Skeletal Radiology (2019) 48:753-763
https://doi.org/10.1007/500256-019-3164-0

SCIENTIFIC ARTICLE

@ CrossMark

T2 mapping of cartilage and menisci at 3T in healthy subjects with knee
malalignment: initial experience

3,4,5

Jiangtao Zhu' - Ningfan Hu' - Xiaoyun Liang? - Xiaojing Li" - Jian Guan®*® . Yajuan Wang®*> . Ligong Wang>*?

Received: 5 October 2018 /Revised: 10 December 2018 / Accepted: 14 January 2019 /Published online: 2 February 2019
© 155 2019

Abstract

Purpose To assess the relationship between knee alignment and T2 values of femorotibial cartilage and menisci in healthy
subjects at 3 T.

Materials and methods Thirty-six healthy subjects divided into three subgroups of 12 neutral, 12 varus, and 12 valgus alignment
of the femorotibial joint were investigated on 3-T MR scanner using a 2D multi-echo turbo spin-echo (TSE) sequence for T2
mapping. Wilcoxon signed-rank test and analysis of covariance (ANCOVA) were performed to determine any statistically
significant differences in subregional T2 values of femorotibial cartilage and menisci among the three subgroups of healthy
subjects.

Results Lateral femoral anterior cartilage subregion (52 +3 ms, mean + standard deviation; 53 +£2 ms) had significantly higher
T2 values (p <0.05) than medial femoral anterior cartilage subregion (51 £2 ms; 51 £2 ms) in varus and valgus groups,
respectively. There were statistically significant differences (p < 0.05) in T2 values of tibial central cartilage subregion between
lateral and medical compartment among varus, valgus, and neutral subgroups. Lateral body segment of meniscus (41 + 3 ms) had
significantly higher (p <0.05) T2 values than medial body segment (40 + 2 ms) in the varus subgroup.

Conclusions Some degree of correlation between knee alignment and subregional T2 values of femorotibial cartilage and menisci
exists in healthy subjects. These findings indicate that T2 mapping may be sensitive in assessing the load distribution pattern of
human cartilage and menisci with knee alignment abnormality, which may be used as reference baseline when understanding the
occurrence and progression of knee osteoarthritis.
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Introduction

Cartilage and meniscus of diarthrodial joint have various im-
portant functions supportive of frictionless motion of the joint,
weight distribution, and shock absorption etc. [1]. Knee oste-
oarthritis (OA) has different etiologies such as joint
malalignment, obesity, knee joint trauma or repair, meniscal
abnormality, or anterior cruciate ligament (ACL) tears [2—11].
Varus and valgus malalignment predominantly influences the
load distribution pattern of femorotibial cartilage at the human
knee joint, which has been shown to be a potential possible
risk factor for OA onset and progression [4]. The medial com-
partment of the femorotibial joint is expected to bear about
60—-80% of the compressive load in a knee with neutral align-
ment [12], though this load distribution is known to change
drastically after even minute alterations in lower limb align-
ment [13].

Articular cartilage consists of roughly 65%—80% water and
percentage of the dry weight with approximately 60% colla-
gen and 12% sulfated proteoglycan (PG). Collagen fibrils are
predominantly composed of type II collagen. Aggrecan is the
major PG in articular cartilage, containing chondroitin sulfate
and keratin sulfate (GAG) chains. The menisci of the knee
joint have a lower content of PG with roughly 70% water
and approximately 60—70% collagen, 2—8% PG of the dry
weight. Different than that of articular cartilage, the collagen
fibrils of menisci are mainly composed of type I collagen
[14—17]. Prior to the structural changes, the cartilage tissue
is subject to molecular modifications within the cartilage ma-
trix. The degeneration or loss of GAGs and breakdown of
collagen are typical characterization of early OA [2—4].

T2 mapping offers the information concerning the variation
of water and collagen content, structure, and organization in-
tegrity of cartilage [2, 15, 18]. Damage to the collagen-PG
matrix and the elevation of water content in degenerating car-
tilage have proved to be associated with the elevation of T2
values [15], and increased T2 values have been observed in
patients with OA [2, 16]. Importantly, T2 mapping has been
thought to be a useful indicator of cartilage degradation and
repair tissues following surgical intervention in the knee, hip,
and ankle joints [15]. Friedrich et al. [2] evaluated the corre-
lation of T2 mapping of the femorotibial cartilage with knee
alignment in OA patients, and found that the T2 values were
significantly elevated in the medial knee of patients with
varus alignment. Tsai and coworkers [19] confirmed the fea-
sibility of quantitatively measuring the T2 values in the di-
verse zones of human knee menisci and suggested that zonal
and sex differences in the MR T2 values in the posterior
horns of the knee menisci in the young healthy population
may be relevant to sex differences in the onset of knee OA.
More recently, Takao and colleagues [20] also observed that
zonal differences existed in Ty, and T2 relaxation times of
the normal meniscus.
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Although previous studies have used T2 mapping to inves-
tigate the variation of water content and collagen integrity in
the degenerated or intact femorotibial cartilage and menisci [2,
18-23], to our knowledge, such investigations that employ
quantitative T2 mapping of subregional femorotibial cartilage
and menisci in healthy subjects have not been conducted as
yet, especially when combining with different lower-limb
alignment to evaluate the articular cartilage and meniscal load
distribution pattern. Therefore, the main purpose of this study
is to assess the relationship between knee joint alignment and
quantitative T2 values of articular cartilage and menisci in
healthy subjects. Specifically, our hypothesis is that quantita-
tive T2 mapping of the compartment-specific subregional
femorotibial cartilage and menisci might be a potential sensi-
tive biomarker for non-invasively and non-destructively
assessing the cartilage and meniscal load distribution pattern
resulted from different lower-limb alignment in healthy sub-
jects alone.

Materials and methods
Study population

The content and nature of the research study were fully ex-
plained to all the recruited volunteers. All included subjects
provided written informed consent to participate in the study,
which was approved by the local institutional review board
(IRB). For all the recruited healthy subjects, the inclusion
criteria were in good health condition according to medical
history, physical examination, and the absence of contraindi-
cations to MR imaging. Furthermore, for the cohort with
healthy asymptomatic knee joint, the inclusion criteria were:
no known inflammation, trauma, or pain in the knee, and
normal knee radiographs prior to MR scan. Exclusion criteria
were inflammatory arthritis, knee OA, and knee OA second-
ary to some other causes (namely, acute or chronic infection,
prior surgery, or previous fracture). An experienced radiolo-
gist (J.Z., over 15 years of subspeciality experience) deter-
mined whether the subjects had radiographically normal
knees, and no subjects included in the study have any abnor-
mal knee MRI findings.

Thirty-six subjects (n =13 males and n =23 females,
ranging in age from 18 to 65 years, mean+SD =30.4+
13.4 years) (Table 1) with normal knees based on radio-
graphs were recruited. The subjects’ body height and
weight were obtained in order to calculate the body
mass index (BMI). Subjects with a BMI of greater than
24.9 kg/m* were classified as overweight, and subjects
with a BMI of greater than 29.9 kg/m?* were classified
as obese [2, 9, 23]. The demographics of the recruited
subjects are listed in Table 1.
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Table 1 Characteristics of the study population
Subjects group and characteristics Varus * Valgus Neutral
All subjects
No. of subjects 12 12 12
Age (years) 39.1+14.7 23.5+7.6 28.7+12.5
BMI (kg/m?) 235+£2.7 229+47 220+24
Female subjects
No. of subjects 4 10 9
Age (years) 50.5+20.0 22.8+82 30.7+14.0
Age range (years) 21-65 18-45 21-61
Male subjects
No. of subjects 8 2 3
Age (years) 334475 27.0+£2.8 22.7+2.1
Age range (years) 24-46 25-29 21-25

BMIbody mass index

*There were significant differences (p <0.05) in subjects’ gender be-
tween neutral and varus subgroups (p = 0.0486), varus and valgus sub-
groups (p =0.0165); there were significant differences (p < 0.05) in sub-
jects’ age between neutral and varus subgroups(p =0.0393), varus and
valgus subgroups (p = 0.002) as well

Radiographic analysis

The assessment of anatomical alignment angles for all the
recruited healthy subjects were performed by an experienced
observer (J.Z., over 15 years of radiological subspeciality ex-
perience). To quantify the inter-subject reproducibility of an-
atomical alignment angles measurement, ten healthy subjects
(over 20% of all the study population) with varus alignment
were specifically measured once again by another experienced
observer (N.H., over 7 years of radiological subspeciality ex-
perience) using root mean square coefficient of variation per-
centage (RMS-CV%).

For the assessment of anatomical alignment, angles were
measured on anteroposterior (AP), weight-bearing, short knee
radiographs on a Neusoft PACS workstation (Neusoft
Corporation, Shenyang, Liaoning, China) as shown in
Fig. 1. The femoral and the tibial anatomical axes were ob-
tained by using the approach in [2]. The medial angle of in-
tersection of the femoral and tibial anatomical axes was mea-
sured (Fig. 1a, b, ¢). Knee alignment was considered neutral if
the medial angle measured between 182 and 184°, valgus if >
184°, or varus if < 182°, respectively [24, 25].

MR imaging

All MRI experiments were performed on a 3.0-T clinical MR
scanner (Ingenia, Philips, The Netherlands). An 18-cm diam-
eter, eight-channel transmit-receive phased-array (PA) knee
coil (Invivo Corp., Gainesville, FL, USA) was employed for
all the MR imaging measurements. To limit human subject

motion during the acquisitions, the knee was fixed with foam
padding.

The following imaging protocol was performed: 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 15 x 15 cm; a matrix of 188 x 185 (interpolated to
256 x 256); a receive bandwidth of 122 Hz/pixel; a number of
signal averages (NSA) of 1; an in-plane spatial resolution of
0.59 x 0.59 mmz; and a slice thickness of 2 mm (inter-slice
gap = 0). Total acquisition time (TA) for all five echo times (33
slices for each TE) was roughly 18 min and 11 s.

Image analysis

For quantitative T2 mapping assessment, all the MR
images were analyzed based on the subregional
femorotibial cartilage and meniscus in both lateral and
medial compartments.

Twelve subregions for femorotibial cartilage and six sub-
regions for the meniscus were defined in each subject: lateral
femoral anterior (LFa), lateral femoral central (LFc), lateral
femoral posterior (LFp), medial femoral anterior (MFa), me-
dial femoral central (MFc), medial femoral posterior (MFp),
lateral tibial anterior (LTa), lateral tibial central (LTc), lateral
tibial posterior (LTp), medial tibial anterior (MTa), medial
tibial central (MTc), medial tibial posterior (MTp) for
femorotibial cartilage assessment; and lateral anterior (La),
lateral central (Lc) [lateral-side body segment], lateral poste-
rior (Lp), medial anterior (Ma), medial central (Mc) [medial-
side body segment], medial posterior (Mp) for meniscus as-
sessment, just similar to those defined in the literature [9, 26,
27] and as shown in Fig. 2 and Fig. 3 for the subregional
demarcation of femorotibial cartilage and the meniscus.

The in-house coded routines in MATLAB (version 7.1,
MathWorks Inc., Natick, MA, USA) and C++ were used for
offline processing of the acquired MR images including car-
tilage and meniscus segmentation, and calculation of subre-
gional T2 values. The signal intensities of the T2-weighted
images were fitted on a pixel by pixel basis using a linear
least-squares method as shown in Eq. 1 [2, 22, 23]:

w0 = () +e m

where S(TE) is the measured signal intensity of the image at a
particular echo time (TE), Sy is the signal intensity at the
shortest TE and C is an intercept (i.e., point where the graph
of a function or relation intercepts the axis of the coordinate
system). For the calculation of the T2 values, the de-
tailed computing process is the same as those in [2,
22, 23]. The ROIs used in this study analyses consisted
of the aforementioned subregions of femorotibial
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Fig. 1 Representative weight-bearing anteroposterior (AP) radiographs
of both knees with alignment measurement made at the left knee obtained
from a 22-year old female subject, the measured angle is 184° (neutral,

cartilage and meniscus. All ROIs were constructed by
segmenting these anatomical structures manually (by
L.W.) at each slice of the acquired dataset.

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 (TE = 16.5 ms) images.

Fig. 1a); the right knee from a 25-year old female subject, the measured
angle is 181° (varus, Fig. 1b); and the right knee from an 23-year old
female subject, the measured angle is 189° (valgus, Fig. 1c), respectively

Statistical analysis

Statistical analysis was performed using SPSS Statistics soft-
ware (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 reproducibility of cartilage and

Fig. 2 Representative 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 cartilage subregions in the lateral (Fig. 2a)
and medial (Fig. 2b) compartments were defined, respectively, obtained

@ Springer

from a 25-year-old female subject with neutral knee alignment. White
lines demarcate the anterior (a), central (c), and posterior (p) subregions
of the lateral and medial femoral condyle (LF and MF) and lateral tibial
and medial plateau (LT and MT) of the cartilage, respectively
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Fig. 3 Representative sagittal fat-saturated T2-weighted 2D turbo spin-
echo (TSE) images with echo time (TE) =16.5 ms illustrating how the
ROIs of meniscal subregions in the lateral (a, b) and medial (¢, d)

meniscus T2 values measurement was quantified using RMS-
CV%.

The healthy subjects were divided into three subgroups
with respect to knee alignment as neutral, varus, and valgus.
All comparisons were stratified by compartment. One-way
analysis of covariance (ANCOVA) was utilized to obtain the
p values comparing T2 measurements by regressing out effect
of covariates, namely, age, gender, and BMI in each of the 12
cartilage subregions and six meniscal subregions for each
pairing of subgroups (neutral vs. varus, neutral vs. valgus,
and varus vs. valgus, respectively). T2 values recorded for a
given compartment were first converted to ranks and the ranks
were used as the dependent variable. Because gender and age
were significantly different among subgroups of neutral and
varus, varus and valgus (Table 1), we adjusted for these two
factors in our ANCOVA models. ANCOVA model for each
subregion included age and BMI as numeric covariates, gen-
der as a nominal covariate, and subject subgroups as the
between-subjects nominal factor of interest. Wilcoxon
signed-rank test was also conducted to calculate p values
when comparing mean T2 values for compartmental subre-
gional cartilage and menisci, respectively, in each subject sub-
group (varus, valgus, and neutral). All the reported p values
were considered statistically significant when p < 0.05.

Results

As shown in Table 1, regarding knee alignment, 12 healthy
subjects were neutral, 12 varus, and 12 valgus, respectively.

compartments were defined, respectively, obtained from the same
subject as in Fig. 2. White arrowheads point to the location of the
meniscal subregions

The measured mean knee alignment angle (mean = SD) for
neutral, varus, and valgus subgroups were 183.1+0.8°,
178.9£2.1°, and 187.3 +2.4°, respectively. The re-measured
mean knee alignment angle for extra ten varus healthy subjects
was 178.2+4.2°. The percentage coefficient of variation
(CV%) of the knee alignment angle measurement for neutral,
varus, and valgus subgroups were 0.57, 1.56, and 1.47, respec-
tively. And the CV% of the knee alignment angle measurement
for extra remeasurement of ten varus healthy subjects was 1.52.

For neutral, varus, and valgus alignment subgroups, the
mean and standard deviation (SD) of T2 values within each
cartilage and meniscus subregion were listed in Table 2. The
CV% of compartmental cartilage subregion T2 measurement
of LFa, LFc, LFp, LTa, LTc, LTp, MFa, MFc, MFp, MTa,
MTc, and MTp were 6.44, 10.39, 5.19, 14.1, 13.38, 7.8,
6.78, 9.53, 8.23, 12.74, 11.51, 9.89 for neutral subgroup;
6.33,7.58,7.9, 7.94, 8.54, 4.75, 3.86, 6.76, 7.74, 7.09, 8.23,
5.71 for varus subgroup; and 4.38, 7.99, 6.57, 11.59, 7.93,
5.56, 4.04, 7.89, 4.64, 9.53, 3.67, 5.75 for valgus subgroup,
respectively. Representative T2 maps of cartilage on the later-
al (a, ¢, ) and medial (b, d, f) side obtained from the same
three healthy subjects as in Fig. 1 were displayed in Fig. 4 with
neutral (Fig. 4a, b), varus (Fig. 4c, d), and valgus (Fig. 4e, f)
knee alignment, respectively. The color bar scale on the right
side shows the distribution of T2 values. Fig. 6 showed the
barchart of T2 values within each compartmental cartilage and
meniscus subregions for neutral, varus, and valgus alignment
subgroups, respectively.

The CV% of compartmental meniscus subregion T2 mea-
surement of La, Lc, Lp, Ma, Mc, and Mp were 8.9, 9.63, 8.4,
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Table 2 T2 values (mean+ SD) (ms) of cartilage and meniscus
subregions within varus, valgus, and neutral knee alignment groups

Cartilage/ Mean + SD (ms)

meniscus

subregions Varus Valgus Neutral
LFa 52+3 53+2 52+3
LFc 49 + 4 49 £ 4 47+5
LFp 45+ 4 45+ 3 45+ 2
LTa 47 + 4 47+ 5 45+ 6
LTc 44 + 4 47 £ 4 46 £ 6
LTp 48 £2 48 £ 3 47 + 4
MFa 51+2 51+2 51+3
MFc 50+3 49 + 4 49+ 5
MFp 45+ 4 46 £2 46 £ 4
MTa 50 + 4 48 £5 47+6
MTc 52+4 53+2 51+6
MTp 49 +3 49+3 48 £5
La 40+3 40+ 4 38+3
Le 41 +£3 41 +£3 41 £4
Lp 39+2 40+ 3 39+3
Ma 39+2 41 £2 39+2
Mc 39+2 40 £ 2 38+2
Mp 38+2 39+3 37+3

5.06, 4.56, and 8.24 for neutral subgroup; 8.5, 7.75, 5.28,
5.02, 4.75, and 5.62 for varus subgroup; and 9.79, 6.94, 7.1,
5.48, 5.77, and 6.69 for valgus subgroup, respectively.
Representative T2 maps of menisci on the lateral (a, b, e, f,

i, j) and medial (¢, d, g, h, k, 1) side obtained from the same
three healthy subjects as in Fig. 1 were displayed in Fig. 5 with
neutral (Fig. 5a, b, ¢, d), varus (Fig. Se, f, g, h), and valgus
(Fig. 51, j, k, 1) knee alignment, respectively. Fig. 5b, f, and j
showed the meniscal body segment on the lateral side, and
Fig. 5d, h, and 1 on the medial side, respectively. The color-
bar scale on the right side shows the distribution of T2 values.

When comparisons were made between the same cartilage
subregions among the neutral, varus, and valgus subgroups
(Tables 2, 3 and Fig. 6), the following findings were identified
statistically significant: LFa cartilage subregion had significantly
higher T2 values than MFa with p =0.0304, and p =0.0304 in
the varus (52 3 vs. 51 £2 ms) and valgus (53 £2 vs. 51 £2 ms)
subgroup, respectively. There were statistically significant differ-
ences in T2 values of tibial central cartilage subregion between
lateral and medial compartment among the neutral, varus, and
valgus subgroups (51 +£6 vs. 46 = 6 ms; 52 +4 vs. 44 +4 ms; 53
+2 vs. 47 +4 ms) with p=0.0009, p =0.0014, and p =0.0166,
respectively as listed and shown in Tables 2, 3 and Fig. 6.

When comparisons were made between the same meniscal
regions among the neutral, varus, and valgus subgroups
(Tables 2, 3 and Fig. 6), the only statistically significant dif-
ference was that varus subgroup had significantly higher T2
value (41 +3 ms) at the central subregion (body segment) of
the lateral meniscus than that (39 +2 ms) at the central subre-
gion of the medial meniscus with p =0.0464 as listed and
shown in Tables 2, 3 and Fig. 6.

When comparisons were made between T2 values of
femorotibial cartilage and those of anterior, central, and pos-
terior meniscus subregions stratified by compartment (lateral

100
180
460

140

20

ms

Fig. 4 Representative T2 maps of cartilage from the same three subjects as in Fig. 1. T2 maps of cartilage on the lateral (a, ¢, e) and medial (b, d, f) side
with neutral (a, b), varus (¢, d), and valgus alignment (e, f), respectively. The color bar scale on the right shows the distribution of T2 values
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d h

Fig.5 Representative T2 maps of menisci from the same three subjects as
in Fig. 1. T2 maps of menisci on the lateral (a, b, e, f, i, j) and medial (¢, d,
g, h, k, 1) side with neutral (a, b, ¢, d), varus (e, f, g, h), and valgus
alignment (i, j, k, 1), respectively. b, f, j show the meniscal body

Table 3 p values of Wilcoxon signed-rank test performed to compare
lateral and medial cartilage and meniscus compartments in terms of T2
values among subjects’ knee alignment groups

Cartilage/meniscus subregions Varus Valgus Neutral
Cartilage Femur Anterior 0.0304 0.0304 0.2366
Central 0.3408 0.795 0.4705

Posterior 0.5067 0.2366 0.069
Tibia Anterior 0.141 0.7075 0.2855
Central 0.0009 0.0014 0.0166
Posterior 0.795 0.4705 0.3708
Meniscus Anterior 0.3708 0.6236 0.8399
Central 0.0464 0.3708 0.1939
Posterior 0.6236 0.7075 0.3123

p <0.05 — statistically significant difference (bold italics)

: ms

segment on the lateral side, and (d, h, 1) on the medial side,
respectively. The color bar scale on the right shows the distribution of
T2 values

and medial) and subjects’ knee alignment group (varus, val-
gus, and neutral), all comparison pairs were identified statis-
tically significant as listed and shown in Tables 2, 4 and Fig. 6,
respectively.

When comparison pairs of subjects’ knee alignment groups
in terms of T2 values of cartilage and meniscus subregions
based on ANCOVA were performed, no statistically signifi-
cant difference was found among them as listed and shown in
Table 5 and Fig. 6, respectively.

Discussion

There are only a handful of reports in prior literature dealing
with the implementation of quantitative MR T2 mapping or

@ Springer
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Fig. 6 The barchart of T2 values

T, Values (ms)
N w P [44]
o o o o

=
o
T

within each cartilage and

meniscus subregions for varus, I

valgus, and neutral alignment

subgroups, respectively ‘

U [11 L1 L1
0 T O Q

WL W oW
-

T mo mapping techniques in determining the possible correla-
tion between knee alignment and associated cartilage or me-
niscus damage [2, 9]. In this study, T2 mapping as our first
endeavor was used to perform quantitative analyses and to
evaluate the possible relationship between knee joint align-
ment and T2 values of femorotibial cartilage and menisci on
both lateral and medial sides in healthy subjects alone.

T2 relaxation time of cartilage is by nature derived from the
interactions of cartilage water within the cartilage macromole-
cules (mainly from collagen integrity), which are modulated by
their chemical and structural states [22]. Our T2 values com-
puted from all the included healthy subjects in this work agree
well with those reported in previous literature [2, 22, 28, 29]. A
noteworthy inconsistency in our study compared to prior work
is that the healthy cartilage T2 values in tibial central are gen-
erally higher than those in femoral central, although they are not
statistically different, among varus, valgus, and neutral sub-
group, respectively. This inconsistency is only on the medial

{L‘JL
T O
- -
-

Subregions of Cartilage an

@ Varus
H Valgus
I I O Neutral
L = -
K= s - = =

s = 2
= = = =
d Meniscus

side but not on the lateral side. Compared to femoral cartilage,
tibial cartilage may bear slightly more body weight, which may
give rise to the extrusion of more water from the matrix of tibial
cartilage, causing relatively higher T2 values observed in fem-
oral cartilage when compared to tibial cartilage as reported and
suggested in prior literature [15, 22, 28, 29]. This guess for
higher cartilage T2 values only applies to central cartilage sub-
regions in lateral compartment but not in medial compartment
among varus, valgus, and neutral subgroups, respectively.
Interestingly, lateral femoral anterior cartilage in varus and val-
gus subgroup, respectively had significantly higher T2 values
than those corresponding subregions in the medial compart-
ment, which agrees with the aforementioned explanation.

OA is a multi-factorial diarthrodial cartilage degeneration
disease, the pathogenesis of which is deemed to result primar-
ily from mechanical factors acting within the context of sys-
temic susceptibility. Tamanas et al. in their systematic review
[30] found limited evidence for a relationship between knee

Table 4 p values of Wilcoxon

signed-rank test performed to Knee alignment group Cartilage Meniscus
compare T2 values of
femorotibial cartilage to T2 Varus Compartment Bone Anterior Central Posterior
values of anterior, central, and Lateral Femur 0.00006 0.0001 0.0007
posterior meniscus subregions Tibia 0.0002 0.0226 0.0004
stratified by compartment (lateral )
and medial) and subjects’ knee Medial Femur 0.0004 0.0004 0.0004
alignment group (varus, valgus, Tibia 0.0004 0.0004 0.0004
and neutral) Valgus Lateral Femur 0.0004 0.0002 0.0017
Tibia 0.0017 0.0014 0.00006
Medial Femur 0.00004 0.0001 0.00006
Tibia 0.0006 0.00004 0.00004
Neutral Lateral Femur 0.00004 0.002 0.0004
Tibia 0.002 0.0166 0.0002
Medial Femur 0.0004 0.0003 0.0005
Tibia 0.0006 0.0003 0.0001

p<0.05 — statistically significant difference (bold italic)
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Table 5  p values of analysis of covariance (ANCOVA) performed to
compare pairs of subjects’ knee alignment groups in terms of T2 values of
cartilage and meniscus subregions

Cartilage/meniscus ~ Varus vs. valgus ~ Varus vs. neutral ~ Valgus vs.
subregions neutral
LFa 0.462 0.599 0.299
LFc 0.374 0.46 0.267
LFp 0.681 0.764 0.579
LTa 0.349 0.431 0.336
LTc 0.644 0.573 0.98
LTp 0.661 0.516 0.182
MFa 0.726 0.902 0.245
MFc 0.24 0.749 0.592
MFp 0.885 0.631 0.623
MTa 0.29 0.426 0.64
MTec 0.236 0.431 0.366
MTp 0.358 0.572 0.518
La 0.989 0.848 0.648
Lc 0.062 0.712 0.879
Lp 0.859 0.829 0.372
Ma 0.673 0.606 0.25
Mc 0.442 0.464 0.129
Mp 0.671 0.486 0.194

p <0.05 — statistically significant difference (bold italic)

alignment and the incidence of knee OA, although they did
find strong evidence for knee malalignment as an independent
risk factor for progression of knee OA on radiographs and MR
imaging. Brouwer and coworkers [24] suggested that an in-
creasing degree of varus alignment is associated not only with
progression of knee OA but also with development of knee
OA. However, this association seems particularly applicable
only to overweight and obese persons. On the other hand, as a
matter of fact, the de facto effect degree and pattern of knee
alignment on the onset and progression of OA remains con-
troversial and inconclusive in previous studies. Some investi-
gators [31] implied that knee malalignment is related to OA
progression, and that it also mediates the effects of other po-
tential possible risk factors of OA including obesity, quadri-
ceps strength, laxity, and stage of disease. While all the
existing evidence is conflicting, knee malalignment may play
a smaller role in incident disease. It also appears that knee
malalignment varies with the disease progression and is per
se possibly influenced by structural changes within the joint.
Hunter et al. [31, 32] found that baseline knee alignment is not
related to either incident radiographic femorotibial OA or me-
dial femorotibial OA, and they even implied that knee
malalignment is not a risk factor for OA, but rather is a marker
of disease progression and/or its severity.

Interestingly enough, our preliminary findings in this study
were different from the results in some prior publications [32,

33]. Sauerschnig et al. [33] observed that knee alignment has
no influence on cartilage T2 values in asymptomatic knee
joints at all. However, our study found that subregional carti-
lage T2 values of LTc were significantly lower compared to
those of MTc in varus, valgus, and neutral subgroup, respec-
tively. Moreover, there also exist significant differences in T2
values of anterior cartilage subregion between lateral and me-
dial compartments (LFa vs. MFa) in varus and valgus sub-
groups, respectively. However, significant differences in T2
values of cartilage subregions between lateral and medial
compartments were not observed in the neutral subgroup
alone except for the tibial central cartilage subregion, which
agrees with the common intuition toward the effect of
femorotibial cartilage load distribution pattern on cartilage
T2 values, namely, both varus subgroup alone and/or valgus
subgroup alone instead of neutral subgroup alone should have
more or less significant differences in T2 values between com-
partmental femorotibial cartilage due to seemingly unbal-
anced cartilage load distribution. We are not very clear on
these results; Our speculation for these observations is that
the walking gait due to individual discrepancy in healthy neu-
tral knee may possibly have less deterministic impact on the
cartilage T2 values due to the femorotibial cartilage load dis-
tribution compared to that in both healthy varus knee and
healthy valgus knee.

The human knee menisci act as important functions for
joint shock absorption, joint stability, and joint lubrication
[20, 34]. Meniscal injury or degeneration may be a risk factor
for the origination of knee OA [9, 22, 35-37]. T2 values of
menisci computed from all the included healthy subjects in
our current study agree well with those reported in previous
literature [19, 20], with a range roughly from 30 to 46 ms
considering many different influencing factors for the fitting
calculation of T2 relaxation times [15]. An interestingly com-
parable consensus in our study with the aforementioned guess
for T2 values is that the healthy meniscal T2 values in Mc
subregion are significantly lower compared to those of Lc
meniscal subregions in varus subgroup, although the Ty,
instead of T2 mapping technique was performed in previous
work, the changes of Ty, values in menisci may result from
the macromolecular content (both collagen and PG), structure
(collagen) and mechanical loading [7, 9].

Of note, compared to T2 values of femorotibial cartilage
between lateral and medial compartment, only T2 values of
central meniscus subregion (body segment) in varus subgroup
had statistically significant difference relative to both neutral
and valgus lower limb alignment. We are not clear why the
valgus knee malalignment had less apparent impact on T2
values of meniscal subregions when compared to those in
varus knee alignment, and our speculation is that the walking
gait due to individual discrepancy in healthy varus knee pos-
sibly has more deterministic influence on the T2 values of
meniscal subregions due to the complex menisci load
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distribution pattern than that in both healthy neutral knee and
healthy valgus knee. More work and further investigation to
clarify these speculations remain warranted.

This study surely has limitations in terms of measurement
error coming from the manually drawn ROIs among the dif-
ferent subregions in both cartilage and meniscus. Given these
measurement limitations in T2 values, further investigation is
necessary. Our current work did not consider the confounding
factor of the magic angle effects on the computing of cartilage
T2 values, because there remain inconclusive and controver-
sial, or even mutually contradictive conclusions in previous
publications: some studies suggested that it is unlikely that the
“magic angle effect” accounts for regional differences in car-
tilage signal intensity observed in clinical imaging [38]; and
on the other hand, some work implied that magic-angle effect
needs to be carefully considered when interpreting cartilage
abnormalities in OA patients [39]. All these previous incon-
clusive research results indicate that further and more en-
deavors remain to be done to clarify on the interfering factors
such as cartilage T, values computing and the magic angel
effects, our current study is still preliminary, further investiga-
tion is warranty to focus on fixing these interfering factors.
Additionally, the acquisition and measurement of the mechan-
ical axis is technically difficult and does not avoid pelvic ra-
diation, as opposed to the short-film measurement technique.
Another shortcoming in our present work is that our healthy
subjects are relatively young; further and future work remains
necessary concerning the healthy menisci T2 mapping of knee
alignment when considering the influence from the demarca-
tion in age, overweight, and obesity. A larger sample size is
definitely indispensable as well.

Conclusions

Our study underscores the presence of statistically significant
differences in T2 values of specific femorotibial cartilage and
menisci subregions among healthy subjects with different knee
alignment of neutral, varus, and valgus. Based on our prelimi-
nary results, T2 mapping appears to be a promising potential
sensitive biomarker for evaluating the load distribution pattern
of human cartilage and menisci with lower limb alignment
abnormality, which may be used as reference baseline when
understanding the onset and progression of knee OA.
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