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Background: Medial open-wedge high tibial osteotomy (OWHTO) theoretically causes distalization and lateralization of the tibial
tuberosity and the patella.

Purpose/Hypothesis: The purpose of the study was to identify any changes in the stress distribution of subchondral bone density
across the patellofemoral (PF) joint before and after OWHTO through the use of computed tomography (CT) osteoabsorptiometry.
We hypothesized that OWHTO would alter the distribution of contact stress in the PF joint.

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

Methods: A total of 17 patients (17 knees) who underwent OWHTO were enrolled in this study between September 2013 and
September 2015. All patients underwent radiologic examination preoperatively and at 1 year postoperatively, and the distribution
patterns of subchondral bone density through the articular surface of the femoral trochlea and patella were assessed preopera-
tively and >1 year postoperatively using CT osteoabsorptiometry. The quantitative analysis of the obtained mapping data focused
on location of the high-density area (HDA) through the articular surface of the PF joint. The percentage of HDA at each divided
region of the articular surface of the femoral trochlea and the patella was calculated.

Results: In the radiologic evaluation, the Blackburne-Peel ratio was significantly reduced (P < .001) after surgery, and the tilting
angle of the patella was significantly decreased (P < .001). On CT evaluation, the percentage of HDA in the lateral notch and
lateral trochlea of the femur and in the medial portion of the lateral facet of the patella increased significantly after OWHTO
surgery (P < .038).

Conclusion: OWHTO significantly increased the stress distribution pattern of the lateral trochlea of the femur and the medial
portion of the lateral facet of the patella. The procedure significantly lowered the patellar height and significantly decreased the
patellar tilting angle after surgery.

Keywords: high tibial osteotomy; knee osteoarthritis; patellofemoral joint; medial open-wedge

Medial open-wedge high tibial osteotomy (OWHTO) has OWHTO surgery.>1° Reduction of the patellar height may
attracted a great deal of attention,'”3* and favorable lead to postoperative complications, such as anterior knee
short-term results have been reported.’2%28:3%31 However, pain (AKP), patellar locking, crepitus, and limitation of
the patellar height has been found to decrease after knee motion.'®3® Eventually, the altered patellofemoral

(PF) congruency and contact stress may lead to PF joint

oy 11 . .
The Orthopaedic Journal of Sports Medicine, 9(4), 2325967121998050 osteoarthritis (OA).™ Previous studies have revealed a
DOI: 10.1177/2325967121998050 decrease in lateral patellar tilt after OWHTO.®"" These
© The Author(s) 2021 results indicate that OWHTO may alter stress distribution
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across the PF joint. However, no in vivo studies have been
conducted to clarify the stress distribution patterns of the
PF joint after OWHTO.

To evaluate the effect of OWHTO on the actual loading
condition of the PF joint, a reasonable analytical approach
is needed to predict the characteristics of stress distribution
based on in vivo imaging data obtained from living partici-
pants. Computed tomography (CT) osteoabsorptiometry
was developed by Miiller-Gerbl et al>*?* to assess long-
term stress distribution in individual joints of living parti-
cipants by measuring subchondral bone density. Previous
studies using this method have evaluated stress distribu-
tion at each joint under various loading conditions, from
normal to pathologic conditions during athletic activity.®”
7.13,26,27.29 Honce, in this study we used CT osteoabsorpti-
ometry to determine whether there were any changes in the
stress distribution of subchondral bone density across the
PF joint before and after OWHTO. We hypothesized that
OWHTO would alter the distribution of contact stress in
the PF joint.

METHODS
Study Design

This study involved patients who underwent OWHTO
using locking plates (TomoFix [DePuy Synthes] or a TriS
Medial HTO plate system [Olympus Terumo Biomaterials])
between September 2013 and September 2015. A single
senior orthopaedic surgeon (E.K.), who was sufficiently
trained concerning the procedure, performed all opera-
tions, inclusion criterion for the current study was symp-
tomatic varus deformity of the knee after nonoperative
treatment for 3 months or more. Exclusion criteria were
(1) lateral femorotibial angle (FTA) >185°283339 (neutral
range, 174°-178°%2237). (2) extension loss >15°; (3) range
of knee motion <130°; (4) history of infection in the knee
before surgery; (5) preoperative OA in the PF joint classi-
fied as Kellgren-Lawrence'® grade >3; and (6) anterior cru-
ciate ligament insufficiency or varus/valgus instability of
>10°. The references indicate the description of the FTA.
There were no age restrictions.® The study protocol was
approved by an institutional review board, and each partic-
ipant provided informed consent.

A total of 18 patients (18 knees) were enrolled in this
study. We evaluated the patients in our outpatient clinic
for 1 year or more after surgery; 1 patient did not complete
follow-up. Thus, a total of 17 patients (17 knees)
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Figure 1. Flowchart for patients with inclusion and exclusion
criteria. OWHTO, open-wedge high tibial osteotomy.

participated in this study and underwent CT and radiologic
evaluations (Figure 1).

All patients underwent evaluation via the CT osteoab-
sorptiometry method based on the results of CT as the pri-
mary outcome. As a secondary outcome, patients
underwent radiologic examinations before and 1 year after
surgery.

Surgical OWHTO Procedure

Diagnostic arthroscopy was performed using standard
anterolateral and anteromedial parapatellar portals to con-
firm the presence of an isolated medial compartment OA.
Concomitant procedures were performed to address medial
compartment chondral injury or meniscal disease. We
found 10 cases of meniscal injury requiring partial resec-
tion. Degenerative findings were observed in the medial
menisci of all cases. Partial meniscectomy was performed
for unstable meniscal tears in 10 knees. Debridement was
performed for fragmentation of the cartilage. No treatment
was administered for softening or fissuring of the articular
cartilage.

This surgery was performed using the original procedure
reported in 2014.28 The proximal tibia was exposed via a
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Figure 2. (A) The subchondral bone region of the patellofemoral articular surface of the distal femur is automatically identified using
our original software. In each axial slice, the Hounsfield units of the identified region are measured at each coordinate point. (B)
Distribution of the subchondral bone density is determined by stacking the data obtained from axial slices. (C) For quantitative
analysis, the distribution pattern is represented as a surface mapping image depicted by 8-grade color scale. Min, minimum; Max,

maximum.

7-cm medial longitudinal incision. Then, after complete
release of the distal attachment of the superficial medial
collateral ligament,?® 3 pairs of Kirshner wires were
inserted into the tibia so that each inserted Kirshner
wire precisely reached the proximal tibiofibular joint
using the parallel guide. Next, an ascending biplanar
osteotomy of the tibial tubercle, which consisted of an obli-
que high tibial osteotomy (HTO) and a frontal plane
osteotomy behind the tibial tubercle, was performed using
an oscillating saw and chisel. The oblique osteotomy site
was then gradually opened using a specially designed
spreader (Olympus Terumo Biomaterials) under fluoro-
scopic control based on preoperative planning. Under fluo-
roscopic control, the surgeon confirmed that the
mechanical axis of the corrected lower limb passed
through the Fujisawa point (62.5%) on the tibial plateau
using a long straight metal rod. Then, 2 wedge-shaped
beta-tricalcium phosphate spacers (Osferion 60; Olympus
Terumo Biomaterials) were implanted into the anterior
and posterior parts of the opening space. Finally, the tibia
was fixed using a locking plate (TomoFix or TriS Medial
HTO plate system) by inserting 8 locking screws.

Postoperative Rehabilitation

After surgery, all patients underwent postoperative man-
agement using the same rehabilitation protocol reported
previously.?® Straight leg raising and quadriceps setting

exercises as well as active and passive knee motion exer-
cises were encouraged from the next day after surgery.
Partial weightbearing on the tibia was permitted with
crutches at 2 weeks after surgery. Full weightbearing was
allowed at 4 weeks after surgery.

CT Osteoabsorptiometry

CT (CT Highspeed Advantage; GE Healthcare) was per-
formed before surgery and at 1 year after surgery. Slice
thickness and intervals were set at 1 mm; the table speed
was set at 1 mm/s. The CT scans of the knee were taken in
a standard axial view. With the knee in full extension,
scanning was performed from proximal to the patella to
distal to the femur to access the PF joint. The acquired
axial images were transferred to a personal computer,
and a customized software program?® was used for fur-
ther analysis. The subchondral bone region of the PF
articular surface of the distal femur was automatically
identified using the software. Hounsfield units (HUs) of
the identified subchondral bone region in each slice were
measured at each coordinate point with 1-mm intervals
(Figure 2A). Then, the distribution of subchondral bone
density through the entire articular surface was created
by stacking the measured data including the HU value at
each coordinate point (Figure 2B). The range between the
maximum and minimum HU values in each participant
was divided into 8 equal grades, and a surface mapping
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Figure 3. Divided regions of the (A) trochlea and (B) patella for
quantitative analysis of the obtained mapping data. CR, cen-
tral ridge; LLF, lateral portion of the lateral facet; LN, lateral
notch; LT, lateral trochlea; MF, medial facet; MLF, medial
portion of the lateral facet; MN, medial notch; MT, medial
trochlea.

image depicted by the 8-grade color scale was created
(Figure 20).

The quantitative analysis of the obtained mapping data
focused on location of the high-density area (HDA) through
the articular surface. The HDA was defined as the area
where the HU values are in the highest 2 grades. The per-
centage of HDA (%HDA) in each region was defined as the
HDA of each divided region by the HDA of the entire artic-
ular surface. The %HDA at each divided region of the fem-
oral trochlea and patellar articular surface was calculated.
The divided regions of the trochlea included the lateral
trochlea (LT), the lateral notch (LN), the medial notch
(MN), and the medial trochlea (MT) (Figure 3A). The
divided regions of the patella included the lateral portion
of the lateral facet (LLF), the medial portion of the lateral
facet (MLF), the central ridge, and the medial facet (MF)
(Figure 3B).

Radiologic Evaluation

The following radiologic outcomes were evaluated pre- and
postoperatively. The FTA, defined as the angle between the
anatomic axis of the femoral shaft and the axis of the tibial
shaft on the fibular side, was measured on an anteroposte-
rior (AP) weightbearing radiograph of a single leg with the
knee joint in extension. The weightbearing line (WBL)
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percentages and the entire leg length were measured on
an AP radiograph of the entire lower limb taken using a
long cassette in a single-leg standing position. To calculate
the WBL, a line was drawn from the center of the femoral
head to the middle point of the proximal talar joint surface.
The WBL percentage was defined as the horizontal dis-
tance from the WBL to the medial edge of the tibial plateau,
divided by the width of the tibial plateau. The Insall-Salvati
ratio,'? Blackburne-Peel ratio,? and posterior tibial slope?!
were estimated on lateral radiographs. The posterior tibial
slope was measured as the angle between the line perpen-
dicular to the mid-diaphysis of the tibia and the posterior
inclination of the tibial plateau on the lateral view.

The patellar tilting angle,®? lateral shift,?? and congru-
ence angle!® were estimated on the skyline view with the
knee flexed to 45°. The tilting angle was defined as the
angle between the line intersecting the widest bony struc-
ture of the patella and the line tangentially passing the
anterior surface of the femoral condyles. The lateral shift
was defined as the ratio of the distance between the sum-
mit of the lateral femoral condyle and the point at which a
line from the lateral edge of the patella, perpendicular to
the line that passes through the summits of the femoral
condyles, crosses that line to the distance between the
summits of the medial and lateral femoral condyles of the
femur. The congruence angle was defined as the angle
between the line bisecting the sulcus angle and the line
connecting the apex of the sulcus to the lowest part of the
patellar ridge.

Osteoarthritic changes in the tibiofemoral (TF) joint
were assessed on an AP radiograph of the knee according
to the Kellgren-Lawrence'® grading system. Osteoarthritic
changes in the PF joint were assessed according to the
Kellgren-Lawrence grading system on the skyline view
with the knee flexed to 45°.

Statistical Analysis

Sample size was based on a power analysis using data from
our pilot and previous studies.?%2?° These studies showed a
10 percentage-point target difference in the mean value of
percentage of low-density area (effect size) and an SD of <3
percentage points. A power analysis indicated that at least
5 participants were shown to have this effect size with 90%
power and a significance of o = .05. Therefore, 17 partici-
pants were enough for the current study. Statistical com-
parison of %#HDA in each region and all radiographic
findings between pre- and postoperative HTO groups was
made using the paired Student ¢ test. A commercially avail-
able software program (StatView; SAS Institute) was used
for the statistical calculation. The significance level was set
at P = .05.

To assess the consistency of the initial radiologic mea-
surements, all parameters were remeasured at 48 to 72
hours after the initial evaluation. The test-retest reliability
of the measurements was investigated by calculating the
intraclass correlation coefficient (ICC; 2-way random model
for agreement),'® where an ICC of 0.75 to 1.00 shows excel-
lent internal correlation.
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TABLE 1
Patient Characteristics (N = 17)

Variable No. or Mean + SD (Range)
Sex, male:female, n 5:12

Age, y 58.4 + 9.4 (40-68)
Height, cm 161.7 +£11.1 (150.0-183.0)

67.0 + 10.5 (52.8-86.5)
25.5+£2.1(22.1-29.5)

Body weight, kg
Body mass index
Complications, n
Meniscal tear 10
Other 0
Follow-up period, mo 14.4 £ 3.4 (12-23)

RESULTS
Patient Characteristics

A total of 17 patients (17 knees) were enrolled in this study.
There were 5 men and 12 women, with a mean age of
58.4 years at the time of surgery. The mean body mass
index was 25.5.3¢ Participant characteristics are shown in
Table 1. The mean opening angle was 12.0° (range, 7°-19°),
and the mean opening width was 12.1 mm (range,
7-19 mm). There were 10 knees with meniscal tears;
however, there were no severe postoperative complications
such as infection and nonunion.

Primary Outcomes: CT Osteoabsorptiometry

Preoperatively, the %HDA was significantly higher in the
femoral MN than in the femoral LN and LT (P < .015) and
was significantly higher in the patellar MLF than in the
patellar MF (P = .001). When comparing values pre- and
post-OWHTO, we found that the %HDA in the femoral LN
and LT as well as in the patellar MLF significantly
increased after OWHTO (P = .038, P = .003, and
P = .020, respectively). The %HDA in the femoral MT and
the patellar LLF significantly decreased after OWHTO (P =
.042 and P = .013, respectively) (Table 2).

Secondary Outcomes: Radiological Evaluation

The test-retest reliability of the radiological measurements
was excellent in all cases. Table 3 shows the ICCs and 95%
CIs for each measurement.

Regarding the pre- to postoperative changes in the coro-
nal alignment of the knee, the FTA significantly changed
from 179° to 170°, and the WBL significantly changed from
23.1% to 71.2% (P < .0001 for both). Regarding the PF joint,
the Blackburne-Peel ratio significantly changed from 0.80
to 0.66, and the tilting angle of the patella significantly
changed from 8.6° to 4.8° (P < .0001 for both). Radiologic
findings revealed that OA progression in the TF joint was
not significant. Preoperatively, the medial TF OA was
reported as grade 2 in 3 knees, grade 3 in 13 knees, and
grade 4 in 1 knee, whereas after surgery, the OA grade had
improved in 1 knee. Regarding the PF joint, significant OA
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TABLE 2
Mean %HDA of Each Region of the Femoral Trochlea
and the Patella Pre- and Postoperatively®

%HDA Pre-OWHTO Post-OWHTO P Value
Femoral trochlea
MT 26.0 + 32.7 9.1+9.7 042
MN 47.4+28.5 40.2+19.6 .362
LN 23.9+19.6 37.7+23.6 .038
LT 2.7+5.1 13.1+13.6 .003
Patella
MF 9.7+12.2 8.1+9.1 .576
CR 22.8 + 20.7 22.8 +£19.0 995
MLF 41.0+24.2 53.9 + 20.2 .020
LLF 26.3 +24.7 15.2+16.3 .013

“Data are reported as mean + SD. Bolded P values indicate
statistically significant difference between groups (P < .05). CR,
central ridge; %HDA, percentage of high-density area; LLF, lateral
portion of lateral facet; LN, lateral notch; LT, lateral trochlea; MF,
medial facet; MLF, medial portion of lateral facet; MN, medial
notch; MT, medial trochlea; OWHTA, open-wedge high tibial
osteotomy.

TABLE 3
Test-Retest Reliability of the Radiologic Measurements®

Variable ICC (95% CI)

0.958 (0.899-0.976)
0.970 (0.926-0.982)
0.903 (0.770-0.943)
0.986 (0.966-0.992)
0.928 (0.828-0.958)
0.984 (0.962-0.991)
0.994 (0.984-0.996)
0.997 (0.993-0.998)

Femorotibial angle
Weightbearing line
Posterior tibial slope
Insall-Salvati ratio
Blackburne-Peel ratio
Tilting angle

Lateral shift
Congruence angle

“ICC, intraclass correlation coefficient.

progression was found in 4 knees (24%) at the final follow-
up (P = .041) (Table 4).

DISCUSSION

The important findings of the present study were that the
OWHTO procedure significantly increased stress distribu-
tion patterns of the LN and LT of the femur and the MFL of
the patella. In addition, OWHTO significantly decreased
the patellar height and significantly decreased the patellar
tilting angle after surgery.

It is generally accepted that OWHTO with an ascending
tibial tubercle osteotomy decreases the patellar height,
which potentially leads to AKP, crepitus, extension lag, and
decreased range of motion.'*% Our study presented a sta-
tistically significant decrease of the patellar height and
degradation of the PF cartilage after OWHTO. OWHTO is
often associated with decreased patellar height due to dis-
tal and lateral movement of the tibial tuberosity. Further-
more, lower patellar height potentially increases the load of
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TABLE 4
Radiologic Examination Results Between Pre- and
Post-OWHTO“

Variable Pre-OWHTO Post-OWHTO P Value
Femorotibial angle, deg 178.8 £ 2.6 169.8 £ 1.8 <.0001
Weightbearing line, % 23.1+134 71.2+6.3 <.0001
Posterior tibial slope, deg 9.0+2.1 95+25 438
Insall-Salvati ratio 1.05+0.14 1.06 £ 0.16 542
Blackburne-Peel ratio 0.80 £0.10 0.66 £0.10 <.0001
Tilting angle, deg 8.6+4.0 48+4.0 <.0001
Lateral shift, % 125+6.4 11.1+£6.5 .071
Congruence angle, deg -9.4+11.2 -6.9+11.3 .239
Tibiofemoral OA, No. of .332
knees?

Grade 0 0 0

Grade 1 0 0

Grade 2 3 3

Grade 3 13 14

Grade 4 1 0
Patellofemoral OA, No. of .041

knees®

Grade 0 5 2

Grade 1 12 14

Grade 2 0 1

Grade 3 0 0

Grade 4 0 0

“Data are reported as mean + SD unless otherwise indicated.
Bolded P values indicate statistically significant difference
between groups (P < .05). OA, osteoarthritis; OWHTO, open-
wedge high tibial osteotomy.

bAccording to the Kellgren-Lawrence!® grading system.

the PF joint, resulting in PF OA and AKP.?® Tigani et al®®
reported that >15° of knee axis correction significantly
decreased patellar height. Stoffel et al®® reported that
OWHTO led to a significant elevation in PF cartilage pres-
sure at 30°, 60°, and 90°of knee flexion in a cadaveric bio-
mechanical experiment. Some other radiologic and
biomechanical studies have indicated an increase of PF
contact pressure and the progression of PF OA after
OWHTO. However, the distribution pattern of PF contact
pressure after OWHTO remains unclear. Our results con-
firmed the observations of decreased patellar height as a
result of OWHTO possibly causing the elevation or imbal-
ance the contact stress of the surface of the PF joint.
There is a lack of consensus regarding changes in
patellar tilt after OWHTO.5% %% Qur radiographic
results were almost identical to those in a previous
cadaveric study,® strongly suggesting that the medial tilt
of the patella occurred because of a lateral shift of the
tibial tuberosity forcing up the lateral side of the femur
and patella in vivo (Figure 4). To evaluate the effect of
OWHTO for an actual loading condition of the PF joint, a
reasonable analytical approach is to predict the charac-
teristics of stress distribution based on in vivo imaging
data obtained from living participants. These results pre-
dicted that the distribution pattern of the subchondral
bone density across the PF joint surface after OWHTO
should be shifted laterally compared with that before
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Figure 4. The mechanism whereby the compressive force on
the lateral side of the patella is increased after open-wedge
high tibial osteotomy (HTO). Lateral and distal shift of the tibial
tubercle increased the pressure between the lateral patellar
facet and the lateral wall of the trochlea (yellow allows) and
forced up the lateral groove (red circle), leading to a medial tilt
of the patella (red arrow).

surgery. The results obtained using CT osteoabsorpti-
ometry proved this hypothesis in vivo.

There were some limitations to the present study. First, the
results were based on indirect measurement of stress acting
on the PF joint. Therefore, the absolute value of the stress was
not fully elucidated. Second, stress distributions across a joint
are mainly determined by loading conditions and joint geom-
etry. Although this study showed relationships between
stress distributions and long-term loading conditions through
the PF joint, the effects of the PF geometry on stress distri-
bution should be clarified. Third, the number of participants
was small. Power analysis indicated that at least 5 partici-
pants would be required to detect this effect size with 90%
power and a significance of o = .05. We therefore used this
study design with a sample size of 17 participants. Fourth, the
mean follow-up period was too short. We should perform a
long-term follow-up study in the future to clarify the stress
distribution across the PF joint after OWHTO. Fifth, the cur-
rent study analyzed imaging data from patients before and
after OWHTO. To confirm the effects of altered knee align-
ment on stress distribution across the PF joint, more CT
image data should be collected from different participants
undergoing other osteotomies or having other levels of knee
deformities including valgus alignment.

CONCLUSION

This study clearly demonstrated that the OWHTO proce-
dure significantly increased stress distribution patterns of
the femoral lateral trochlea and the medial portion of the
patellar lateral facet by decreasing the patellar height and
decreasing the patellar tilting angle.
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