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ABSTRACT

Objective: High tibial osteotomy (HTO) and knee joint distraction (KJD) are joint-preserving treatments for knee
osteoarthritis (OA) that have shown good clinical results and cartilage thickness increase. In this exploratory
study, cartilage T2 relaxation times, as a measure of collagen structure, are evaluated after both treatments, and
compared to natural OA progression.

Design: Ten patients indicated for total knee arthroplasty (TKA) were treated with KJD (KJDg,). Thirty patients
indicated for HTO were treated with KJD (KJDyy; n = 10) or HTO (n = 20). 3T T2-mapping MRI scans were
performed before and one (KJD groups only) and two years after treatment, from which cartilage was segmented
and the volume and T2 relaxation times were calculated. Patients were matched with untreated patients from
the Osteoarthritis Initiative (OAI) to compare the change in T2 values over time.

Results: KJDyro (n = 8) and HTO (n = 17) patients both showed statistically significant increases in T2 values
(worsening) but no volume changes. KJDy, patients (n = 8) only showed a tendency for (first-year) T2 value
increase, and a significant volume increase in the most affected compartment (MAC). There were no significant
differences between the three groups. All treated patients combined showed a significantly higher increase in T2
times than untreated patients from the OAI for both femur and tibia.

Conclusions: KJD and HTO cause an increase in cartilage T2 relaxation times, which could indicate loss or reor-
ganization of collagen structure integrity. In TKA-indicated KJD patients, this goes paired with volume increase,
indicating it may be the result of maturation of newly formed cartilage.

Introduction

sion, which have been validated for measuring cartilage thickness and
volume, but do not provide much information about cartilage quality

Cartilage degeneration and substance loss are hallmark features of
knee osteoarthritis (OA). Cartilage thinning is an important parameter in
the diagnosis of knee OA, in staging its severity and as outcome measure
for monitoring disease progression and treatment effect [1,2]. Tradition-
ally, cartilage thickness changes have been evaluated indirectly from ra-
diographic joint space narrowing. Nowadays, MRI is frequently used for
semi-quantitative scoring of OA-related parameters, but also to quantita-
tively measure cartilage thickness [3,4]. Quantitative analyses typically
rely on 3D spoiled gradient recalled imaging sequences with fat suppres-
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[5]. In order to measure quality, sequences that can visualize cartilage
composition are required, such as delayed gadolinium-enhanced MRI of
cartilage (AGEMRIC) and T2-mapping [6,7]. dGEMRIC MRI allows to de-
pict the distribution of glycosaminoglycans, whereas T2-mapping is sen-
sitive to changes in water content and the collagen fiber network, reflect-
ing collagen content and orientation [8,9]. Compared to healthy carti-
lage, OA cartilage shows higher T2 relaxation times, as a result of loss
of collagen content and matrix anisotropy (structure) and subsequent
increase in permeability and water content [8,10-12]. T2-mapping is
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frequently used in observational studies [5], but has also been applied
to investigate cartilage quality after cartilage defect treatment, where
quality of the repair tissue can be compared to that of the surround-
ing native cartilage [7,10,13]. Cartilage T2-mapping is, however, not
typically applied to evaluate the effect of joint-preserving surgical treat-
ments for severe OA in whole (tibiofemoral) cartilage plates.

Two such treatments are high tibial osteotomy (HTO) and knee
joint distraction (KJD), both used in younger knee OA patients to post-
pone a knee arthroplasty (KA). In KJD, the tibia and femur are tem-
porarily placed at a distance with an external fixation frame, unload-
ing the tibiofemoral compartments. In HTO, the mechanical leg axis is
corrected by wedging the bone, unloading the most affected compart-
ment (MAC) permanently [14,15]. Both treatments have shown not only
good and comparable clinical results, but also cartilage restoration ac-
tivity, demonstrated by radiographs, MRI-based cartilage thickness, and
second-look arthroscopy as well as biochemical marker analyses [16-
23]. Cartilage quality was previously evaluated with dGEMRIC, which
showed that values after KJD and HTO treatment were on average not
different from pre-treatment [24]. T2-mapping, however, has not yet
been assessed and compared. The objective of this exploratory study
was to evaluate cartilage T2 relaxation times as a measure of collagen
structure before and after treatment with KJD and with HTO, and com-
pare results between the two treatments. To compare these results to
natural progression that might be expected in comparable, untreated
OA patients, retrospective data from the OsteoArthritis Initiative (OAI)
was used.

Patients and methods
Patients

Patients were included from two randomized controlled trials
(RCTs). In one RCT, patients below the age of 65 years with indica-
tion total knee arthroplasty (TKA) were randomized to KJD (n = 20) or
TKA (n = 40) treatment. In a separate RCT, patients with medial com-
partmental knee OA who in regular care were considered for HTO for
medial compartmental knee OA were randomized to KJD (n = 23) or
HTO (n = 46) treatment. Inclusion and exclusion criteria for both trials
were primarily based on the indication TKA or HTO have been described
previously; they included age < 65 years old, Kellgren-Lawrence grade
(KLG) >2 (judged by orthopedic surgeon), no history of inflammatory
disease, no surgical treatment of the involved knee < 6 months ago,
and no primary patellofemoral OA [17,25].

After inclusion in one of the two RCTs, patients randomized to treat-
ment with KJD or HTO were asked to participate in an extended imag-
ing protocol, extending the standard MRI scans performed in all patients
with additional modalities, including T2-mapping. The first 20 HTO pa-
tients and the first 20 KJD patients (irrespective of the trial from which
they originated) who gave written informed consent for the extended
imaging protocol were included. From the KJD vs TKA trial, 10 KJD
patients were included (KJDpg,); from the KJD vs HTO trial 10 KJD pa-
tients (KJDypo) and 20 HTO patients were included. It was previously
shown that patient demographics of these subgroups of KJD and HTO
patients participating in the extended imaging protocol did not signif-
icantly differ from the original KJD and HTO groups, except for the
proportion of male patients that was significantly higher in the whole
HTO group, which was considered coincidental [24].

The original RCTs and the extended imaging protocol were granted
ethical approval by the medical ethical review committee of the Univer-
sity Medical Center Utrecht (protocol numbers 10/359/E, 11/072 and
11/482/E). All patients gave written informed consent.

Treatment

The KJD treatment protocol has been extensively described previ-
ously [15,25]. In short, at surgery an external fixation device consist-
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ing of two dynamic monotubes was fixed medially and laterally of the
knee joint, using bone pins. Over three days, the joint was gradually
distracted to a total of 5 mm, confirmed radiographically, after which
patients were discharged and allowed full weight-bearing, supported by
crutches if needed. After six weeks of distraction, the frame was removed
at day treatment, without further imposed rehabilitation protocol.

For HTO treatment, biplane medial-based opening-wedge osteotomy
was performed, shifting the weight-bearing line laterally. The aim was
to let the post-operative mechanical axis run laterally through the tib-
ial plateau at 62% of its width (measured from the medial side), as
described in more detail previously [16]. Patients were discharged af-
ter three days, followed by six weeks of limited weight-bearing. At 18
months, the plate was removed to allow imaging at two years.

Image acquisition

Multi-slice multi-echo spin-echo (MSME) T2-mapping scans were
performed on a clinical 3T MRI scanner (Achieva 3T; Philips Medical
Systems) using a 16-channel knee coil. T2 relaxation times were ob-
tained from T2 maps reconstructed using sagittal SE acquisition, with
eight echo times (TE) of 10, 20, 30, 40, 50, 60, 70, and 80 ms. The slice
thickness was 3 mm, with a pixel matrix of 640 x 640 and a pixel size of
0.25 x 0.25 mm. In the same session, a sagittal proton-density weighted
(PDW) scan with fat suppression was performed, with an echo time of
40 ms, slice thickness of 2.7 mm, pixel matrix of 528 x 528 mm and
pixel size of 0.30 x 0.30 mm.

Scans were performed before treatment (baseline) and at one years
and two years after treatment. HTO patients did not undergo MRI scans
at one year due to the metal-plate in situ. Only patients with scans avail-
able for analysis at baseline and two-year follow-up were included in
this study.

Image analysis

Segmentation was performed thrice for all images, by three inde-
pendent observers (MJ, NB, CN; two PhD students and one postgrad-
uate student, all with an education in clinical technology and general
experience with imaging/segmentation). Based on initial experimental
segmentation, a consensus was reached between the three observers
on how to perform the segmentations. The knee joint was divided in
four regions: lateral femur, medial femur, lateral tibia, and medial tibia.
Segmentation began from the center of the joint and was performed
on seven slices, counting outwards from the first slice without cruci-
ate ligaments. As was done for the dGEMRIC analyses in this same
group of patients, regions reached until the most anterior part of the
tibia plateau; the posterior tibial region reached until the most poste-
rior part of the tibia plateau; and the posterior femoral regions encom-
passed all visible cartilage [24]. Regions of interests (ROI) were drawn
on the PDW images using in-house developed software (Experimental
Analysis, Image Sciences Institute) and automatically applied on the
T2-mapping images, where manual corrections could be performed if
necessary.

From all scans, the volume (mm?3) and T2 relaxation times (ms) were
calculated for each of the four segmented regions. Pixels with T2 relax-
ation times > 100 ms were excluded, as these were not realistic for car-
tilage, but instead likely represented the bone edge included in the ROL.
An example image with the included ROI is shown in Fig. 1.

Untreated control group

The OAI used a comparable protocol with somewhat lower resolu-
tion for the acquisition of MSME MRIs [26]. Cartilage T2-times from
the OAI were based on a quality-controlled manual segmentation of
femorotibial cartilages and were used as an untreated group of OA pa-
tients. Cartilage T2 times were available at baseline, one year, and four
years from previous analyses [27,28]. From the available subset of OAI
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Fig. 1. Example of the reconstructed T2 map within the medial femoral and tibial region of interest, before (A) and two years after (B) treatment with high tibial
osteotomy. Note the increased T2 values especially in the central weight-bearing region of the tibia and posterior region of the femur.

knees with T2-mapping results, control patients were selected with case-
control matching, attempting to find a matched control patient for all
treated (KJD and HTO) patients pre-treatment. Case-control matching
was performed separately for the tibia (average of medial and lateral
tibia) and femur (average of weight-bearing part of medial and lateral
femur) and based on baseline T2 relaxation times as well as patient
characteristics that had a significant influence on changes in T2 values
in either group (treated or untreated). Tolerances were chosen as small
as possible, while still ensuring the majority of treated patients could be
matched with untreated OAI patients.

Statistical analysis

Baseline differences between the three groups (two KJD groups be-
cause of the different indication) were calculated with one-way ANOVA
and, in case of statistically significant differences, post-hoc Tukey HSD
tests.

The intraclass correlation coefficient (ICC) between the three ob-
servers was calculated for all T2 relaxation times and cartilage volumes,
for each of the regions separately and combining all time points, using a
two-way random model with absolute agreement. Assuming a good ICC
for average measures, the results of the three observers were averaged
to obtain the final T2 relaxation times and cartilage volumes. ICCs were
interpreted according to the definitions of Koo and Li: an ICC < 0.50 was
considered poor, 0.50 < ICC > 0.75 was moderate, 0.75 < ICC > 0.90
was good, and ICC > 0.90 was excellent [29].

Since previous research has shown that structural results are often
significantly different between the most affected compartment (MAC)
and least affected compartment (LAC) of the joint, which were deter-
mined at patient inclusion, results were separated in the MAC and LAC
femur and tibia (instead of medial and lateral femur and tibia). For both
KJD groups (for KJDrg, and for KJDyrg), the changes over time were
calculated using repeated measures ANOVA. For differences in changes
between these groups, mixed ANOVA was used, correcting for signifi-
cantly different baseline characteristics. For the HTO group, the changes
over time were calculated using paired t-tests, since only two time points
were available. For differences in two-year changes between HTO and
KJDyro, linear regression was used, correcting for baseline values and
significantly different baseline characteristics.

Pearson correlations were calculated between one- and two-year
changes in T2 values and volumes, for each compartment and group
separately. As an additional exploratory analysis between changes in
T2 values and clinical outcome, Pearson correlations were calculated
between two-year changes in T2 values/volumes and visual analogue
score of pain (VAS pain; filled out by patients at the same time points
MRI scans were performed). This was done for each compartment and
group separately as well.

Since different time points were available for KJD patients, HTO pa-
tients and OAI patients, regression coefficients were calculated for the
average tibia and average femur T2 relaxation times for each patient
separately, including all available time points, to represent changes over
time (ms/year).

The influence of baseline characteristics on the change in tibia and
femur T2 relaxation times for each of the three treated patient groups
and the untreated OAI patients separately, using these regression coeffi-
cient in linear regression models. Each characteristic and baseline value
was evaluated in separate models.

To compare treated patients with the matched OAI untreated pa-
tients, regression coefficients were compared using linear regression,
correcting for statistically significant differences in baseline character-
istics between the groups.

Continuous variables are given with mean and standard deviation,
categorical variables with n and %; changes over time are given with
mean change and 95% confidence interval (CI). For all tests, p < 0.05
was considered statistically significant.

Results
Patients

For the KJD patients, four patients did not have complete T2-
mapping datasets because of either motion artefacts, refusal for follow-
up or conversion to another treatment (HTO or TKA), resulting in 8
KJD1ga and 8 KJDyrq patients. For the HTO patients, three patients did
not receive the extended imaging at two years: one was MRSA positive
and no imaging was performed, one did not want the metal plate re-
moved at 18 months, and one converted to another treatment. As such,
17 HTO patients could be analyzed.



M.P. Jansen, S.C. Mastbergen, W. Wirth et al.

Osteoarthritis Imaging 1 (2021) 100004

Table 1
Baseline parameters of the different patient groups.
Parameter
mean + SD or n OAI tibia OAI femur
(%) KJDgy (n=8) KJDyro (n =8) HTO (n = 17) p-value (n=32) (n=32)
Age (years) 57.8 +6.3 509 +7.7 48.9 + 6.3 0.014 64.9 + 8.4 65.4 + 8.5
BMI (kg/m?) 269 +3.7 27.7 + 3.9 26.7 + 2.8 0.785 27.3+39 27.6 £ 3.3
Male 4 (50) 6 (75) 12 (71) 0.530 12 (38) 8 (25)
Medial MAC 6 (75) 8 (100) 8 (100) 0.034 - -
Kellgren- 0.002
Lawrence 0 (0) 0 (0) 0 (0) 21 (66) 10 (31)
- Grade 0 0 (0) 1(13) 2(12) 4(13) 15 (47)
- Grade 1 0 (0) 1(13) 7 (41) 4(13) 309
- Grade 2 3(38) 6 (75) 7 (41) 3(9) 4(13)
- Grade 3 5(63) 0 (0) 14) 0 (0) 0 (0)
- Grade 4
Baseline T2 relaxation times (ms)
MAC tibia 48.1 (2.8) 47.4 (4.1) 47.9 (4.8) 0.932 41.8 (2.4)
LAC tibia 43.1 (2.3) 40.3 (3.2) 41.4 (3.5) 0.231
MAC femur 55.0 (2.4) 53.7 (1.9) 54.9 (3.3) 0.571 51.8(3.1)
LAC femur 52.8 (2.4) 52.0 (3.0) 53.4 (4.9) 0.778
Baseline volumes (mm?)
MAC tibia 876 (285) 1496 (502) 1432 (466) 0.011 - -
LAC tibia 1962 (632) 2074 (523) 2022 (282) 0.882
MAC femur 2074 (289) 2967 (712) 2802 (636) 0.010
LAC femur 3776 (1352) 3745 (774) 3463 (700) 0.646

KJDx, = knee joint distraction (KJD) patients with indication total knee arthroplasty; KJDyo = KJD patients with indication high
tibial osteotomy (HTO); MAC = most affected compartment; LAC = least affected compartment; OAI tibia = Osteoarthritis Initiative
(OAI) patients matched with case-control matching for the tibia; OAI femur = OAI patients matched with case-control matching for
the femur; SD = standard deviation. P-values are calculated between the three intervention groups with one-way ANOVA, with post-
hoc Tukey HSD tests in case of statistical significance (bold p-values), which showed that all statistically significant differences were
between KJD¢, and HTO (age and medial MAC) or KJDx, and both other groups. There were no statistically significant differences

between KJDy;po and HTO.

The baseline characteristics of the three patient groups, as well as the
femur-matched and tibia-matched OAI groups, are shown in Table 1.
KJDpga patients had a higher age than HTO patients, and a higher
KLG than KJDyro and HTO patients. There were no statistically signif-
icant differences between KJDyro and HTO. As such, when evaluating
changes over time, the comparisons KJDrg, and KJDypo were corrected
for baseline KLG, while the comparisons between KJDy1o and HTO were
only corrected for corresponding baseline imaging values.

T2-mapping results after treatment

For both T2 relaxation times and volumes, ICC values showed good
(all femur ICCs) or excellent (all tibia ICCs) agreement between the ob-
servers (supplementary table S1).

Baseline T2 times and volumes are shown in Table 1. There were no
statistically significant differences between the groups in T2 times. The
KJD1ga group showed significantly lower volumes for the MAC tibia and
femur than the KJDyrq and HTO groups.

Changes in T2 relaxation time in the three separate groups are shown
in Fig. 2 (baseline is set to 0). The KJDyg, group did not show statisti-
cally significant changes over time (all p > 0.1), but did show a trend
of a one-year increase followed by a slight decrease (for the MAC) or
plateau (for the LAC) between one and two years. The KJDyrq group
showed an increase in T2 times, which was statistically significant for
all regions (all p < 0.025) except the LAC femur (p = 0.054). HTO pa-
tients showed a significant T2 time increase in all regions (all p < 0.006).
There were no significant differences between KJDrg, and KJDypq or
between KJDypo and HTO (all p > 0.08).

Changes in segmented cartilage volumes in the three groups are
shown in Fig. 3 (baseline is set to 0). Only the KJDg, group showed
significant volume increases in the MAC, statistically significant for the
tibia (p = 0.004) but not the femur (p = 0.052). The other groups
did not show clear volume changes (all p > 0.1). The changes in MAC
tibia volume were significantly different between KJDg, and KJDyro

(p = 0.029), but not when corrected for KLG (p = 0.457), which was
significantly different between the two.

Pearson correlations between one- or two-year changes in T2 val-
ues and volumes were not statistically significant for any of the com-
partments or groups (all p > 0.09), except for the two-year LAC femur
changes in the HTO group (R = -0.660; p = 0.004).

Pearson correlations between two-year changes in T2 values or vol-
umes and clinical outcome (VAS pain) were not statistically significant
for any compartment or patient group (all p > 0.09).

Influence of baseline characteristics

Combining the MAC and LAC, in the KJDr¢, group, only age had a
significant positive effect on the change in T2 relaxation times in the
tibia (B = 0.310, p = 0.023) and baseline T2 time had a significant
negative effect on the change in the femur (B = -0.629, p = 0.019). In
the KJDyro group, none of the baseline characteristics or T2 values had
a statistically significant influence. In the HTO group, BMI (B = -0.365,
p = 0.002) and baseline T2 time (B =-0.234, p = 0.015) had a significant
negative effect on the change in the femur.

Comparison with osteoarthritis initiative

Regression analysis investigating the influence of baseline measures
on cartilage T2 change were calculated from the (combined medial and
lateral) femur and tibia using T2 times of 421 OAI participants that had
at least two time points available. None of the patient characteristics
had a significant influence on these changes over time, but baseline T2
times were negatively associated with the change in T2 times in the tibia
(B =-0.070, p = 0.001) and femur (B = -0.079, p < 0.001), respectively.
In all treated (KJD and HTO) patients together, only BMI (B = -0.209,
p = 0.029) and baseline femur T2 times (B = -0.330, p < 0.001) had
a significant influence on the change in femur T2 relaxation times. As
such, case control matching between treated and untreated patients was
based on baseline T2 values and BMI. For both the tibia and femur,
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Fig. 2. Baseline-corrected T2 relaxation times for the three patient groups: patients indicated for total knee arthroplasty (TKA) and treated with knee joint distraction
(KJD), patients indicated for high tibial osteotomy (HTO) and treated with KJD, and patients indicated for and treated with HTO. Changes are split per compartment:
(A) the tibia of the most affected compartment (MAC); (B) the femur of the MAC; (C) the tibia of the least affected compartment (LAC); (D) the femur of the LAC. *
indicates statistically significant changes (p < 0.05), for the KJD groups calculated with repeated measures ANOVA and for the HTO group calculated with paired

t-tests.

tolerances of 4 ms and 5 kg/m? resulted in a match for all but one treated
patient for tibia and femur. The progression of T2 values over time for
these matched OAI patients is shown in Supplementary Figure S1.

Changes over time as represented by regression coefficients are
shown for all treated (KJD and HTO) patients together and the matched
OAI patients in Fig. 4. Treated patients showed an increase of 2.2
(95%CI 1.5-3.0) ms/year in the tibia and 2.1 (1.4-2.7) ms/year in the
femur; Cartilage T2 in untreated OAI patients showed no change with
0.1 (-0.2-0.4) ms/year in the tibia and -0.1 (-0.8-0.7) ms/year in the
femur.

For both the tibia and femur matched patients, patient age, baseline
T2 relaxation time, sex, and KLG were statistically significantly different
between the two groups (all p < 0.03). Corrected for these parameters,
differences in T2 relaxation time changes were statistically significantly
different between treated and untreated patients for the tibia (p = 0.003)
and femur (p < 0.001).

Discussion

After treatment with KJD or HTO, an increase in cartilage T2 relax-
ation times was observed throughout the entire joint, similar between
the two treatments and larger than could be expected as a result of nat-
ural OA progression alone. In TKA-indicated KJD patients the T2 value
increase was not statistically significant.

An increase in T2 relaxation times can be the result of higher water
concentration, lower collagen concentration, loss of collagen framework
integrity, or a combination [9]. Remarkably, patients treated with KJD
showed an initial T2 value increase in the first year after treatment,
but a stabilization or even a decrease between one and two years post-
treatment, especially in TKA-indicated patients. This might be a delayed
effect of the six-week unloading in KJD treatment: articular cartilage
may need loading for normal structuring of the collagen framework.
A previous study applying T2-mapping of knee cartilage showed that
45 min of unloading (lying down) resulted in a T2 relaxation time in-
crease (+0.9 ms), an effect that was even more pronounced in cartilage
repair tissue (+4.3 ms) and the authors speculated it was the result of
hydration and/or reorganization of the collagen organization [30]. As
such, it is not unthinkable that six-week unloading may still show its
effects on the collagen structure one year after treatment. Surprisingly,
dGEMRIC analyses did not show significant changes over time in these
patients, although HTO patients did show a trend of deterioration.

Systemic collagen type-II markers have previously been evaluated in
multiple KJD cohorts, including the RCTs from which patients in the
current study were included. Interestingly, all cohorts showed an initial
decrease in net collagen type-II synthesis (i.e. more breakdown than
synthesis), which gradually increased and at two years after treatment
showed a significant increase in net collagen type-II synthesis [17,31].
This corresponds largely with the T2 relaxation times initially increasing



M.P. Jansen, S.C. Mastbergen, W. Wirth et al.

A MAC Tibia

—— KJDTKA
600

-= KJDyro
-+ HTO

AVolume (mm3)
N
[=]
T

T T T
TO ™ T2

Time point

c LAC Tibia
&
2
E
Q
1
=]
S
<

T T T
TO m™ T2

Time point

Osteoarthritis Imaging 1 (2021) 100004

B MAC Femur
800
—— KJDTKA
& 600
£ -= KJDpro
£ 400+
> - HTO
g 200+
3 0-
S
<_200-
—400-
1 1 1
T0 T T2
Time point
D
LAC Femur

AVolume (mm3)

TO T T2
Time point

Fig. 3. Baseline-corrected segmented volumes for the three patient groups: patients indicated for total knee arthroplasty (TKA) and treated with knee joint distraction
(KJD), patients indicated for high tibial osteotomy (HTO) and treated with KJD, and patients indicated for and treated with HTO. Changes are split per compartment:
(A) the tibia of the most affected compartment (MAC); (B) the femur of the MAC; (C) the tibia of the least affected compartment (LAC); (D) the femur of the LAC. *
indicates statistically significant changes (p < 0.05), for the KJD groups calculated with repeated measures ANOVA and for the HTO group calculated with paired
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Fig. 4. T2 relaxation time changes for treated and untreated patients, expressed
as regression coefficients (ms/year), for (A) the tibia and (B) the femur. Treated
patients consisted of 32 patients treated with knee joint distraction (indicated
for total knee arthroplasty (circles) or high tibial osteotomy (squares) or high
tibial osteotomy (triangles); untreated patients consisted of 32 patients from the
OsteoArthritis Initiative matched separately for the tibia and femur (diamonds),
based on baseline T2 values and BMI.

and after one year decreasing, and suggests a short-term decrease in
cartilage collagen content followed by a normalization after one year.
Only in TKA-indicated KJD patients, the increase in T2 relaxation
times goes paired with a volume increase in the MAC. In a previous study
optimized for cartilage thickness changes in patients from these RCTs, it
was shown that KJDg, patients showed a significant increase in MAC
cartilage thickness and decrease in denuded bone areas, indicating there
is indeed new cartilage tissue formation [18]. The increase in T2 relax-
ation time could be the result of newly formed cartilage that needs time
to mature. A T2-mapping study in children and adolescents showed that
skeletal maturation in children caused a decrease in T2 relaxation times,
potentially caused by increasing collagen content as a result of matura-
tion [32]. Furthermore, T2-mapping studies in patients with a cartilage
defect showed higher initial T2-values for repair cartilage compared to
normal cartilage that decreased over time, and histological studies in
dogs treated with KJD suggested a somewhat delayed normalization
based on proteoglycan turnover [7,30,33,34]. Newly formed, young, re-
pair cartilage that needs time to mature could explain the one-year T2
value increase and subsequent normalization that, at least in the MAC
of TKA-indicated KJD patients, goes paired with an increase in cartilage
volume. Alternatively, the collagen orientation of newly formed carti-
lage could be simply be similar to the more superficial tissue that had
been lost before, as T2 values are short in the deep layer, where the col-
lagen is oriented perpendicular to the subchondral bone, and longer in
the superficial layer, where the collagen fibers are oriented more paral-
lel to the cartilage surface [9]. Either way, while it is tempting to draw
direct conclusion on paired T2 value and volume increases, it is impor-
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tant to realize that the T2 values represent the entire cartilage and not
just newly formed tissue.

In HTO-indicated KJD patients and HTO patients a significant in-
crease in T2 values is seen, but no significant changes in cartilage vol-
ume, which corresponds with previous cartilage thickness results [18].
Although the increase in T2 values was significantly larger than in
matched OAI patients, case-control matching between a late OA cohort
(patients who need surgical treatment) and an early OA cohort (OAI) is
not perfect, and the T2 value increase might still be the result of natural
progression. Unfortunately, it is difficult to find a good control group
and match patients on all patient characteristics, as the KJD and HTO
patients have such far progressed OA that they require surgical inter-
vention, and patients in that stage of the disease will not be followed in
a cohort study for multiple years without any intervention. The fact that
a higher age and BMI had a positive influence on the T2 value increase
is consistent with other studies showing natural progression [10,35,36].
Also, in patients treated with an autologous chondrocyte transplantation
for a cartilage defect, an increase in T2 values of 2.8 ms in a 1-2 year pe-
riod was seen in the healthy (control) cartilage [7]. It might be that any
surgical intervention, or a change in weight-bearing as a result, already
affects cartilage content or structure, regardless of what intervention is
performed. Still, while other studies have shown no change or a dete-
rioration with respect to cartilage composition in the two years after
HTO, this was the case only for dGEMRIC MRI [24,37,38]. Contrary to
our findings, two studies evaluating T2 mapping up to one year after
HTO or hemicallotasis osteotomy both showed a decrease in T2 values
in the first year post-treatment [39,40]. Since in the current study no
T2 mapping data was available shorter than two years after treatment,
it might be that HTO patients showed an improvement in the first year
and deterioration in the second, although this would indicate a pattern
opposite to that seen in KJD patients. Alternatively, the patient popula-
tions of the other studies may have differed in parameters that were not
evaluated but could be important, such as the posterior tibial slope that
showed an association with T2 relaxation changes in one study [40].

The difference between the KJD groups is somewhat surprising. In
the larger MRI cartilage thickness study in the original RCT, it was
shown that mild OA patients (KLG < 2) did not show significant changes
in cartilage thickness or denuded bone areas, while severe OA patients
(KLG > 3) showed significant regeneration. In the current study, mild
and severe OA could not be compared, since by this definition only two
KJD patients in the current study had mild OA. The original indication
of TKA or HTO might still reflect a difference in somewhat more or less
severe OA, as indicated by the significant baseline difference in MAC
cartilage volume as well. As such, the different responses in the two
groups might be because more severely affected patients show a better
response to KJD. Anecdotally, the two KJD patients with a KLG of 1
and 2 showed a higher than average T2 value increase combined with
a much higher than average decrease in cartilage volume.

A clear limitation of this study was sample size. While it provides
interesting exploratory results that despite the small sample size could
reach statistical significance, and correspond well previous results, a
larger sample size would likely allow for stronger conclusions. It would
be worthwhile to perform imaging studies in a larger group of patients,
either 3T T2-mapping or more advanced sequences on a 7T scanner,
and add more time points, including a scan immediately post-treatment.
HTO patients could be included as well, although that may require
changes to the treatment protocol. Imaging studies could be combined
with synovial biomarker analyses to better interpret imaging analysis
results.

Another limitation of this study was that we could not separate deep
and superficial cartilage, as is done often in T2-mapping studies. Many
patients showed severely degenerated joints, especially in the MAC, that
at times barely had cartilage left and as such did not allow for segmen-
tation of different layers. Also, no unloading protocol before undergoing
the MRI scans was used, so differences in pre-scan loading throughout
the day, between patients or time points, might have influenced results.
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Monitoring physical activity in the period before each scan, and measur-
ing potentially influencing patient characteristics such as BMI at all-time
points, could be included for future research as well.

In conclusion, treatment with KJD or HTO results in an increase in
T2 relaxation times, which could indicate a progressive loss or a reorga-
nization of collagen structure integrity. In the most severe KJD patients
with indication TKA, this increase seems limited to the first year after
treatment, after which the relative collagen content and structure im-
proves. This may partly be the result of maturation of newly formed
cartilage, since part of the KJD patients show a significant cartilage vol-
ume increase as well, which fits previous biochemical markers studies
and animal studies on KJD. Based on these results, KJD should be the
preferred treatment for patients with bicompartmental or severe OA,
while in case of mild unicompartmental (medial) OA both KJD and HTO
could be considered.
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