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Background: Assessments of the effects of realignment using opening-wedge high tibial osteotomy (OWHTO) on the medial,
lateral, and patellofemoral compartments have been limited to cartilage evaluations.

Purpose/Hypothesis: The purpose was to evaluate the effects of OWHTO on the meniscus and cartilage of each compartment as
a cooperative unit (meniscochondral unit) using serial magnetic resonance imaging (MRI). It was hypothesized that (1) favorable
changes in the meniscochondral unit would occur in the medial compartment and (2) that changes in the patellofemoral and lateral
compartments would be negligible.

Study Design: Case series; Level of evidence, 4.

Methods: Included were 36 knees that underwent OWHTO from March 2014 to February 2016 and had postoperative serial MRI.
The MRI was performed at 19.9 ± 7.4 and 52.3 ± 8.3 months postoperatively, and the cartilage and meniscal changes were
evaluated by highlighting the regions of interest. We evaluated the T2 relaxation times of each cartilage and meniscal area, the
cross-sectional area of the menisci, and the extrusion of the medial meniscus (MM). The meniscochondral unit was assessed using
subgroup analyses according to the status of the MM.

Results: Significant decreases were seen in T2 relaxation times in the medial femoral condyle (MFC) (P < .001) and medial tibial
plateau (MTP) (P¼ .050), and significant increases were seen in the lateral femoral condyle (LFC) (P ¼ .036). The change was more
prominent in the MFC compared with the MTP and LFC (P ¼ .003). No significant changes were observed in the lateral tibial
plateau, patella, or trochlear groove. The area of the lateral meniscus (body and posterior horn) was decreased compared with
preoperative MRI (P< .001 for both). The extent of MM extrusion decreased between the preoperative, first follow-up, and second
follow-up MRIs (P < .001).

Conclusion: OWHTO affected the medial compartment positively, the lateral compartment negatively, and the patellofemoral
compartment negligibly. The effects were more prominent and consistent in the medial than in the lateral compartment.
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Early medial knee osteoarthritis (OA) is often accompanied
by knee varus deformity. It makes opening-wedge high tib-
ial osteotomy (OWHTO) a rational approach to delay dis-
ease progression and reduce pain by altering the load
distribution through the knee joint.16,21,23 Several studies
have reported on the effect of realignment using OWHTO
on cartilage quality in the knee joint.17,24,26 These studies
attempted to observe the medial, lateral, and patellofe-
moral compartment status through follow-up magnetic res-
onance imaging (MRI) and second-look arthroscopy.

However, the studies have been limited mostly to the car-
tilage status.

The cartilage and meniscal function in a cooperative
manner for the maintenance of knee joint function. Loss
of meniscal tissue can also lead to the deterioration of
chondroprotective roles, thus accelerating cartilage
degeneration.11,20,30 Therefore, some trials have explored
the relationship between meniscal lesions and cartilage
loss.6,20 MRI can be a noninvasive and excellent technique
for the simultaneous evaluation of the cartilage and menis-
cus. Quantitative MRI has been increasingly applied for
the evaluation of the success of joint-preserving OA thera-
pies because it can detect the deterioration of cartilage
composition.25,33,34 A well-validated and widely used quan-
titative MRI technique for the articular cartilage is T2
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mapping, which measures collagen content and network
integrity, expressed as T2 relaxation times.8 Clinical stud-
ies using T2-mapping images have demonstrated that
increased T2 values correlate with the degree of cartilage
degeneration.2,14

Several studies have reported the fractional results of
quantitative MRI after OWHTO in patients with varus-
malaligned, early stage, medial compartment OA.17,24,32

In those studies, cartilage thickness in the medial femoral
condyle (MFC) was increased and the T2 relaxation time of
the MFC was decreased significantly after surgery.24,34 In
addition, axial load shifting after OWHTO can affect not
only the cartilage but also the meniscus. Because the
meniscus plays a crucial role in the long-term health of
the knee, it is important to understand the changes that
occur over time in the cartilage and meniscus after
OWHTO in patients with early OA. Therefore, the concept
of the meniscochondral unit can be used to analyze how
the individual status of the meniscus and cartilage affect
each other.

The purpose of this study was to evaluate the effects of
medial OWHTO on each compartment by examining the
meniscus and cartilage of each compartment as a coopera-
tive unit (meniscochondral unit) with serial MRI assess-
ments up to the midterm follow-up. The hypotheses of
this study were that (1) favorable changes in the menisco-
chondral unit would occur in the medial compartment after
OWHTO and (2) changes in the patellofemoral and lateral
compartments would be negligible.

METHODS

Patients

Included in this study were 36 consecutive knees (32
patients) that underwent biplanar OWHTO from March
2014 to February 2016 followed by serial MRI assessments
during follow-up. The flowchart for enrollment is shown in
Figure 1. There were 4 patients who underwent OWHTO on
both knees; the remaining 28 were patients who received
unilateral OWHTO because 1 knee was asymptomatic with-
out severe deformity. The inclusion criteria were as follows:
(1) primary degenerative OA, (2) radiographic evidence of
prominent medial compartmental OA of Kellgren-
Lawrence (K-L) grades 1 to 3, (3) concurrent varus deformity
of the lower limb (5� to 15� varus deformity), and (4) patients
who underwent serial MRIs more than 2 times after surgery.
The exclusion criteria were as follows: (1) history of joint
infection, (2) symptomatic OA of the lateral compartment,
(3) history of ligament surgery, (4) combined ligament
injury, (5) double osteotomy (combined distal femoral osteot-
omy), and (6) revision OWHTO. The study protocol received
institutional review board approval from our hospital.

The preoperative patient demographics and clinical and
radiologic data are summarized in Table 1. Of the patients,
75% (24/32) were women. The mean patient age was 55.8 ±
4.4 years, and the mean body mass index was 26.8 ± 3.6 kg/m2.
Concurrent surgeries (microfracture, meniscectomy, and
meniscal repair) that affect MRI evaluation were assessed.
Concurrent microfracture was performed in the MFC
(21 knees) and medial tibial plateau (MTP) (9 knees).
For the management of medial meniscal (MM) tears,
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Opening-wedge 
high tibial osteotomy 

from 3/2014 to 2/2016
174 knees Excluded: 13 knees

· Combined ACLR (4)
· Previous ACLR (4)
· Double osteotomy (4)
· Revision HTO (1)After exclusions:

161 knees

Excluded: 125 knees 
(serial MRI not available)

Final inclusion:
36 knees

Figure 1. Flowchart for study selection. ACLR, anterior cru-
ciate ligament reconstruction; HTO, high tibial osteotomy;
MRI, magnetic resonance imaging; OWHTO, opening-
wedge high tibial osteotomy.

TABLE 1
Demographics, Preoperative Clinical, and

Radiographic Dataa

Variable Value

Age, years 55.8 ± 4.4
Sex, male/female 10/26
Body mass index (kg/m2) 26.8 ± 3.6
HKA angle Varus 7.1� ± 1.46�

WBL ratio (%) 20.23 ± 10.97
K-L grade, 1/2/3 12/14/10
Flexion contracture 8.1� ± 4.1�

Further flexion 117.2� ± 6.1�

aData are presented as mean ± SD or No. HKA, hip-knee-ankle;
K-L, Kellgren-Lawrence; WBL, weightbearing line.
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partial meniscectomy (16 knees) and meniscal repair (5
knees) were performed. Partial lateral meniscal (LM)
meniscectomy was performed in LM tears (6 knees) and
discoid LM (2 knees).

Radiographic and Clinical Evaluation

Full-length standing anteroposterior radiographs were
obtained preoperatively, immediately after the index sur-
gery, and at the final follow-up for routine evaluation. The
preoperative hip-knee-ankle (HKA) angle, weightbearing
line (WBL) ratio, and K-L grade were evaluated. To calculate
the HKA angle, we used the angle between a line drawn from
the center of the femoral head to the center of the knee and a
line drawn from the center of the knee to the center of the
talus. The WBL ratio was calculated as the percentage of the
crossing point of the mechanical axis from the medial edge of
the tibial plateau to the entire width of the tibial plateau.

The clinical outcomes were assessed preoperatively and at
the postoperative final follow-up, 50.2 ± 7.0 months after
surgery. Range of motion, including flexion contracture and
maximal flexion, was measured using a goniometer with the
patient in the supine position. The American Knee Society
Score (AKSS; knee and function scores) was used to assess
the degree of OA of the knee. The Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC)
score was used to assess 5 items on pain, 2 items on stiffness,
and 17 items on physical function. In addition, we evaluated
8 health concepts using the 36-Item Short Form Health Sur-
vey (SF-36): limitations in physical activities because of
health problems; limitations in social activities because of
physical or mental health problems; limitations in usual role
activities because of physical health problems; bodily pain;
general mental health; limitations in usual role activities
because of mental health problems; vitality (energy and
fatigue); and general health perceptions.

Surgical Technique

All surgeries were performed by a single author (Y.S.L.). An
incision of approximately 5 cm was made longitudinally at
the anteromedial aspect of the proximal tibia. After dissect-
ing the subcutaneous area, the superior border of the pes
anserinus and the anterior border of the medial collateral
ligament were mobilized from the tibia and released by
inserting a periosteal elevator. A protective cutting system
was used with intraoperative fluoroscopy guidance. Horizon-
tal osteotomy was performed along guiding pins in an effort
to preserve the lateral cortex. After biplanar osteotomy, the
osteotomy site was distracted in accordance with the preop-
erative plan, and fixation was performed using a long lock-
ing plate (Decisive Wedge Locking Plate; TDM). All patients
underwent arthroscopy at the time of OWHTO. The arthro-
scopic procedures included joint debridement, meniscectomy
of MM tears, removal of loose bodies, and microfracture.

Serial MRI Evaluation

All MRI scans were obtained using a 3-T magnetic resonance
scanner (Achieva; Philips Medical Systems). MRI was

performed preoperatively and at the follow-up assessments
(first follow-up MRI, 19.9 ± 7.4 months; second follow-up
MRI, 52.3 ± 8.3 months). A 3-dimensional (3-D) multiecho
spin-echo T2-weighted sequence was used (repetition time/
echo time, 3500 milliseconds/13, 26, 39, 52, 65, 78, and 91
milliseconds; field of view, 140 � 170 mm; pixel matrix, 420
� 260; 20 sections, 3-mm section thickness; 1 acquired sig-
nal, 5 minutes 18 s total acquisition time) to generate a
sagittal T2 relaxation time map. Quantitative T2 maps were
analyzed using data obtained throughout the knee joint in a
dedicated software (IntelliSpace Portal; Philips Medical Sys-
tems). The T2 maps were color coded from 1 to 81 millise-
conds on a pixel-by-pixel basis and shown as a fused overlay
on the original data with an echo time of 13 milliseconds.

Cartilage Evaluation

Regions of interest (ROIs) were drawn manually to delin-
eate the cartilage areas on the T2-mapping images, so that
they encompassed the entire thickness of the cartilage. The
mean T2 relaxation time was measured over the MFC, lat-
eral femoral condyle (LFC), MTP, lateral tibial plateau
(LTP), patella, and trochlear groove (TG) (Figure 2). To
reduce artifacts near the bone-cartilage interface, ROIs
on the medial and lateral compartments (MFC, MTP, LFC,
and LTP) were drawn at the most prominent point of each
femoral condyle and tibial plateau using the coronal image
to match the slices. In the patellofemoral compartment,
ROIs were drawn on the ridge of the patella and the deepest
point of the TG, and the T2 relaxation time was measured.

Meniscal Evaluation

For the evaluation of the T2 relaxation time in the menis-
cus, 4 ROIs were defined per patient: anterior horn of the
medial meniscus (MMAH), posterior horn of the medial
meniscus (MMPH), anterior horn of the lateral meniscus
(LMAH), and posterior horn of lateral meniscus (LMPH)
(Figure 3). The meniscal body was excluded because of par-
tial volume effects, which were characterized by a change in
the signal intensity of the meniscus compared with the sig-
nal intensity of the adjacent sections.36 The anatomic land-
marks defined for the segmentation of the meniscus have
been previously described.29

The cross-sectional area of each meniscal segment
(body, anterior, and posterior horn) and the extent of extru-
sion of the MM were also measured in the preoperative,
first follow-up, and second follow-up MRI assessments
(Figure 4). MRI scout views, obtained using T2-weighted
imaging in the coronal and axial planes, were used to select
the correct image for the setting of the ROIs. Most central
images were identified through the MM and LM, defined as
the sagittal slice depicting the maximum width of the ante-
rior horn and posterior horn as individual triangles along
with the neighboring slices.10 The same process was used
for both the MM and LM. The extent of MM extrusion was
measured from the medial margin of the tibial plateau to
the medial margin of the MM on the image at the midpoint
of the femoral condyle (Figure 5).35
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Intrarater and Interrater Reliability

Reliability was evaluated for all quantitative measure-
ments of each cartilage and meniscal region. First, under
the supervision of an experienced musculoskeletal radiolo-
gist (Y.S.K.), the MRI image number to be used for each
measurement was assigned. After that, the average T2
relaxation time, meniscal area, and extrusion of MM were
measured within the specified image at each interval. Two
observers (H.G.C. and J.S.K., sports medicine fellows) per-
formed the quantitative evaluation. Measurements were

performed 2 times within a 6-week interval to evaluate
intraobserver reliability.

Meniscochondral Unit Analysis

To evaluate the correlation and interaction between the
meniscus and cartilage, subgroup analysis was performed
according to the MM status. The MM-preserved group
included the following cases under the concept that the
width of the MM was preserved: (1) the case of intact MM
without tears, (2) those with a small size fraying on the
inner side that requires simple debridement, and (3) the
case of repaired MM tears. The MM-meniscectomy group
included cases in which more than one-third of the full
width of the MM was resected or in which the continuity
of the meniscus was destroyed. The delta T2 relaxation
time of each cartilage region, calculated by subtracting the
T2 relaxation time of the second follow-up MRI from the T2
relaxation time of the first follow-up MRI, was used for a
comparison between subgroups.

Statistical Analysis

The intra- and interobserver reliability of measurements
was assessed using intraclass correlation coefficients (ICCs)
calculated with the 1-way random-effects model, in which
ICC <0.40 indicates poor agreement, 0.40 to 0.75 indicates
fair to good (moderate) agreement, and 0.76 to 1.00 indicates
excellent agreement. A paired t test was performed to com-
pare the change in T2 relaxation times between the first and
second follow-up MRIs. The cross-sectional area of each
meniscus and extrusion of MM on preoperative, first, and
second follow-up MRIs was compared using 1-way
repeated-measures analysis of variance (ANOVA). A Bonfer-
roni post hoc analysis was used to determine which time
points were statistically significant on the ANOVA evalua-
tion. The Student t test was used to compare the difference
in T2 relaxation time between 2 subgroups: MM-preserved

Figure 3. Evaluation of T2 relaxation time in the medial and
lateral menisci. The regions of interest (ROIs) were drawn
separately on the anterior and posterior horn of the (A) medial
meniscus and (B) lateral meniscus. The T2 maps were color-
coded on the drawn ROIs from 1 to 81 milliseconds on a pixel-
by-pixel basis.

Figure 2. Regions of interest were drawn manually to delin-
eate cartilage areas of the T2 mapping images. The T2 maps
were color-coded on the drawn regions of interest (ROIs) from
1 to 81 milliseconds on a pixel-by-pixel basis. (A, C, E) Scout
images for selecting the cut that draws the ROIs. (B, D, F)
Sagittal cuts of red dashed line points on A, C, and E images.
The ROIs for the (B) medial and (D) lateral compartment were
drawn at the most prominent point of each femoral condyle
using the coronal scout images to match the slices (dashed
lines in A and C). (F) The ROIs for the patellofemoral compart-
ment were drawn on the ridge of the patella (dashed line in E)
and the deepest point of the trochlear groove.
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and MM-meniscectomy. Data were analyzed using SPSS
statistical software (Version 25.0; IBM).

RESULTS

Radiographic and Clinical Outcomes

Regarding the reliability of the MRI assessments, the intra-
and interobserver agreements were considered good (ICC
range, 0.711-0.746). In terms of postoperative alignment
after OWHTO, the WBL ratio and HKA angle improved

from preoperatively to final follow-up (P ¼ .001 and
P ¼ .002, respectively). At the final follow-up, flexion con-
tracture and maximal flexion improved compared with the
preoperative status (P ¼ .001 and P ¼ .010, respectively).
All clinical scores including WOMAC, AKSS, SF-36 physi-
cal component summary, and SF-36 mental component
summary improved at the final follow-up (P ¼ .002,
P < .001, P < .001, and P < .001, respectively) (Table 2).

Cartilage

The T2 relaxation times decreased significantly between
the first and second follow-up MRI for the MFC (P < .001)
and MTP (P ¼ .050). In the lateral compartment, the T2

Figure 5. The extent of the medial meniscal extrusion on
magnetic resonance imaging. The extent of medial meniscal
extrusion was measured from the medial margin of the tibial
plateau (right yellow arrow) to the medial margin of the medial
meniscus (left yellow arrow) on the image at the midpoint of
the medial femoral condyle.

TABLE 2
Radiographic and Clinical Outcomesa

Preoperative Final Follow-up P

WBL ratio, % 16.5 ± 9.5 62.8 ± 6.4 .001
HKA angle 7.1� ± 1.5� varus 1.2� ± 1.1� valgus .002
Flexion

contracture
8.1� ± 4.1� 1.8� ± 2.8� .001

Maximal flexion 117.2� ± 6.1� 134.0� ± 4.8� .010
WOMAC

Total 39.1 ± 12.4 10.1 ± 6.4 .002
Pain 9.6 ± 3.4 1.6 ± 1.4 < .001
Stiffness 4.2 ± 2.5 1.2 ± 0.9 .001
Function 25.3 ± 9.7 7.3 ± 4.6 < .001

AKSS
Knee 52.4 ± 13.1 89.2 ± 10.6 < .001
Function 54.9 ± 12.4 88.7 ± 10.4 .002

SF-36
Physical 39.2 ± 8.6 86.5 ± 11.4 < .001
Mental 42.5 ± 12.1 88.1 ± 11.2 < .001

aValues are presented as mean ± SD. Bolded P values indicate
statistically significant difference between preoperative and final
follow-up (P < .05). AKSS, American Knee Society Score; HKA,
hip-knee-ankle angle; SF-36, 36-Item Short Form Health Survey;
WBL, weightbearing line ratio; WOMAC, Western Ontario and
McMaster Universities Osteoarthritis Index.

Figure 4. Measuring the cross-sectional area of the meniscus. The (A) meniscal body, (B) anterior and posterior horn were
segmented separately for the lateral (B) and medial (C) meniscus, and the cross-sectional area of each segment was measured
using regions of interest drawn by hand.
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relaxation time of the LFC was significantly increased in
the second follow-up MRI compared with the first follow-up
MRI (P ¼ .036). The delta values of the MFC, MTP, and
LFC were 13.9 ± 3.3, 4.8 ± 2.4, and -1.9 ± 1.4 milliseconds,
respectively. Among them, the absolute delta value was the
smallest in the LFC and significantly smaller than that in
the MFC (P ¼ .003). In the LTP and patellofemoral com-
partment, no significant change in T2 relaxation time was
observed (LTP, P ¼ .821; patella, P ¼ .818; and TG,
P ¼ .956) (Table 3).

Meniscus

The T2 relaxation times of each meniscal component did
not significantly change between the first and second
follow-up. In the cross-sectional area of the MM component,

the area of the MMAH, MM body, and MMPH was not
significantly different between the 3 MRI acquisitions
(Table 4). In the LM component, the measured cross-
sectional area of the LM body and LMPH significantly
decreased over time (P ¼ .033 and P ¼ .005, respectively).
In addition, the extent of MM extrusion significantly
decreased compared with the preoperative MRI (P < .001).

The Bonferroni post hoc analysis of the MRI time
points showed that a significant change occurred in the
LM body between the preoperative and first follow-up
MRI (P < .001), but not between the other times. In the
LMPH, significant changes occurred in the first follow-
up MRI (P < .001) and second follow-up MRI (P ¼ .005)
compared with the preoperative MRI. The post hoc anal-
ysis of MM extrusion showed a significant difference
between the preoperative, first follow-up, and second

TABLE 3
Change in T2 Relaxation Time of Each Cartilage and Meniscal Regiona

T2 Relaxation Time, milliseconds

First MRI
(19.9 ± 7.4 months)

Second MRI
(52.3 ± 8.3 months) D First vs Second MRI P

Cartilage regions
MFC 61.4 ± 15.8 47.5 ± 14.8 13.9 ± 3.3 < .001
MTP 31.1 ± 10.7 26.3 ± 6.5 4.8 ± 2.4 .050
LFC 47.2 ± 8.7 49.1 ± 7.3 -1.9 ± 1.4 .036
LTP 27.3 ± 9.7 27.7 ± 7.0 -0.5 ± 1.1 .821
Patella 40.2 ± 8.6 39.8 ± 7.6 0.4 ± 1.3 .818
TG 52.1 ± 10.7 52.2 ± 10.9 -0.2 ± 0.9 .956

Meniscal regions
MMAH 24.2 ± 10.0 23.8 ± 9.9 0.8 ± 1.1 .841
MMPH 32.2 ± 15.7 30.5 ± 10.8 1.7 ± 1.3 .426
LMAH 25.1 ± 13.5 26.2 ± 7.8 -1.1 ± 2.1 .610
LMPH 17.9 ± 9.7 20.9 ± 9.4 -2.9 ± 0.7 .154

aData are presented as mean ± SD. Bolded P values indicate statistically significant difference between first and second MRI (P < .05).
LFC, lateral femoral condyle; LMAH, lateral meniscus anterior horn; LMPH, lateral meniscus posterior horn; LTP, lateral tibial plateau;
MFC, medial femoral condyle; MMAH, medial meniscus anterior horn; MMPH, medial meniscus posterior horn; MRI, magnetic resonance
imaging; MTP, medial tibial plateau; TG, trochlear groove.

TABLE 4
Changes in Cross-Sectional Area and MM Extrusiona

Preoperative First MRI Second MRI P

MMAH, mm2 20.7 ± 7.4 21.7 ± 7.8 22.6 ± 7.4 .142
MM body, mm2 21.8 ± 8.9 22.7 ± 9.3 23.9 ± 9.4 .188
MMPH, mm2 24.4 ± 9.8 25.9 ± 10.2 24.5 ± 12.1 .450
LMAH, mm2 23.5 ± 7.5 21.9 ± 8.2 21.2 ± 8.0 .120
LM body, mm2 29.6 ± 9.6 28.9 ± 9.6 25.7 ± 7.6 .033
LMPH, mm2 23.9 ± 8.9 22.7 ± 9.0 20.1 ± 6.3 .005
MM extrusion, mm 5.3 ± 1.6 4.9 ± 1.8 3.9 ± 1.8 < .001

aValues are presented as mean ± SD. Bolded P values indicate
statistically significant difference between groups (P< .05, Bonfer-
roni correction for multiple comparisons). LM, lateral meniscus;
LMAH, lateral meniscus anterior horn; LMPH, lateral meniscus
posterior horn; MM, medial meniscus; MMAH, medial meniscus
anterior horn; MMPH, medial meniscus posterior horn; MRI, mag-
netic resonance imaging.

TABLE 5
Post Hoc Analysis: LM body, LMPH, and MM Extrusiona

LM
body, mm2 LMPH, mm2

MM
extrusion, mm

D P D P D P

Preoperative vs first
MRI

0.67 < .001 1.26 < .001 0.40 .001

Preoperative vs
second MRI

3.93 .067 3.87 .005 1.43 < .001

First MRI vs second
MRI

3.26 .164 2.60 .087 1.02 < .001

aBold P values indicate statistically significant difference
between groups compared (P < .05). LM, lateral meniscus; LMPH,
lateral meniscus posterior horn; MM, medial meniscus; MRI, mag-
netic resonance imaging.
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follow-up MRI (P ¼ .001, P < .001, and P < .001, respec-
tively) (Table 5).

Meniscochondral Unit

Table 6 shows the results of the subgroup analysis compar-
ing the change in T2 relaxation times (first vs second
follow-up MRIs) between the MM-preserved group (20
knees) and the MM-meniscectomy group (16 knees). The
delta value for the MFC was larger in the MM-preserved
group (20.0 ± 12.6 milliseconds) than in the MM-
meniscectomy group (15.9 ± 10.7 milliseconds); however,
this difference was not statistically significant (P ¼ .054).
Further, no significant difference was found between the 2
groups in the delta T2 relaxation times of the other carti-
lage areas (Table 6).

DISCUSSION

The principal findings of this study were that the T2 relax-
ation time was significantly decreased in the MFC and
MTP and increased in the LFC, which was evaluated by
serial MRI assessments up to the midterm follow-up. How-
ever, the change was more prominent in the medial com-
partment (MFC and MTP) than in the LFC. OWHTO
improved MM extrusion in the medial compartment but
had a negative effect on the LM body and LMPH. The pos-
itive effect of MM extrusion consistently improved during
serial MRI assessments; however, the negative effects on
the LM body and LMPH were not progressive. In the sub-
group analysis for the concept of the meniscochondral unit,
the reduction of the T2 relaxation time on the MFC showed
a trend toward being greater in the MM-preserved group
than in the MM-meniscectomy group, although the differ-
ence was not statistically significant.

OWHTO is a popular surgical procedure in the manage-
ment of medial unicompartmental knee OA.21,23 Medial

OWHTO can delay the progression of degeneration
and deformity due to pathology existing in the medial com-
partment by shifting the axial load laterally.17,24,26 There-
fore, patients with indications for OWHTO often have
accompanying intra-articular pathologies, such as in the
meniscus and cartilage.17,26 MRI not only enables the direct
visualization of joint structures such as the meniscus and
cartilage but also allows the quantitative assessment of
changes over time. A well-validated and widely used quan-
titative MRI technique for articular cartilage is T2 map-
ping, which measures collagen content and network
integrity, expressed as T2 relaxation times.8,14,24,36 Buck-
walter and Mankin5 have reviewed the mechanism of car-
tilage degradation in detail and have described the initial
stage of OA changes to increase water mobility in the car-
tilage. Furthermore, Lüssea et al19 demonstrated a positive
correlation between increases in T2 relaxation time and
cartilage water content in ex vivo cartilage from patients
with OA who underwent total knee replacement surgery. In
contrast, Dunn et al9 reported that underlying cartilage
changes leading to higher T2 values that occur in early
OA do not progress as much as degenerative changes;
hence, very little difference is seen between patients with
mild OA and those with severe OA.

Compared with the articular cartilage, which has a type
2 collagen concentration of 10% to 20%, the meniscus has a
type 1 collagen concentration of 15% to 25%.22 The higher
collagen concentration in the meniscus may partly explain
the lower meniscal T2 values than the cartilage T2 values.
T2 mapping allows a relatively wide range of echo times,
with echo time values short enough to assess the meniscus
but long enough to assess the articular cartilage.18,25,28 In
this study, the preoperative average T2 relaxation times of
the MMAH (24.2 ± 10.0 millseconds), MMPH (32.2 ± 15.7
millseconds), LMAH (25.1 ± 13.5 millseconds), and LMPH
(17.9 ± 9.7 millseconds) were relatively lower than those of
the femoral (MFC, 61.4 ± 15.8 millseconds; LFC, 47.2 ± 8.7
millseconds) and patellofemoral (patella, 40.2 ± 8.6 millse-
conds; TG, 52.1 ± 10.7 millseconds) cartilage. In the study
by Rauscher et al,29 the meniscal T2 values of control par-
ticipants were significantly different from those of the OA
groups. In this study, the T2 relaxation times of both the
MM and the LM were not changed significantly in the
serial MRI assessments. This means that the meniscal tis-
sue deterioration effect according to OWHTO was not sig-
nificant. However, the meniscal fibrocartilage contains a
dense and multidirectional network of longitudinally orga-
nized collagen fibers.27 The 3-D organization of the collagen
network limits water mobility and causes a magic angle
effect during the measurement of the T2 relaxation time.13

Because of these characteristics, it seems necessary to con-
duct further research on a larger scale using more diverse
protocols.

The position, integrity, and volume of the meniscus may
play a pivotal role in OA development and progression.7,10,35,36

In this study, the cross-sectional area was measured at the
anterior, body, and posterior horns of the MM and LM to
indirectly evaluate changes in meniscal volume over time
after OWHTO. The cross-sectional area of the MM (MMAH,
body, and MMPH) was not changed significantly; that of

TABLE 6
Subgroup Analysis for the Meniscochondral Unit:

MM-Preserved vs MM-Meniscectomy Groupa

T2 Relaxation Time, milliseconds

First vs second MRI, D
MM-Preserved
(n ¼ 20 knees)b

MM-Meniscectomy
(n ¼ 16 knees) P

MFC 20.0 ± 12.6 15.9 ± 10.7 .054
MTP 4.8 ± 1.7 4.91 ± 1.1 .980
LFC -1.6 ± 4.9 -1.9 ± 3.2 .649
LTP 1.0 ± 1.1 0.90 ± 1.9 .096
Patella 2.4 ± 1.1 2.7 ± 0.9 .072
TG 1.4 ± 1.4 1.3 ± 1.2 .871

aData are presented as mean ± SD. LFC, lateral femoral con-
dyle; LTP, lateral tibial plateau; MFC, medial femoral condyle;
MM, medial meniscus; MTP, medial tibial plateau; TG, trochlear
groove.

bThe MM-preserved group included cases of intact MM without
tear, small-size fraying on the inner side that required simple
debridement, and repaired MM tear.
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the LM body and LMPH decreased significantly over time.
Post hoc analysis showed that the cross-sectional area of
the LM body significantly decreased between the preoper-
ative and first follow-up MRI, and the cross-sectional area
of the LMPH decreased significantly in the first and second
follow-up MRI compared with that in the preoperative MRI
assessment. This was considered to be the result of 8 cases
of LM partial meniscectomy (6 cases of LM tear and 2 cases
of discoid LM) performed simultaneously at the time of sur-
gery, indicating that the serial changes after surgery were
insignificant.

Meniscal extrusion, a condition in which partial or full
meniscal displacement uncovers the cartilage, represents
another meniscal pathology that may coexist with meniscal
tears in knee OA.1,7,12 Meniscal extrusion can indicate dis-
ruption of meniscal hoop tension. A previous study reported
that an MM extrusion of � 3 mm was associated strongly
with degenerative joint disease.31 In this study, the results
of MM extrusion decreased with time after OWHTO, and
all were significant between the 3 time points in post hoc
analysis. Because MM extrusion is related to the disruption
of meniscal hoop tension, which affects future degenerative
changes, the results of this study suggest the preventive
effect of OWHTO against OA progression.

The cartilage and meniscus cooperate to maintain the
knee joint. Previous studies have demonstrated a relation-
ship between meniscal lesions and the development and
progression of knee OA.3,4,11,15,30 Therefore, some effort has
been made to explore the relationship between meniscal
lesions and cartilage loss.6,20 Lynch et al20 found that in
knees with OA or at a high risk of developing OA, medial
cartilage score worsening was associated with MM tears. In
this study, subgroup analyses were performed according to
the concept of the meniscochondral unit. The absolute delta
T2 relaxation time of the MFC showed a trend toward being
larger in the MM-preserved group than in the MM-
meniscectomy group, although the difference was not sta-
tistically significant.

This study had some strengths. Serial quantitative MRI
assessments over a midterm follow-up were performed in
all compartments. We also simultaneously evaluated the
meniscus and cartilage as a cooperative unit, which was
named the meniscochondral unit. Thus, the results pro-
vided insights not only on how alignment correction affects
the cartilage and meniscus of each compartment but also on
the kind of interaction between the cartilage and meniscus
over time.

This study also had several limitations that should be
considered. First, the sample size was small. Because MRI
is a relatively expensive evaluation method, all serial MRI
assessments were performed only when the patients volun-
tarily underwent the procedure. In future studies, a design
with a smaller selection bias by securing a larger sample
size will be needed. Second, serial MRI assessments were
performed at slightly different times for each patient, not at
a certain point after surgery. This can cause differences in
the status of the meniscus and cartilage. Third, a compar-
ison of the T2 relaxation time between the preoperative
MRI and serial follow-up MRI assessments could not be
performed because preoperative MRI evaluations were

performed at different institutions without quantitative
T2 maps. Fourth, because of the characteristics of the study
design, there was no control group to compare with.

CONCLUSION

With a focus on the cartilage and meniscus, OWHTO affects
the medial compartment positively, the lateral compart-
ment negatively, and the patellofemoral compartment neg-
ligibly. The effects were more prominent and consistent in
the medial compartment than in the lateral compartment
in this study.
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