and lateral sides. As such, 
six regions of interest (ROIs) were obtained for each TLC: medial anterior (MA), medial center (MC), medial 
posterior (MP), lateral anterior (LA), lateral center (LC), and lateral posterior (LP), as depicted in Fig. 7. Three 
observers independently obtained T2 relaxation times of the ankle TLC and the six ROIs from the processed 
sagittal plane T2 maps. The three T2 values obtained by each observer for each region were averaged to compare 
cartilage T2 values between regions. The average T2 value of the six ROIs was used to determine T2 values for 
TLC. Oblique articular surfaces, such as the medial and lateral ankle surfaces of the tibia, talar, and fibula, were 
excluded from the analysis to avoid any partial volume averaging effects, and synovial fluid or subchondral bone 
were not included in the ROIs. When it was challenging to determine the division between TBC and TLC, each 
TBC and TLC was manually divided into two equal-width cross-sections. The rate of increase in the T2 value of 
each cartilage area in the athlete group relative to the T2 value of the corresponding cartilage area in the healthy 

Figure 4.   (a) is the T2 mapping of the ankle joint of a 17-year-old male athlete, (b) is the T2 mapping of the 
ankle joint of a 17-year-old female athlete.

Table 1.   MRI sequence parameters for each imaging sequence.

Sequence T1-sag pd-fs-sag pd-fs-cor pd-fs-tra T2 map

TR (ms) 810 3000 3000 2700 1540

TE (ms) 14 40 37 40 13.8

FOV (mm) 160 160 160 140 160

Distance factor (%) 10 10 10 10 20

Slices 20 20 20 20 20

Slice thickness (mm) 3 3 3 3 3

Phase oversampling (%) 80 80 80 50 50

Flip angle (deg) 150 150 150 150 180

Imaging time (min:s) 2:02 1:59 1:59 2:44 6:27
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Figure 5.   Color card of T2 mapping.

Figure 6.   In the sagittal plane, the TBC and TLC was divided into three zones: AZ, CZ, PZ.
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volunteer group was calculated using the formula: growth rate = (T2 value of each cartilage area in the athlete 
group − T2 value of the corresponding cartilage area in the volunteer group) × 100%/T2 value of the correspond-
ing cartilage area in the volunteer group.

Statistical analysis
Our research employed random sampling as the selected sampling method to ensure equitable and unbiased 
representation of the population. Nevertheless, we acknowledge that we did not explicitly perform a sample 
calculation to determine the sample size due to practical constraints, including resource limitations, time con-
straints, and limited access to the entire population.

All statistical analyses were conducted using SPSS version 26.0 software. Standard demographic data, such 
as age and BMI, were reported as mean ± standard deviation for both groups. Interobserver and intraobserver 
agreements were evaluated using ICCs. A significance level of P < 0.05 was considered statistically significant.

The Shapiro–Wilk test was applied to determine if the data from the athlete and volunteer groups were 
normally distributed. If the data adhered to a normal distribution, it was expressed as mean ± standard devia-
tion. Otherwise, median (the first quartile, the third quartile) was used to represent the data. Furthermore, 
independent-sample T-tests or Mann–Whitney U tests were used to verify whether there were any significant 
differences in TLC and ROI between the two groups.

To establish intra-observer reproducibility, the ICC was employed to assess inter-observer reliability for three 
observers, **, **, and **. To evaluate reliability between **, **, and **, thirty images from the athlete group were 
randomly selected to measure T2 values. Three weeks later, observers **, **, and ** were re-measured for the 
same 30 athlete group images to assess the reliability of observers **, **, and **.

Ethics approval and consent to participate
All methods were carried out in accordance with relevant guidelines and regulations. All experimental pro-
tocols were approved by Shenyang Medical College Institutional Review Board. All subjects and/or their legal 
guardian(s) consent to participate this study. This study was approved by the Shenyang Medical College Institu-
tional Review Board and all participants consent to participate.

Figure 7.   In the each sagittal plane, TLC was divided into six regions: MA, MC, MP, LA, LC, LP.

Table 2.   P-value of normality test for each region for athletes and volunteers.

Variables Athlete P-value Variables Volunteer P-value

MA 0.416 MA 0.350

MC 0.165 MC 0.040

MP 0.273 MP  < 0.001

LA 0.053 LA 0.216

LC 0.244 LC 0.666

LP 0.969 LP  < 0.001

TLC 0.172 TLC 0.038
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Informed consent
All included participants and/or their legal guardian(s) gave their oral and written informed consent.

Results
The T2 values for each ROI and the talar cartilage were evaluated for normality in the group of 100 volunteers, 
and three ROIs were observed to conform to a normal distribution (P > 0.05): medial anterior talar (P = 0.350), 
lateral anterior talar (P = 0.216), and lateral center talar (P = 0.666). Three ROIs and the talar cartilage did not 
conform to a normal distribution (P < 0.05): medial center talar (P = 0.040), medial posterior talar (P < 0.001), 
lateral posterior talar (P < 0.001), and talar cartilage (P = 0.038). In the group of 50 athletes, the T2 values for 
each ROI and talar cartilage were also tested for normality, and six ROIs and the talar cartilage conformed to a 
normal distribution (P > 0.05): medial anterior talar (P = 0.416), medial center talar (P = 0.165), medial posterior 
talar (P = 0.273), lateral anterior talar (P = 0.053), lateral center talar (P = 0.244), lateral posterior talar (P = 0.969), 
and talar cartilage (P = 0.172). Detailed data are presented in Table 2.

When comparing the ROI and T2 values between the athlete group and the volunteer group, significant 
differences (P < 0.05) were observed in the T2 values of all six ROIs and the cartilage of the talar in the athlete 
group compared to the volunteer group. The ROIs included the medial anterior talar (34.22/32.06, P = 0.001), 

Table 3.   Comparison of T2 values of ankle talar cartilage between the athlete group and the volunteer group. 
Pa is independent sample T test, and Pb is Mann–Whitney U test.

Variables

T2 value

Difference Rate (%) Significance (P value)Athlete group Volunteer group

MA 34.22 ± 1.49 32.06 ± 2.86 2.16 6.7 0.001b

MC 34.36 ± 1.26 30.11 (28.43, 32.27) 4.25 14.1  < 0.001b

MP 36.40 ± 1.46 32.61 (29.56, 36.14) 3.79 11.6  < 0.001b

LA 33.77 ± 1.91 31.52 ± 2.80 2.25 7.1  < 0.001b

LC 34.89 ± 1.25 30.62 ± 3.18 4.27 13.9  < 0.001b

LP 37.03 ± 0.79 32.16 (30.48, 35.74) 4.87 15.1  < 0.001b

TLC 35.11 ± 0.91 31.99 (29.85, 33.62) 3.12 9.8  < 0.001b

Table 4.   Comparison of ankle talar cartilage T2 values between adult athletes and adult volunteers. Pa is 
independent sample T test, and Pb is Mann–Whitney U test.

Variables

T2 value

Difference Rate (%) Significance (P value)Athlete group Volunteer group

MA 35.36 ± 1.06 32.53 ± 2.92 2.83 8.7 0.002b

MC 35.01 ± 0.79 30.43 (28.95, 32.79) 4.58 15.1  < 0.001b

MP 37.10 ± 0.92 34.30 (31.01, 36.63) 2.80 8.2 0.001b

LA 34.63 ± 1.47 32.16 ± 2.68 2.47 7.7 0.005a

LC 35.30 ± 1.28 31.43 ± 2.98 3.87 12.3  < 0.001a

LP 37.45 ± 0.54 32.23 (31.19, 36.73) 5.22 16.2  < 0.001b

TLC 35.81 ± 0.42 32.41 ± 1.91 3.40 10.5  < 0.001b

Table 5.   Comparison of T2 values of ankle talar cartilage between Juvenile athletes and Juvenile volunteers. Pa 
is independent sample T test, and Pb is Mann–Whitney U test.

Variables

T2 value

Difference Rate (%) Significance (P value)Athlete group Volunteer group

MA 33.07 ± 0.80 30.19 ± 1.61 2.88 9.5  < 0.001a

MC 33.71 ± 1.34 28.01 (25.68, 29.85) 5.70 20.3  < 0.001b

MP 35.70 ± 1.61 28.58 ± 1.32 7.12 24.9  < 0.001a

LA 33.63 (32.20, 34.33) 29.08 (27.48, 30.49) 4.55 15.6  < 0.001b

LC 34.47 ± 1.14 27.37 ± 1.35 7.10 25.9  < 0.001a

LP 36.62 ± 0.81 29.64 ± 1.32 6.98 23.5  < 0.001a

TLC 34.42 ± 0.71 28.73 ± 1.02 5.69 19.8  < 0.001a
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medial center talar (34.36/30.11, P < 0.001), medial posterior talar (36.40/32.61, P < 0.001), lateral anterior talar 
(33.77/31.52, P < 0.001), lateral center talar (34.89/30.62, P < 0.001), and lateral posterior talar (37.03/32.16, 
P < 0.001), as well as the talar cartilage (35.11/31.99, P < 0.001). Detailed data are presented in Table 3.

When comparing the ROI and T2 values between adult athletes and adult volunteers, there were signifi-
cant increases (P < 0.05) in T2 values observed in all six ROIs and talar cartilage of the athlete group com-
pared to the volunteer group. The ROIs included medial anterior talar (35.36/32.53, P = 0.002), medial center 
talar (35.01/30.43, P < 0.001), medial posterior talar (37.10/34.30, P = 0.001), lateral anterior talar (34.63/32.16, 
P = 0.005), lateral center talar (35.30/31.43, P < 0.001), and lateral posterior talar (37.45/32.23, P < 0.001), as well 
as the talar cartilage (35.81/32.41, P < 0.001). Detailed data are presented in Table 4.

When comparing the ROI and T2 values between immature athletes and immature volunteers, signifi-
cant increases (P < 0.05) were observed in the T2 values of all six ROIs and talar cartilage of the athlete group 
compared to the volunteer group. The ROIs were medial anterior talar (33.07/30.19, P < 0.001), medial center 
talar (33.71/28.01, P < 0.001), medial posterior talar (35.70/28.58, P < 0.001), lateral anterior talar (33.63/29.08, 
P < 0.001), lateral center talar (34.47/27.37, P < 0.001), and lateral posterior talar (36.62/29.64, P < 0.001), as well 
as the talar cartilage (34.42/28.73, P < 0.001). Detailed data are presented in Table 5.

Table 6.   Comparison of T2 values of ankle talar cartilage between adult volunteers and Juvenile volunteers. Pa 
is independent sample T test, and Pb is Mann–Whitney U test.

Variables

T2 value

Difference Rate (%) Significance (P value)adult group Juvenile group

MA 32.53 ± 2.92 30.19 ± 1.61 2.34 7.8 0.001b

MC 30.43 (28.95, 32.79) 28.01 (25.68, 29.85) 2.42 8.6  < 0.001b

MP 34.30 (31.01, 36.63) 28.58 ± 1.32 5.72 20.0  < 0.001b

LA 32.16 ± 2.68 29.08 (27.48, 30.49) 3.08 10.6  < 0.001b

LC 31.43 ± 2.98 27.37 ± 1.35 4.06 14.8  < 0.001b

LP 32.23 (31.19, 36.73) 29.64 ± 1.32 2.59 8.7  < 0.001b

TLC 32.41 ± 1.91 28.73 ± 1.02 3.68 12.8  < 0.001b

Figure 8.   The linear graph is represented by the average (or median, if the normal distribution is not satisfied) 
of the T2 value of ROI.

Table 7.   T2 value of ankle cartilage of four different populations. The table is represented by the average (or 
median, if the normal distribution is not satisfied) of the T2 value of ROI.

Variables

T2 value

adult athletes adult volunteers Juvenile athletes Juvenile volunteers

MA 35.36 ± 1.06 32.53 ± 2.92 33.07 ± 0.80 30.19 ± 1.61

MC 35.01 ± 0.79 30.43 (28.95, 32.79) 33.71 ± 1.34 28.01 (25.68, 29.85)

MP 37.10 ± 0.92 34.30 (31.01, 36.63) 35.70 ± 1.61 28.58 ± 1.32

LA 34.63 ± 1.47 32.16 ± 2.68 33.63 (32.20, 34.33) 29.08 (27.48, 30.49)

LC 35.30 ± 1.28 31.43 ± 2.98 34.47 ± 1.14 27.37 ± 1.35

LP 37.45 ± 0.54 32.23 (31.19, 36.73) 36.62 ± 0.81 29.64 ± 1.32

TLC 35.81 ± 0.42 32.41 ± 1.91 34.42 ± 0.71 28.73 ± 1.02
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When comparing the T2 values of each ROI and talar cartilage between adult volunteers and juvenile vol-
unteers, significant increases (P < 0.05) were observed in all six ROIs and talar cartilage of the athlete group 
compared to the volunteer group. The ROIs were medial anterior talar (32.53/30.19, P = 0.001), medial center 
talar (30.43/28.01, P < 0.001), medial posterior talar (34.30/28.58, P < 0.001), lateral anterior talar (32.16/29.08, 
P < 0.001), lateral center talar (31.43/27.37, P < 0.001), and lateral posterior talar (32.23/29.64, P < 0.001), as well 
as the talar cartilage (32.41/28.73, P < 0.001). Detailed data are presented in Table 6.

When comparing athletes and volunteers, the largest difference in the talar region was observed in the lateral 
posterior with the highest growth rate (37.03/32.16, 15.1%). Similarly, in adult athletes and adult volunteers, the 
largest difference was found in the lateral posterior region of the talar with the highest growth rate (37.45/32.23, 
16.2%). However, for juvenile athletes and juvenile volunteers, the largest difference was seen in the medial 
posterior region of the talar (35.70/28.58), while the highest growth rate occurred in the lateral center region of 
the talar (25.9%). In the comparison between adult and juvenile volunteers, the largest difference was observed 
in the medial posterior region of the talar, with the highest growth rate (34.30/28.58, 20.0%). T2 value of ankle 
cartilage of four different populations (Fig. 8 and Table 7). The difference and growth rate change between the 
control groups (Figs. 9, 10).

There was a significant interobserver agreement between physicians **, **, and ** (ICC = 0.952). In addition, 
there was high interobserver reproducibility between observers **, **, and ** (ICC** = 0.983, ICC** = 0.977, 
ICC** = 0.980).

Discussion
This article aims to investigate the effects of overuse injuries on ankle talar cartilage in both adults and juveniles. 
We analyzed the changes in T2 values of ankle cartilage in healthy volunteers compared to athletes, and further 
expanded our study by recruiting juvenile volunteers and athletes to compare and contrast the characteristics 
of ankle cartilage T2 values and the distribution of degeneration. Our findings indicate substantial effects of 
overuse injuries on ankle cartilage, with significant differences in mean T2 values of talar cartilage and its six 
ROIs across the four groups studied (adult athletes > juvenile athletes > adult volunteers > juvenile volunteers). 
The difference in the mean T2 value of the talar cartilage between juvenile athletes and juvenile volunteers was 
higher than the other three groups. These results provide valuable insights into the effects of overuse injuries on 
ankle cartilage in different populations.

Numerous studies have demonstrated that age and weight have significant effects on cartilage degeneration. 
Therefore, strict control of inclusion criteria is essential to minimize selection bias. Cartilage T2 value changes 
in an age-dependent manner, as previously reported in the literature28. Following bone maturation, collagen 
and water content within the bone remain relatively stable, while proteoglycan composition undergoes aging 
changes29. The degradation of proteoglycan aggregates surpasses their synthesis with increasing age, resulting in 
smaller and fragmented proteoglycan aggregates with a corresponding increase in breakdown products28,29. Nor-
mally, highly charged proteoglycan aggregates maintain water stability and restrict water movement30. However, 

Figure 9.   The linear graph is represented by the inter-group difference of the T2 average (or median, if the 
normal distribution is not satisfied) of ROI.

Figure 10.   The linear graph is represented by the inter-group growth rate of the T2 average (or median, if the 
normal distribution is not satisfied) of ROI.
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a reduction in volume and composition of proteoglycan aggregates limits their ability to impede water mobility29. 
The transition zone of articular cartilage contains the highest concentration of proteoglycans, and an asymp-
tomatic increase in T2 values in this zone is associated with aging, which is consistent with previous studies 
demonstrating an age-dependent increase in water mobility28.

Obesity is significantly associated with increased risk of osteoarthritis, particularly in the knee. Some studies 
have reported that obesity increases osteoarthritis risk by approximately three times31,32. The underlying mecha-
nisms linking obesity with osteoarthritis development are multifactorial. Increased joint loading due to weight 
gain is believed to contribute to the increased risk of osteoarthritis. Additionally, a combination of biomechanical 
and metabolic factors, such as adipokine-related inflammation-induced cartilage catabolism, are thought to play 
an equally important role. Individuals with high body mass index (BMI) exhibit higher T1 rho relaxation times 
in tibiofemoral cartilage compared to those with normal BMI. Pre-exercise tibiofemoral cartilage thickness also 
decreases with increasing levels of obesity33.

Anthony et al. reported elevated cartilage T1 rho and T2 values in runners after a marathon, indicating the 
occurrence of biochemical changes in articular cartilage. T1 rho values remained high even after three months 
of reduced activity, while T2 changes were reversible34. Meng et al. found that T1 rho and T2 values decreased 
in all regions of articular cartilage after physiological activities such as running, walking, and stair climbing. 
The decrease in values was more significant after running than walking, with the exception of femoral cartilage 
where the decrease was similar for both activities. After stair climbing, T1 rho and T2 values decreased more than 
after running35. In young healthy adults who underwent long-distance running, Cyrus et al. observed significant 
reductions in mean T2 and T2* relaxation times across all segments of knee articular cartilage36. Furthermore, 
C. Behzadi et al. demonstrated that elite-level professional football players exhibited higher T2* relaxation times 
in knee articular cartilage compared to age- and BMI-matched amateur athletes37.

Previous studies have consistently demonstrated that risk factors such as aging and exercise have an impact on 
cartilage, aligning with the findings of this study. However, it remains unclear why there is a higher growth rate 
of cartilage T2 values in the underage group compared to the adult group. We posit that there exist physiological 
and psychological distinctions between children and adults that could possibly account for the heightened sus-
ceptibility to injury observed in children. Factors that make children more susceptible to injury include: children 
have a greater surface area to mass ratio, children have larger head proportions, children’s growing cartilage may 
be more susceptible to stress, children may not have complex motor skills, children are smaller and vary in size so 
protective equipment may not be appropriately sized8. Resistance training can potentially damage the epiphysis 
or growth plate in the body of a young weightlifter, leading to early closure40. Due to the androgens produced in 
the body that produce greater strength and speed, which, combined with a more impulsive personality during 
adolescence, may increase the likelihood of injury41.

Recent studies on cartilage imaging modalities have predominantly focused on the knee joint, utilizing T2 
mapping and T1 rho imaging. The application of these modalities in sports has been primarily limited to running, 
both at the professional and amateur levels. Weightlifting athletes, in particular, have shown a negative correla-
tion between increased cartilage thickness in weight-bearing and non-weight-bearing areas of the knee joint, 
and training onset time. Therefore, children and adolescents experiencing high impact loads may suffer from 
cartilage damage10. To address this gap in the literature, we selected weightlifters as a sample and hypothesized 
that overuse injuries cause cartilage degeneration, which can be quantified via T2 mapping. Previous studies 
have reported different findings regarding T2 and T1 rho relaxation times after long-distance running or other 
physiological activities such as walking and stair climbing. While some studies indicate that these values increase, 
others report a decrease in all regions of articular cartilage, with subjects in osteoarthritis-related exercise trials 
exhibiting improved cartilage quality as indicated by reduced mean T2 relaxation times. These contradictory 
findings in T2 mapping, T1 rho imaging, and T2* mapping may be attributed to the heterogeneity of physical 
conditions in each individual, such as varying levels of exercise tolerance. The role of potential risk factors, 
including vitamins, nutritional factors, smoking, bone mineral density, joint surgery, muscle strength, and blood 
pressure, remain unclear and require further rigorous investigation38.

Our study has several limitations. Firstly, the sample size was small. Secondly, the study protocol had limited 
age stratifications. Thirdly, we only included juveniles aged 15–17 years, but individual growth cycles vary. For 
instance, females reach peak growth earlier than males. Therefore, adding age groups such as 9–12 years and 
12–15 years would enable a comprehensive evaluation of changes in ankle cartilage T2 values with age. Fourthly, 
while depth-related spatial variations in T2 relaxation time are well-known, we did not consider depth changes 
when measuring T2 values. We considered the cartilage too thin to be divided vertically39. Fifthly, the absence 
of sample calculations introduces uncertainty regarding the optimal sample size required for accurately detect-
ing meaningful effects or relationships in our study. Finally, chemical displacement artifacts and partial volume 
averaging of cortical bone or synovial fluid may lead to measurement errors in T2 values due to the thinness of 
talar cartilage22. Future studies should include different types of cartilage, more diverse types of athletes, and 
consider potential confounding factors. Athletes could be categorized based on their movement patterns and 
physical demands into three sports cohorts: strength athletes (low dynamic high static sports), high dynamic 
low static athletes (high dynamic low static sports), and strength endurance athletes (high dynamic high static 
sports). Groups with similar ages and training years could be selected among these athletes for cross-sectional 
comparison.

Conclusion
In conclusion, we strongly recommend the incorporation of functional MRI, specifically T2 mapping, into routine 
physical examinations of athletes and highly active individuals before symptoms emerge. This would enable maxi-
mization of screening for potential pre-injury lesions, allowing for therapeutic measures to be taken to inhibit 
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or delay their development and protect the cartilage health of athletes and highly active individuals, particularly 
juveniles. This adjustment would enhance the screening process for potential pre-injury lesions, thereby offering 
reasonable recommendations to athletes and highly active populations, particularly those who are underage.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to participants 
do not want to disclosure. Data contact: summit-windy@163.com.

Received: 29 April 2023; Accepted: 30 October 2023

References
	 1.	 Delfino Barboza, S., Rossler, R. & Verhagen, E. Considerations and interpretation of sports injury prevention studies. Clin. Sports 

Med. 37, 413–425. https://​doi.​org/​10.​1016/j.​csm.​2018.​03.​006 (2018).
	 2.	 Blauwet, C. & Willick, S. E. The paralympic movement: Using sports to promote health, disability rights, and social integration 

for athletes with disabilities. PMR 4, 851–856. https://​doi.​org/​10.​1016/j.​pmrj.​2012.​08.​015 (2012).
	 3.	 Warburton, D. E., Nicol, C. W. & Bredin, S. S. Health benefits of physical activity: The evidence. CMAJ 174, 801–809. https://​doi.​

org/​10.​1503/​cmaj.​051351 (2006).
	 4.	 Blauwet, C. et al. Participation in organized sports is positively associated with employment in adults with spinal cord injury. Am. 

J. Phys. Med. Rehabil. 92, 393–401. https://​doi.​org/​10.​1097/​PHM.​0b013​e3182​876a5f (2013).
	 5.	 Verhagen, E., Bolling, C. & Finch, C. F. Caution this drug may cause serious harm! Why we must report adverse effects of physical 

activity promotion. Br. J. Sports Med. 49, 1–2. https://​doi.​org/​10.​1136/​bjspo​rts-​2014-​093604 (2015).
	 6.	 Drew, M. K., Raysmith, B. P. & Charlton, P. C. Injuries impair the chance of successful performance by sportspeople: A systematic 

review. Br. J. Sports Med. 51, 1209–1214. https://​doi.​org/​10.​1136/​bjspo​rts-​2016-​096731 (2017).
	 7.	 Engebretsen, L. et al. The IOC centres of excellence bring prevention to sports medicine. Br. J. Sports Med. 48, 1270–1275. https://​

doi.​org/​10.​1136/​bjspo​rts-​2014-​093992 (2014).
	 8.	 Adirim, T. A. & Cheng, T. L. Overview of injuries in the young athlete. Sports Med. 33, 75–81. https://​doi.​org/​10.​2165/​00007​256-​

20033​3010-​00006 (2003).
	 9.	 Emery, C. A. & Pasanen, K. Current trends in sport injury prevention. Best Pract. Res. Clin. Rheumatol. 33, 3–15. https://​doi.​org/​

10.​1016/j.​berh.​2019.​02.​009 (2019).
	10.	 Grzelak, P. et al. Thickening of the knee joint cartilage in elite weightlifters as a potential adaptation mechanism. Clin. Anat. 27, 

920–928. https://​doi.​org/​10.​1002/​ca.​22393 (2014).
	11.	 Burt, C. W. & Overpeck, M. D. Emergency visits for sports-related injuries. Ann. Emerg. Med. 37, 301–308. https://​doi.​org/​10.​

1067/​mem.​2001.​111707 (2001).
	12.	 Hunter, D. J. & Bierma-Zeinstra, S. Osteoarthritis. Lancet 393, 1745–1759. https://​doi.​org/​10.​1016/​S0140-​6736(19)​30417-9 (2019).
	13.	 Boesen, M. et al. Osteoarthritis year in review 2016: Imaging. Osteoarthr. Cartil. 25, 216–226. https://​doi.​org/​10.​1016/j.​joca.​2016.​

12.​009 (2017).
	14.	 Park, S. Y., Yoon, Y. C., Cha, J. G. & Sung, K. S. T2 relaxation values of the talar trochlear articular cartilage: Comparison between 

patients with lateral instability of the ankle joint and healthy volunteers. AJR Am. J. Roentgenol. 206, 136–143. https://​doi.​org/​10.​
2214/​AJR.​15.​14364 (2016).

	15.	 Golditz, T. et al. Functional ankle instability as a risk factor for osteoarthritis: Using T2-mapping to analyze early cartilage degen-
eration in the ankle joint of young athletes. Osteoarthr. Cartil. 22, 1377–1385. https://​doi.​org/​10.​1016/j.​joca.​2014.​04.​029 (2014).

	16.	 Mosher, T. J. & Dardzinski, B. J. Cartilage MRI T2 relaxation time mapping: Overview and applications. Semin. Musculoskelet. 
Radiol. 8, 355–368. https://​doi.​org/​10.​1055/s-​2004-​861764 (2004).

	17.	 Nieminen, M. T. et al. Quantitative MR microscopy of enzymatically degraded articular cartilage. Magn. Reson. Med. 43, 676–681. 
https://​doi.​org/​10.​1002/​(sici)​1522-​2594(200005)​43:5%​3c676::​Aid-​mrm9%​3e3.0.​Co;2-x (2000).

	18.	 Lusse, S. et al. Evaluation of water content by spatially resolved transverse relaxation times of human articular cartilage. Magn. 
Reson. Imaging 18, 423–430. https://​doi.​org/​10.​1016/​s0730-​725x(99)​00144-7 (2000).

	19.	 Grunder, W., Wagner, M. & Werner, A. MR-microscopic visualization of anisotropic internal cartilage structures using the magic 
angle technique. Magn. Reson. Med. 39, 376–382. https://​doi.​org/​10.​1002/​mrm.​19103​90307 (1998).

	20.	 Battaglia, M. et al. Arthroscopic autologous chondrocyte implantation in osteochondral lesions of the talus: Mid-term T2-mapping 
MRI evaluation. Knee Surg. Sports Traumatol. Arthrosc. 19, 1376–1384. https://​doi.​org/​10.​1007/​s00167-​011-​1509-x (2011).

	21.	 Battaglia, M. et al. Validity of T2 mapping in characterization of the regeneration tissue by bone marrow derived cell transplanta-
tion in osteochondral lesions of the ankle. Eur. J. Radiol. 80, e132-139. https://​doi.​org/​10.​1016/j.​ejrad.​2010.​08.​008 (2011).

	22.	 Domayer, S. E. et al. Cartilage repair of the ankle: first results of T2 mapping at 7.0 T after microfracture and matrix associated 
autologous cartilage transplantation. Osteoarthr. Cartil. 20, 829–836. https://​doi.​org/​10.​1016/j.​joca.​2012.​04.​015 (2012).

	23.	 Glaser, C. New techniques for cartilage imaging: T2 relaxation time and diffusion-weighted MR imaging. Radiol. Clin. N. Am. 43, 
641–653. https://​doi.​org/​10.​1016/j.​rcl.​2005.​02.​007 (2005).

	24.	 Theologis, A. A. et al. Longitudinal analysis of T1rho and T2 quantitative MRI of knee cartilage laminar organization following 
microfracture surgery. Knee 19, 652–657. https://​doi.​org/​10.​1016/j.​knee.​2011.​09.​004 (2012).

	25.	 Trattnig, S. et al. Quantitative T2 mapping of matrix-associated autologous chondrocyte transplantation at 3 Tesla: An in vivo 
cross-sectional study. Invest. Radiol. 42, 442–448. https://​doi.​org/​10.​1097/​01.​rli.​00002​62088.​67368.​49 (2007).

	26.	 White, L. M. et al. Cartilage T2 assessment: Differentiation of normal hyaline cartilage and reparative tissue after arthroscopic 
cartilage repair in equine subjects. Radiology 241, 407–414. https://​doi.​org/​10.​1148/​radiol.​24120​51750 (2006).

	27.	 Kijowski, R., Blankenbaker, D. G., Munoz Del Rio, A., Baer, G. S. & Graf, B. K. Evaluation of the articular cartilage of the knee 
joint: Value of adding a T2 mapping sequence to a routine MR imaging protocol. Radiology 267, 503–513. https://​doi.​org/​10.​1148/​
radiol.​12121​413 (2013).

	28.	 Mosher, T. J., Dardzinski, B. J. & Smith, M. B. Human articular cartilage: Influence of aging and early symptomatic degeneration 
on the spatial variation of T2: Preliminary findings at 3 T. Radiology 214, 259–266. https://​doi.​org/​10.​1148/​radio​logy.​214.1.​r00ja​
15259 (2000).

	29.	 Hardingham, T. & Bayliss, M. Proteoglycans of articular cartilage: Changes in aging and in joint disease. Semin. Arthritis Rheum. 
20, 12–33. https://​doi.​org/​10.​1016/​0049-​0172(90)​90044-g (1990).

	30.	 Muir, H. Proteoglycans as organizers of the intercellular matrix. Biochem. Soc. Trans. 11, 613–622. https://​doi.​org/​10.​1042/​bst01​
10613 (1983).

	31.	 Vina, E. R. & Kwoh, C. K. Epidemiology of osteoarthritis: Literature update. Curr. Opin. Rheumatol. 30, 160–167. https://​doi.​org/​
10.​1097/​bor.​00000​00000​000479 (2018).

https://doi.org/10.1016/j.csm.2018.03.006
https://doi.org/10.1016/j.pmrj.2012.08.015
https://doi.org/10.1503/cmaj.051351
https://doi.org/10.1503/cmaj.051351
https://doi.org/10.1097/PHM.0b013e3182876a5f
https://doi.org/10.1136/bjsports-2014-093604
https://doi.org/10.1136/bjsports-2016-096731
https://doi.org/10.1136/bjsports-2014-093992
https://doi.org/10.1136/bjsports-2014-093992
https://doi.org/10.2165/00007256-200333010-00006
https://doi.org/10.2165/00007256-200333010-00006
https://doi.org/10.1016/j.berh.2019.02.009
https://doi.org/10.1016/j.berh.2019.02.009
https://doi.org/10.1002/ca.22393
https://doi.org/10.1067/mem.2001.111707
https://doi.org/10.1067/mem.2001.111707
https://doi.org/10.1016/S0140-6736(19)30417-9
https://doi.org/10.1016/j.joca.2016.12.009
https://doi.org/10.1016/j.joca.2016.12.009
https://doi.org/10.2214/AJR.15.14364
https://doi.org/10.2214/AJR.15.14364
https://doi.org/10.1016/j.joca.2014.04.029
https://doi.org/10.1055/s-2004-861764
https://doi.org/10.1002/(sici)1522-2594(200005)43:5%3c676::Aid-mrm9%3e3.0.Co;2-x
https://doi.org/10.1016/s0730-725x(99)00144-7
https://doi.org/10.1002/mrm.1910390307
https://doi.org/10.1007/s00167-011-1509-x
https://doi.org/10.1016/j.ejrad.2010.08.008
https://doi.org/10.1016/j.joca.2012.04.015
https://doi.org/10.1016/j.rcl.2005.02.007
https://doi.org/10.1016/j.knee.2011.09.004
https://doi.org/10.1097/01.rli.0000262088.67368.49
https://doi.org/10.1148/radiol.2412051750
https://doi.org/10.1148/radiol.12121413
https://doi.org/10.1148/radiol.12121413
https://doi.org/10.1148/radiology.214.1.r00ja15259
https://doi.org/10.1148/radiology.214.1.r00ja15259
https://doi.org/10.1016/0049-0172(90)90044-g
https://doi.org/10.1042/bst0110613
https://doi.org/10.1042/bst0110613
https://doi.org/10.1097/bor.0000000000000479
https://doi.org/10.1097/bor.0000000000000479


12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:19160  | https://doi.org/10.1038/s41598-023-46259-w

www.nature.com/scientificreports/

	32.	 Hart, H. F., van Middelkoop, M., Stefanik, J. J., Crossley, K. M. & Bierma-Zeinstra, S. Obesity is related to incidence of patel-
lofemoral osteoarthritis: The Cohort Hip and Cohort Knee (CHECK) study. Rheumatol. Int. 40, 227–232. https://​doi.​org/​10.​1007/​
s00296-​019-​04472-9 (2020).

	33.	 Collins, A. T. et al. Obesity alters the in vivo mechanical response and biochemical properties of cartilage as measured by MRI. 
Arthritis Res. Ther. 20, 232. https://​doi.​org/​10.​1186/​s13075-​018-​1727-4 (2018).

	34.	 Luke, A. C. et al. High-field magnetic resonance imaging assessment of articular cartilage before and after marathon running: Does 
long-distance running lead to cartilage damage?. Am. J. Sports Med. 38, 2273–2280. https://​doi.​org/​10.​1177/​03635​46510​372799 
(2010).

	35.	 Chen, M. et al. The influences of walking, running and stair activity on knee articular cartilage: Quantitative MRI using T1 rho 
and T2 mapping. PLoS ONE 12, e0187008. https://​doi.​org/​10.​1371/​journ​al.​pone.​01870​08 (2017).

	36.	 Behzadi, C. et al. The immediate effect of long-distance running on T2 and T2* relaxation times of articular cartilage of the knee 
in young healthy adults at 3.0 T MR imaging. Br. J. Radiol. 89, 20151075. https://​doi.​org/​10.​1259/​bjr.​20151​075 (2016).

	37.	 Behzadi, C. et al. Comparison of T2* relaxation times of articular cartilage of the knee in elite professional football players and 
age-and BMI-matched amateur athletes. Eur. J. Radiol. 86, 105–111. https://​doi.​org/​10.​1016/j.​ejrad.​2016.​10.​028 (2017).

	38.	 Allen, K. D., Thoma, L. M. & Golightly, Y. M. Epidemiology of osteoarthritis. Osteoarthr. Cartil. 30, 184–195. https://​doi.​org/​10.​
1016/j.​joca.​2021.​04.​020 (2022).

	39.	 Sharma, S., Dhillon, M. S., Kumar, P. & Rajnish, R. K. Patterns and trends of foot and ankle injuries in olympic athletes: A systematic 
review and meta-analysis. Indian J. Orthop. 54, 294–307. https://​doi.​org/​10.​1007/​s43465-​020-​00058-x (2020).

	40.	 Caine, D., Caine, C. & Maffulli, N. Incidence and distribution of pediatric sport-related injuries. Clin. J. Sport Med. 16, 500–513. 
https://​doi.​org/​10.​1097/​01.​jsm.​00002​51181.​36582.​a0 (2006).

	41.	 Saperstein, A. L. & Nicholas, S. J. Pediatric and adolescent sports medicine. Pediatr. Clin. N. Am. 43, 1013–1033. https://​doi.​org/​
10.​1016/​s0031-​3955(05)​70448-x (1996).

Acknowledgements
Radiology Department, Central Hospital Affiliated to Shenyang Medical College.

Author contributions
Among the authors in the list, W.W. conceived the idea of the article, participated in the main process of the 
research, and wrote the first draft of the paper; Z.K. and D.M. participated in image data collection and image 
post-processing; H.Z. enlightens the idea of the paper; F.Y., as the supervisor of the whole study, has repeatedly 
reviewed and revised the first draft of the paper.

Funding
Support Agreement for Shenyang Young and Middle aged Scientific and Technological Innovation Talents Pro-
gram, Project Number: CR210437; Basic scientific research project of Liaoning Province Department of Educa-
tion (Key Project), Project Number: LJKZ1154.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to F.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1007/s00296-019-04472-9
https://doi.org/10.1007/s00296-019-04472-9
https://doi.org/10.1186/s13075-018-1727-4
https://doi.org/10.1177/0363546510372799
https://doi.org/10.1371/journal.pone.0187008
https://doi.org/10.1259/bjr.20151075
https://doi.org/10.1016/j.ejrad.2016.10.028
https://doi.org/10.1016/j.joca.2021.04.020
https://doi.org/10.1016/j.joca.2021.04.020
https://doi.org/10.1007/s43465-020-00058-x
https://doi.org/10.1097/01.jsm.0000251181.36582.a0
https://doi.org/10.1016/s0031-3955(05)70448-x
https://doi.org/10.1016/s0031-3955(05)70448-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	T2 mapping for quantitative assessment of ankle cartilage of weightlifters
	Materials and methods
	Study population
	Image acquisition
	Data analysis
	Statistical analysis
	Ethics approval and consent to participate
	Informed consent

	Results
	Discussion
	Conclusion
	References
	Acknowledgements


