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Abstract
Objective  To compare and evaluate T2 values of compartmental femorotibial cartilage and subregional menisci in patients 
with hyperuricemia at 3T.
Materials and methods  Thirty-two subjects were included in this study and subdivided into two subgroups: 15 healthy 
controls (3 females, 12 males; mean age = 45.3 ± 10.9 years), 17 patients with hyperuricemia (2 females, 15 males; mean 
age = 44.4 ± 12.7 years). All subjects were assessed on a 3T MR scanner using an 8-channel phased-array knee coil (transmit-
receive). Wilcoxon rank sum test and analysis of covariance (ANCOVA) were performed to determine whether there were 
any statistically significant differences in T2 values of compartmental femorotibial cartilage and subregional menisci between 
the two subgroups.
Results  Lateral tibial cartilage (48.6 ± 3.5 ms) in healthy subgroup had significantly lower (p < 0.05) T2 values than all sub-
compartments of femorotibial cartilage in hyperuricemia subgroup. Medial tibial cartilage (56.5 ± 4.3 ms) in hyperuricemia 
subgroup had significantly higher (p < 0.05) T2 values than all subcompartments of femorotibial cartilage except medial tibial 
cartilage in healthy subgroup. Medial anterior horn of meniscus (39.4 ± 2.9 ms) in healthy subgroup had significantly lower 
(p < 0.05) T2 values than all subregional menisci except both medial anterior horn and medial body segment of meniscus in 
hyperuricemia subgroup.
Conclusion  T2 values in certain compartmental femorotibial cartilage and subregional menisci in patients with hyperuricemia 
are evidently and abnormally heightened compared with those in healthy subjects, to which special attention should be paid 
when diagnosing and treating the patients with hyperuricemia in the clinical setting.
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Introduction

The pathogenesis of osteoarthritis (OA) is complex and 
multi-factorial, and the etiologies of which are quite a few: 
sports injuries such as anterior cruciate ligament (ACL) 
strain or tear and meniscal tear, knee malalignment, over-
weight or obesity, age, female gender, increased body mass 
index (BMI), and metabolic or genetic factors, among oth-
ers, are all well-known risk factors or possible initiations of 
knee OA [1–11]. Particularly, both hyperuricemia and gout 
may be potential onsets of knee OA as well [12, 13].

Hyaline cartilage consists of chondrocytes scattered in 
the extracellular matrix (ECM), which is mainly composed 
of water, proteoglycans (PGs), and collagen (primarily type 
II) fibers. The macromolecules restrict the motion of water 
in the ECM [11]. The adjacent menisci are predominantly 
made up of water, collagen (primarily type I), and PGs as 
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Highlights 

• T2 values in certain compartmental femorotibial cartilage 
and subregional menisci in patients with asymptomatic 
hyperuricemia are evidently and abnormally elevated compared 
with those in healthy subjects

• T2 mapping may be promising and potential sensitive 
discriminator of understanding and examining the early 
compositional and structural change of human femorotibial 
cartilage and menisci in patients with asymptomatic 
hyperuricemia

• Patients with asymptomatic hyperuricemia may have early 
elevated water content in both femorotibial cartilage and 
menisci, which should be in particular paid attention to when 
diagnosing and treating the patients with hyperuricemia in the 
absence of established gout in clinical settings.
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well [14, 15], and the ECM of intact meniscus is comprised 
of roughly 72% water, 22% collagen, and 0.8% glycosami-
noglycans (GAGs) [15, 16]. Pathophysiological processes of 
early cartilage or meniscus degeneration are characterized 
by GAG loss and deterioration of the PG-collagen matrix 
network integrity, which may give rise to increased mobility 
of water and consequentially elevated water content within 
the cartilage or meniscus ECM [17, 18].

Only a few previous studies had been performed to deter-
mine whether joints affected by asymptomatic hyperurice-
mia (HU) or gout (symptomatic HU) were also affected by 
OA using radiographs of the hip, hand wrist, and knee joint 
[12, 13, 19, 20]. Roddy et al. [12] suggested that patients 
with OA may be prone to the localized deposition of mono-
sodium urate (MSU) crystals and partially determine which 
joints are affected by acute attacks of gout. Bevis and col-
leagues [13] indicated that no significant association was 
identified between gout and radiographic OA, although there 
was a trend that people with gout may be more likely to 
have small joint OA. Ding and co-workers [19] indicated 
that the serum uric acid concentration and prevalence of 
HU are positively associated with knee joint osteophytes 
more preferentially in the female population. Kuo et al. [20] 
implied that chronic hyperuricaemia and asymptomatic 
MSU crystal deposition prior to the first clinical presenta-
tion of gout may result in joint damage. Specifically, Neogi 
and colleagues [21] reviewed the evidence linking gout and 
osteoarthritis and indicated that the overlap between OA and 
gout—and in particular, OA and hyperuricemia—suggests 
that a co-occurrence that had been recognized clinically may 
not be only coincidental.

T2 relaxation reflects the dipole–dipole interaction 
between bulk water and PG-collagen matrix within the car-
tilage or meniscus, and damage to the ECM and the eleva-
tion of water content in degenerating cartilage or meniscus 
may increase T2 relaxation times [22–24]. Many studies have 
used T2 mapping of cartilage or meniscus to explore carti-
lage or meniscus deterioration even without distinct radio-
graphic changes yet or in morphologically normal knees on 
conventional MRI and in OA-associated cartilage [15, 23, 
25–27]. While generally increased T2 values are associated 
with cartilage or meniscus degradation, one study did imply 
that no appreciable change at all in T2 values with cartilage 
degeneration relative to normal cartilage in prior publication 
[28]. Prior radiographic studies on OA had examined the 
advanced joint degeneration like the emergence of osteo-
phytes or joint space narrowing (JSN) in HU or gout (symp-
tomatic HU) population [12, 13, 19, 24]. However, to the 
best of our knowledge, investigations using quantitative T2 
mapping of compartmental femorotibial cartilage and sub-
regional menisci in patients with HU to examine and assess 
the pre-structural and pre-radiographic changes of cartilage 
and menisci have not been performed as yet. Therefore, the 

purpose of this work was to compare and assess T2 values 
of compartmental femorotibial cartilage and subregional 
menisci in HU population. Our hypothesis in this work was 
that the T2 values in certain compartmental femorotibial car-
tilage and subregional menisci in patients with HU may be 
significantly different than those of healthy subjects, and MR 
T2 mapping may be a potential biomarker and sensitive dis-
criminator of understanding and examining the early struc-
tural change in the PG-collagen matrix integrity of human 
femorotibial cartilage and menisci in patients with HU.

Materials and methods

Study population

The procedure and nature of this prospective study were 
fully explained to all the participated volunteers. All 
recruited subjects signed written informed consent to be 
involved in the study, which was approved by the local 
institutional review board (IRB). All healthy subjects were 
recruited via the advertisement extensively posted in both 
a few living communities nearby and our university cam-
pus. The control group was selected based on matched age 
and the BMI (Table 1) [29]. For all recruited healthy sub-
jects, the inclusion criteria were in healthy conditions, and 
no existing medical conditions based on medical history, 
physical checkup, and no contraindications to MR examina-
tion. Meanwhile, the enrollment criteria for the cohort with 
healthy knee joint were as follows: no history of chronic 
or frequent knee pain, absence of clinical symptoms, no 
hyperglycemia or diabetes mellitus (DM) (both based on the 

Table 1   Demographics of the study population

BMI=body mass index. There is no statistically significant difference 
(p > 0.05) in gender (p = 0.55), BMI (p = 0.57), and age (p = 0.79), 
respectively, between healthy controls and patients with hyperuricemia

Subjects group and 
character istics

Control Hyperuricemia

All subjects
 No. of subjects 15 17
 Age (years) 45.3 ± 10.9 44.4 ± 12.7
 BMI (kg/m2) 24.4 ± 3.2 24.9 ± 2.8

Male subjects
 No. of subjects 12 15
 Age (years) 46.9 ± 9.7 42.8 ± 12.5
 Age range (years) 35–72 26–77

Female subjects
 No. of subjects 3 2
 Age (years) 38.7 ± 15.2 56 ± 7.1
 Age range (years) 25–55 51–61
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periodic physical examinations in our university-affiliated 
hospital), and normal knee radiographs prior to MR scans. 
Exclusion criteria were inflammatory arthritis, knee OA, 
and knee OA secondary to some other causes (i.e., acute or 
chronic infection, prior surgery or fracture). All volunteers 
with HU were recruited from those taking periodic medical 
examinations in our university-affiliated hospital. The inclu-
sion criteria were based on their physical checkup results 
with the blood samples assayed as uric acid ≥ 416 μmol/L 
for male and ≥ 360 μmol/L for female [19]. The exclusion 
criteria for HU cohort were frequent knee joint ache, gout 
(symptomatic HU), history of hyperglycemia or DM, or 
currently using hypoglycemic agent or diuretics (drugs to 
treat hyperuricemia), chronic kidney disease, hypothyroid-
ism, hypercholesterolemia, and any contraindications to MR 
imaging. Meanwhile, all enrolled subjects had no history of 
malignancy and chemo- or radiotherapy.

Thirty-two subjects were included in this study and subdi-
vided into two subgroups: 15 healthy controls (3 females, 12 
males; mean age = 45.3 ± 10.9 years), 17 patients with hyper-
uricemia (2 females, 15 males; mean age = 44.4 ± 12.7 years) 
(Table  1). The subjects’ body height and weight were 
obtained for computing the BMI. The demographics of the 
participated study population were listed in Table 1.

MR protocol

All MR imaging experiments were conducted on a 3.0 Tesla 
clinical MR scanner (Ingenia, Philips, The Netherlands). An 
18-cm diameter, quadrature transmit/8-channel phased-array 
(PA) receive knee coil (dS Knee 8ch 3.0 T, Invivo Corpora-
tion, USA) was employed for all the MR imaging measure-
ments. The knee was fixed with foam padding for immobiliz-
ing during acquisition.

All MR examinations were performed in the sagit-
tal plane. The following imaging protocol was applied: 
a sagittal 2D multi-echo turbo spin-echo (TSE) pulse 
sequence with fat saturation and with a repetition time (TR) 
of 4000 ms; echo times (TEs) of 16.5, 33, 49.5, 66, and 
82.5 ms; a field of view (FOV) of 150 × 150 mm; a matrix of 
188 × 185 (interpolated to 256 × 256); a receive bandwidth 
of 122 Hz/pixel; a number of signal averages (NSA) of 1; an 
in-plane spatial resolution of 0.59 × 0.59 mm2; and a slice 
thickness of 3 mm (inter-slice gap = 0). Total acquisition 
time (TA) for all 5 echo times (28 slices for each TE) was 
roughly 10 min. The data acquisition and analyses for all 
the included subjects were performed from December 2016 
through January 2020.

Image analysis

For quantitative T2 assessment of femorotibial cartilage 
and meniscus, all MR images were analyzed based on the 

compartmental femorotibial cartilage as lateral femoral (LF), 
lateral tibial (LT), medial femoral (MF), and medical tibial 
(MT), respectively (Fig. 1(a, b)), and segmented subregional 
meniscus regions of interest (ROIs) as lateral anterior horn 
(La), lateral central (body segment) (Lc), lateral posterior 
horn (Lp), medial anterior horn (Ma), medial central (body 
segment) (Mc), and medial posterior horn (Mp), respectively 
also as defined in Fig. 1 (c, d, e, f) or Refs [30–32].

The in-house developed routines in MATLAB (version 
R2017a; The Mathworks, Natick, MA, USA) and C +  + were 
used for offline processing of the acquired MR images 
including femorotibial cartilage and menisci segmentation, 
and T2 value calculation of compartmental femorotibial car-
tilage and subregional meniscus. The signal intensities of 
the serial T2-weighted images were fitted on a pixel-wise 
basis using a linear least-squares method as shown in Eq. 1 
[22, 29, 32]:

The detailed description on how to calculate the T2 val-
ues is the same as in Refs [29, 32]. For the analysis of the 
T2 values of the compartmental femorotibial cartilage and 
subregional menisci, ROIs were manually drawn (by L.W.) 
as LF, LT, MF, MT for the femorotibial cartilage, and La, 
Lc, Lp, Ma, Mc, and Mp for menisci as illustrated in Fig. 1 
or Refs 30, 31, and 32 using a custom-built MATLAB rou-
tine. The custom-built MATLAB routine ultimately yielded 
color-coded T2 maps, in which the manually segmented car-
tilage and meniscal ROIs were overlaid on the shortest echo 
time (namely, TE = 16.5 ms) images.

Statistical analysis

Statistical analysis was performed (by X.L.) using a SPSS 
Statistics software tool (version 22.0, IBM, Armonk, NY, 
USA). As non-parametric analyses were conducted, results 
are summarized as mean ± SD and median ± inter-quartile 
range (IQR) (not listed). The inter-subject variation of car-
tilage and meniscus T2 value measurement was quantified 
using root mean square coefficient of variation percentage 
(RMS-CV%). Meanwhile, to document the intra-operator 
variation for both cartilage and meniscal T2, the LF and LT 
cartilage and La and Lp subregional menisci from 11 healthy 
controls were measured twice, respectively, for roughly cal-
culating the intra-observer reproducibility of cartilage and 
meniscus T2 value measurement.

All subjects were divided into two subgroups, i.e., healthy 
controls and cohort with HU. All comparisons were strati-
fied by compartment and/or subregion. One-way analysis of 
covariance (ANCOVA) was utilized to obtain the p values 
comparing T2 measurements by regressing out confounding 
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covariates, i.e., age, gender, and BMI in each of the sub-
compartments for femorotibial cartilage and subregions for 
menisci between the two subgroups (healthy controls vs. 
HU cohort). T2 values recorded for a given region were first 
converted to ranks that were used as the dependent vari-
able. ANCOVA analyses for each compartment and region 
included age and BMI as numeric covariates, gender as a 
nominal covariate, and subject subgroups as the between-
subject nominal factor of interest. Meanwhile, Wilcoxon 
rank sum test was also performed to calculate p values when 
comparing mean T2 values for compartmental femorotibial 
cartilage and subregional menisci between the two subject 
subgroups for reference. All the reported p values were 
deemed statistically significant when p < 0.05.

Results

As displayed in Table 1, 32 subjects were involved in the 
study and subdivided into two subgroups: 15 healthy con-
trols (3 females, 12 males; mean age = 45.3 ± 10.9 years, 
age range 25–72 years), 17 subjects with HU (2 females, 15 
males; mean age = 44.4 ± 12.7 years, age range 26–77 years), 
respectively. There is no statistically significant difference in 

gender (p = 0.55), BMI (p = 0.57), and age (p = 0.79), respec-
tively, between healthy controls and cohort with HU.

The T2 values (Mean ± SD) (ms) of cartilage and menisci 
in healthy controls and cohort with HU were listed in 
Table 2. The CV% of compartmental femorotibial carti-
lage T2 measurement from LF, LT, MF, and MT were 5.79, 
7.16, 5.64, and 10.1 for healthy controls and 7.56, 7.85, 
9.02, and 7.53 for cohort with HU, respectively. The CV% 

Fig. 1   Exemplary sagittal 
fat-saturated T2-weighted 2D 
Turbo spin-echo (TSE) images 
with echo time (TE) = 16.5 ms 
illustrating how the regions of 
interest (ROIs) of the femo-
rotibial cartilage and menisci 
subregions in the lateral 
(Fig. 1(a); Fig. 1(c, e)) and 
medial (Fig. 1(b); Fig. 1(d, f)) 
compartments were defined, 
obtained from a 25-year old 
female healthy subject. White 
arrowheads mark the location 
of the femorotibial cartilage and 
menisci subregions

Table 2   T2 values (Mean ± SD) (ms) of cartilage and menisci in 
healthy controls and patients with hyperuricemia

Cartilage subcompartments/
menisci subregions

Mean ± SD (ms)

Healthy Hyperuricemia

LF 52.5 ± 3.0 54.4 ± 4.1
LT 48.6 ± 3.5 53.5 ± 4.2
MF 51.6 ± 2.9 53.9 ± 4.9
MT 53.7 ± 5.4 56.5 ± 4.3
La 41.1 ± 2.9 43.1 ± 3.0
Lc 41.6 ± 4.5 43.4 ± 2.3
Lp 40.1 ± 3.6 41.7 ± 2.9
Ma 39.4 ± 2.9 40.0 ± 2.8
Mc 40.7 ± 3.5 40.5 ± 3.8
Mp 39.6 ± 3.3 41.0 ± 2.6
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of subregional meniscus T2 measurement from La, Lc, Lp, 
Ma, Mc, and Mp were 6.95, 10.8, 9.07, 7.33, 8.57, and 8.36 
for healthy controls and 6.96, 5.37, 6.92, 7.05, 9.38, and 6.25 
for cohort with HU, respectively. The twice measured CV% 
for reporting the intra-observer variation of the LF and LT 
cartilage, and La and Lp subregional menisci T2 measure-
ment from 11 healthy controls were as follows: 6.16 versus 
(vs.) 6.83, 7.84 vs. 8.67, and 6.71 vs. 7.74, 9.91 vs. 9.16, 
respectively, and the average CV% of the intra-observer vari-
ation of the LF and LT cartilage, and La and Lp menisci T2 
measurement from 11 healthy controls were 6.5, 8.26, and 
7.23, 9.54, respectively. Representative T2 maps of cartilage 
on the lateral (a, c) and medial (b, d) side, obtained from a 
38-year old healthy male volunteer (a, b) and a 26-year old 
male patient with hyperuricemia (c, d), respectively, were 
shown in Fig. 2. Similarly, representative T2 maps of menisci 
on the lateral (a, c, e, g) and medial (b, d, f, h) side from 
healthy control (a, b, c, d) and the patient with hyperurice-
mia (e, f, g, h), respectively, (c, g) show the meniscal body 
segment on the lateral side, and (d, h) on the medial side, 
respectively, were shown in Fig. 3. Figure 4 shows the box 
and whisker plots comparing the cartilage median T2 values 
among the four compartments as LF, LT, MF, and MT in 
healthy controls and cohort with HU, respectively. Like-
wise, Fig. 5 shows the box and whisker plots comparing the 
menisci median T2 values among the six subregions as La, 
Lc, Lp, Ma, Mc, and Mp in healthy controls and cohorts with 
HU, respectively. Particularly, the p values from ANCOVA 
to compare cohorts of healthy controls and patients with 
hyperuricemia in terms of T2 values of cartilage subcompart-
ments and menisci compartmental subregions adjusted for 
age, gender, and BMI when significant at the 5% significance 

level adjusted for multiple comparisons were shown simul-
taneously in Fig. 4 and Fig. 5, respectively.

The comparisons among compartmental femorotibial 
cartilage in terms of T2 values between healthy controls and 
cohort with HU without controlling for age, gender, and 
BMI effects were shown for reference in Tables 2, 3, and 
Fig. 4.

When the comparisons were made among compartmental 
femorotibial cartilage in terms of T2 values by controlling for 
age, gender, and BMI effects, the results (Table 2 and Fig. 4) 
show the following significant findings: the LT cartilage had 
significantly lower T2 values (48.6 ± 3.5 ms) in healthy sub-
group compared to all compartmental femorotibial cartilage 
in cohort with HU. MT cartilage had significantly higher 
T2 values (56.5 ± 4.3  ms) in cohort with HU subgroup 
compared to LF (52.5 ± 3.0 ms) and MF (51.6 ± 2.9 ms) in 
healthy subgroup.

The comparisons among subregional menisci in terms 
of T2 values between healthy controls and cohort with HU 
without regressing out confounding covariates, such as age, 
gender, and BMI were shown for reference in Tables 2, 4, 
and Fig. 5.

Furthermore, comparisons among subregional menisci 
in terms of T2 values between healthy controls and cohort 
with HU were also conducted by regressing out confounding 
covariates, such as age, gender, and BMI. Such comparisons 
show significant findings (Table 2 and Fig. 5): Both Lp and 
Mp menisci had significantly lower T2 values (40.1 ± 3.6 ms, 
39.6 ± 3.3 ms) in healthy subgroup compared to both La and 
Lc menisci (43.1 ± 3.0 ms, 43.4 ± 2.3) in cohort with HU. Ma 
meniscus had significantly lower T2 values (39.4 ± 2.9 ms) in 
healthy subgroup compared to all subregional menisci except 

Fig. 2   Exemplary T2 maps of 
cartilage on the lateral (a, c) 
and medial (b, d) side, obtained 
from a 38-year old healthy male 
volunteer (a, b) and a 26-year 
old male patient with hyper-
uricemia (c, d), respectively. 
The color bar scale on the right 
shows the distribution of T2 
values
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both Ma and Mc menisci in cohort with HU. Lc had signifi-
cantly higher T2 values (43.4 ± 2.3 ms) in subgroup of cohort 

with HU compared to both La and Mc menisci (41.1 ± 2.9 ms, 
40.7 ± 3.5 ms) in healthy subgroup.

Fig. 3   Exemplary T2 maps of 
menisci from the same two 
subjects as in Fig. 2. T2 maps of 
menisci on the lateral (a, c, e, g) 
and medial (b, d, f, h) side from 
healthy control (a, b, c, d) and 
the patient with hyperuricemia 
(e, f, g, h), respectively. c, g 
Show the meniscal body seg-
ment on the lateral side, and (d, 
h) on the medial side, respec-
tively. The color bar scale on 
the right shows the distribution 
of T2 values

Fig. 4   Box and whisker plots 
comparing the cartilage median 
T2 values among the four 
compartments [lateral femoral 
(LF), lateral tibial (LT), medial 
femoral (MF), and medial tibial 
(MT)] in healthy controls and 
patients with hyperuricemia, 
respectively. The horizontal-
dashed lines on the boxes show 
the corresponding mean T2 
values. The box and whisker 
plots show the five statistics 
(minimum, first quartiles, 
median, third quartiles, and 
maximum), and the p values 
from ANCOVA to compare 
cohorts of healthy controls and 
patients with hyperuricemia in 
terms of T2 values of cartilage 
subcompartments adjusted for 
age, gender, and BMI when 
significant at the 5% signifi-
cance level adjusted for multiple 
comparisons were shown 
simultaneously
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Discussion

Very few studies in the literature dealt with using MR 
imaging technique to explore the possible correlation 
between asymptomatic hyperuricemia (HU) and associ-
ated cartilage or meniscus damage [12, 13, 19–21]. Most 
prior work had predominantly applied radiographic rather 
than MR imaging technique to investigate the relationship 

between HU or gout (i.e., symptomatic HU) and OA 
mainly according to the knee joint pain in association 
with joint space narrowing (JSN) or osteophyte [12, 13, 
19–21]. In this prospective study, T2 maps for the first 
time were applied to perform quantitative analyses and to 
assess the possible association in T2 values of femoroti-
bial cartilage and subregional menisci on both lateral and 
medial sides between healthy controls and subjects with 
asymptomatic HU (namely, HU in the absence of estab-
lished gout), and the current work is definitely an initial 
report of potential differences in T2 values of femorotibial 
cartilage and subregional menisci on both compartments 
between the two subgroups.

Much published work has suggested that T2 mapping 
of cartilage and menisci may be appropriate for being a 
non-invasive biomarker to diagnose early stages of knee 
OA and to monitor treatment response of OA, and elevated 
T2 values may be sensitive to increased water mobility 
and water content resulted from disrupted collagen net-
work and the ECM in cartilage or menisci [8, 11, 15, 
33–35]. Of note, our current initial findings underscore 
that T2 mapping may be a potentially promising sensi-
tive discriminator of understanding and examining the 

Fig. 5   Box and whisker plots comparing the menisci median T2 
values among the six subregions (lateral anterior horn (La), lateral 
body segment (Lc), lateral posterior horn (Lp), medial anterior horn 
(Ma), medial body segment (Mc), and medial posterior horn (Mp)) 
in healthy controls and patients with hyperuricemia, respectively. The 
horizontal-dashed lines on the boxes show the corresponding mean 
T2 values. The box and whisker plots show the five statistics (mini-

mum, first quartiles, median, third quartiles, and maximum), and the 
p values from ANCOVA to compare cohorts of healthy controls and 
patients with hyperuricemia in terms of T2 values of menisci com-
partmental subregions adjusted for age, gender, and BMI when sig-
nificant at the 5% significance level adjusted for multiple comparisons 
were shown as well

Table 3   p values of Wilcoxon rank sum test performed to compare 
cohorts of healthy controls and patients with hyperuricemia in terms 
of T2 values of cartilage subcompartments

p < 0.05, statistically significant difference (in italic bold)

Comparison 
cohort

Healthy

Hyperuricemia Cartilage sub-
compartments

LF LT MF MT

LF 0.2269 0.0002 0.0378 0.9699
LT 0.5209 0.0041 0.3451 0.7626
MF 0.3079 0.0029 0.0824 1
MT 0.0127 0.00001 0.0017 0.2269
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early-stage compositional and even structural variation of 
human femorotibial cartilage and menisci in patients with 
hyperuricemia.

The femorotibial cartilage and the adjoining menisci 
in human diarthrodial joints act as important functions 
for body weight bearing, joint shock absorption, joint sta-
bility, and joint lubrication [15, 36–38]. The injuries or 
degeneration of both femorotibial cartilage and menisci 
may be possible risk factors for the initiation of knee OA 
[5, 7, 29, 39, 40]. Quantitative MR T2 mapping offers 
important information concerning the variations of the 
integrity of PG-collagen matrix network and the mobility 
of unbound water in cartilage or meniscus as observed in 
prior ex vivo or in vivo reports [8, 15, 25, 29, 40–42]. T2 
values of cartilage and menisci in our healthy subjects 
were slightly higher than previously reported in the litera-
ture [15, 22, 25, 29, 32, 42, 43], with a range roughly from 
48.6 to 53.7 ms in cartilage and from 39.4 to 41.6 ms, 
respectively (Table 2). However, this elevation of T2 val-
ues in both cartilage and menisci may actually be due to 
many different influencing factors such as the fitting com-
puting methods of T2 relaxation times, different vendors 
of MR scanners and pulse sequences for T2-weighted MR 
images acquisition [33, 44–49]. The general consensus 
acknowledged that there may be roughly 25 ~ 38% differ-
ence in T2 values of cartilage and menisci computed from 
different vendors of MR scanners and pulse sequences in 
the literature [47–49]. One distinct factor of contribut-
ing the inaccuracy of T2 measurements of both cartilage 
and menisci results from the stimulated echoes by using 
a multi-echo sequence for in vivo cartilage imaging [50, 
51]. The computed T2 values of both cartilage and menisci 
in our current study are approximately 26% higher than 
those of previous work [8, 22, 25, 29, 32, 42, 43]. Such 
relatively high meniscus T2 values obtained may be caused 
by the acquisition protocol and data fitting method-related 
issues. Ideally, gradient echo-based T2 sequence is pre-
ferred for meniscus quantification because it can achieve 
much shorter TE. In contrast, turbo spin-echo (TSE) has 
relatively long TE (> 10 ms), making it not ideal to apply 

the TSE-based T2 sequence to quantitate meniscus; it was 
shown in previous studies that the signal was low from 
meniscus in TSE [8, 15, 25, 32, 41–44, 46, 48, 50]. TSE 
is more suitable for cartilage just as shown in Table 2 and 
Fig. 3. Taken together, the slight increase in T2 values 
of cartilage and menisci in particular is reasonable and 
acceptable in practice. Particularly, the average measured 
CV% for documenting the intra-observer variation of the 
LF and LT cartilage, and La and Lp subregional menisci 
T2 measurement from 11 healthy controls was between 6.5 
and 9.54, which indicates a good intra-observer variation 
of the compartmental cartilage and subregional menisci 
T2 measurement [48]. In general, the less the CV%, the 
better the intra-observer variation for the compartmental 
cartilage and subregional menisci T2 measurement; a CV% 
value of less than 10 is considered a good one [11, 52].

The etiopathogenesis of knee OA is complicated and 
multi-factorial, which is initiated from many risk factors 
[26]. Hyperuricemia (HU) or gout (symptomatic HU) is 
merely possible cause that induces OA, which even remains 
indeterministic and controversial [12, 13, 19]. The mecha-
nisms or correlations why T2 values in certain compartmen-
tal femorotibial cartilage and subregional menisci in patients 
with hyperuricemia are evidently and abnormally heightened 
compared with those in healthy subjects are unclear. Previ-
ous studies on the relationship between knee OA and hyper-
uricemia (HU) or gout mostly applied radiographic method 
characterized by the showing up of joint space narrowing 
(JSN) and osteophyte. This kind of radiographic detection 
approach can only apply to advanced degradation or mor-
phologically apparent deterioration of femorotibial cartilage 
or menisci in human knee [12, 13, 19]. In other words, it 
has the shortcoming of inability to detect the early-stage 
compositional degeneration of cartilage and menisci with-
out the appearance of distinct radiographic changes. Radio-
graphs examine the association of knee joint pain with joint 
space narrowing and osteophyte formation [12, 13, 19]. As 
a more appropriate alternative, quantitative MR T2 map-
ping may be a preferred option to investigate the possible 
association of the degeneration of femorotibial cartilage and 

p < 0.05, statistically significant difference (in italic bold)

Comparison cohort Healthy

Hyperuricemia Menisci compart-
mental subregions

La Lc Lp Ma Mc Mp

La 0.0314 0.4061 0.0092 0.0008 0.0259 0.0032
Lc 0.0453 0.2735 0.0046 0.0002 0.0212 0.0012
Lp 0.7057 0.8799 0.3262 0.059 0.4501 0.0893
Ma 0.2573 0.1992 0.8799 0.3451 0.6235 0.7626
Mc 0.3648 0.4278 0.9699 0.4731 0.734 0.6779
Mp 0.4501 0.5711 0.579 0.0966 1 0.174

Table 4   p values of Wilcoxon 
rank sum test performed to 
compare cohorts of healthy 
controls and patients with 
hyperuricemia in terms of T2 
values of menisci compart-
mental subregions
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menisci in human knee with HU. In fact, our current work 
did observe that lateral tibial cartilage (LT) in healthy sub-
group had significantly lower (p < 0.05) T2 values than all 
subcompartments of femorotibial cartilage in HU subgroup. 
Medial tibial cartilage (MT) in HU subgroup had signifi-
cantly higher (p < 0.05) T2 values than all subcompartments 
of femorotibial cartilage except medial tibial cartilage in 
healthy subgroup. Lateral body segment of meniscus (Lc) 
in HU subgroup had significantly higher (p < 0.05) T2 values 
than all subregional menisci except lateral body segment 
of meniscus in healthy subgroup. Medial anterior horn of 
meniscus (Ma) in healthy subgroup had significantly lower 
(p < 0.05) T2 values than all subregional menisci except both 
medial anterior horn and medial body segment of meniscus 
in HU subgroup (Tables 2, 3, 4, Figs. 4, 5). As is well-known 
in the research community of quantitative MR T2 mapping 
technique [5, 6, 8, 15, 22, 23, 25, 26, 29, 32, 41–43], Just as 
abovementioned, T2 mapping is sensitive to the changes of 
water content in cartilage or menisci, and elevated T2 values 
may be suggestive of the increased mobility of unbound or 
bulk water in the ECM or PG-collagen matrix network of 
cartilage or menisci, which may further result from the early 
disorganization or disruption of the collagen fibril integrity 
and the ECM network [33, 43]. As to the findings in the 
current work, MT cartilage T2 value shows statistically sig-
nificant abnormal elevation compared with all compartmen-
tal femorotibial cartilage other than MT cartilage in healthy 
subgroup, and T2 values of all compartmental femorotibial 
cartilage in HU subgroup are significantly higher than that 
of LT cartilage in healthy subgroup. Of special note, this 
abnormal elevation of T2 values in HU cohort is entirely in 
tibial plateau instead of femoral condyle, which may imply 
that the disruption of the collagen fibril integrity and the 
ECM network perhaps happens more possibly in tibial pla-
teau rather than in femoral condyle of joint cartilage in HU 
cohort compared with healthy controls (Tables 2, 3, Fig. 4). 
Similarly, menisci on the lateral side generally have signifi-
cantly higher T2 values compared with those on the medial 
side. In particular, T2 values of Lc meniscus in HU subgroup 
are significantly higher than those of all subregional menisci 
except Lc meniscus in healthy controls; also, T2 values of La 
meniscus in HU subgroup are significantly higher than those 
of Lp, Ma, and Mp menisci in healthy controls, and T2 val-
ues of Lp meniscus in HU subgroup are significantly higher 
than those of Ma meniscus in healthy subgroup. Likewise, 
the statistical increase of T2 values in HU cohort is pre-
dominantly on the lateral rather than medial side, and only 
T2 values of Mp meniscus in HU cohorts are significantly 
higher than those of Ma in healthy controls, which suggest 
that subregional menisci on the lateral side may have early 
ECM disruption more easily than on the medial side in HU 
cohort when compared with healthy controls (Tables 2, 4, 
Fig. 5). All these findings in the current work and possible 

explanations for them remain preliminary and tentative, and 
a deep understanding why T2 values in certain compartmen-
tal femorotibial cartilage and subregional menisci in patients 
with HU are abnormally elevated compared with those of 
healthy subjects should benefit diagnosis and treatment in 
clinical settings. Therefore, more work and further investiga-
tion to clarify the aforementioned hypotheses remain advis-
able and warranted.

Surely, the present study has limitations concerning 
measurement errors coming from the manually-drawn ROIs 
among the different compartmental femorotibial cartilage 
and subregions in the anterior horn, central (body seg-
ment), and posterior horn meniscus on lateral and medial 
sides. Given these measurement limitations in T2 values, 
further investigation is warranted. Another shortcoming 
in our current study lies that the confounding factor of the 
magic angle effects on the computing of cartilage T2 val-
ues was not considered, because there remain controversial 
and indetermined, or even mutually contradictive conclu-
sions in previous publications [32, 53, 54]. Other draw-
backs include a relatively small sample size of both healthy 
human subjects and cohort with HU, especially very few 
female subjects involved in our current study which may 
have some influence on the ultimate research conclusions 
[19]. Future enrollment of more female subjects for both 
healthy controls and cohort with HU is warranted. In 
addition, there exists a disadvantage that the examination 
and comparison of T2 values of patella cartilage between 
healthy human subjects and cohort with HU are not con-
ducted. Our current initial findings are merely preliminary, 
the progressive examination and investigation to enroll the 
subjects with established gout are under consideration, and 
in planning, the ultimate goal of our investigation is to 
determine if T2 mapping is able to effectively discriminate 
among healthy human subjects, cohort with HU (asymp-
tomatic hyperuricemia), and the subjects with gout (symp-
tomatic HU). Further and future work remains necessary 
and advisable to fix all these deficiencies. A larger sample 
size is indispensable as well.

Conclusion

This preliminary work has suggested that T2 values in 
certain compartmental femorotibial cartilage and sub-
regional menisci in patients with hyperuricemia are 
evidently and abnormally elevated compared with those 
in healthy subjects, to which special attention should 
be paid when diagnosing and treating the patients with 
hyperuricemia in clinical settings. These initial findings 
imply that T2 mapping may be a potentially promising 
biomarker and possible sensitive discriminator of under-
standing and examining the compositional and structural 

615Skeletal Radiology (2022) 51:607–618



1 3

variation of human femorotibial cartilage and menisci in 
patients with hyperuricemia as early as possible.
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