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Abstract

Purpose The purpose of this study was to quantify changes in knee loading in the three clinical planes, compensatory gait
adaptations and patient-reported outcome measures (PROMS) resulting from opening wedge high tibial osteotomy (HTO).
Methods Gait analysis was performed on 18 participants (19 knees) with medial osteoarthritis (OA) and varus alignment
pre- and post-HTO, along with 18 controls, to calculate temporal, kinematic and kinetic measures. Oxford Knee Score, Knee
Outcome Survey and visual analogue pain scores were collected. Paired and independent sample tests identified changes
following surgery and deviations from controls.

Results HTO restored frontal and transverse plane knee joint loading to that of the control group, while reductions remained
in the sagittal plane. Elevated frontal plane trunk sway (p=0.031) and reduced gait speed (p =0.042), adopted as compensa-
tory gait changes pre-HTO, were corrected by the surgery. PROMs significantly improved (p <0.002). Centre of pressure
(COP) was lateralised relative to the knee post-HTO (p <0.001). Energy absorbed in the sagittal plane significantly increased
post-HTO (p=0.007), whilst work done in the transverse plane reduced (p <0.008). Pre-operative gait deviations from the
control group that were retained post-HTO included smaller sagittal (»p =0.003) knee range of motion during gait, greater
stance duration (p =0.008) and altered COP location (anterior to the knee) in early stance (p =0.025).

Conclusions HTO surgery restored frontal and transverse plane knee loading to normal levels and improved PROMs. Gait
adaptations known to reduce knee loading employed pre-HTO were not retained post-HTO. Some gait features were found
to differ between post-HTO subjects and controls.
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Introduction

Medial knee osteoarthritis (OA) and associated varus align-
ment alters knee loading and gait patterns. It is of clinical
importance to determine whether normal biomechanics are
restored following corrective realignment surgery.

During the stance phase of gait, the ground reaction
force (GRF) passes medially to the knee joint centre and the
medial compartment bears the greatest proportion of load
[2, 35]. This is exacerbated by varus knee deformity where
patients are prone to develop more severe OA if the mechan-
ics are not corrected [20, 34], evidenced by an increased risk
of medial compartment joint space narrowing, osteophytes
[36] and increased rate of medial tibial cartilage volume loss
[37] in people with varus deformity.

High tibial osteotomy (HTO) surgery [22] corrects varus
malalignment and this unloads the medial compartment by
lateralising the weight bearing line.

Peak external knee adduction moment (EKAM) is a sur-
rogate measure of medial knee loading [1, 32, 34, 39], as it
correlates highly with internal medial contact forces in early
stance [24, 40]. Opening wedge HTO reduces an initially
elevated peak EKAM to a level lower than that observed in
control subjects [6, 7, 14, 26, 27, 31, 33].

Angular impulses, the integrals of the external moment
curves, also provide useful measures of loading, combin-
ing both magnitude and duration into one variable. Knee
Adduction Angular Impulse (KAAI) correlates moderately
with changes in medial-to-lateral load impulse ratio [5] and
is associated with medial tibial cartilage volume loss [4] and
OA grade [38].

Studies to date have mostly focused on changes in the
peak EKAM and KAAI However, this neglects important
contributions to loading at the knee that can be measured
within the other clinical planes, that can be further influ-
enced by gait alterations adopted by the patient.

The primary aim of this study was to determine the key
changes in knee kinetics, in three clinical planes, during the
stance phase of gait in patients before and after HTO. It
was hypothesised that pre-operatively, elevated frontal plane
loading would be accompanied by altered loading in the sag-
ittal and transverse planes relative to controls. Furthermore,
it was hypothesised that HTO surgery would restore frontal
plane loading to that of healthy controls whilst also affecting
loading in the sagittal and transverse planes. The second-
ary aims were to identify gait adaptations employed prior to
HTO that are known to affect loading at the knee, to report
changes to these following HTO, along with changes in
patient-reported outcomes. It was hypothesised that patient-
reported function would improve, and that gait alterations
observed pre-HTO would return to normal after surgery.
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Methods

Eighteen participants (19 knees) with medial compartment
OA and varus alignment were recruited from the out-patient
clinic of the senior surgeon on this paper (CW). Patients
were included if they were between the ages of 18 and 80
and listed for medial opening wedge HTO. Patient did not
pass initial screening if they were unable to provide informed
consent, had neurological or visual conditions affecting
movement or a previous injury to the joint under investiga-
tion that the treating clinician deemed unsuitable. The extent
of OA was determined using the Kellgren—Lawrence (KL)
[23] radiographic score and varus alignment calculated as
the mechanical tibiofemoral angle (mTFA) from long leg
weight bearing radiographs. Medial opening wedge HTO
surgery was used to correct varus deformity using standard
surgical approaches and planning [8]. In KL.4 cases where
bone-on-bone arthritis was identified, the intended correc-
tion was selected at 62.5% [15]. For lesser degrees of arthri-
tis, the intended correction was neutral at 50%. The oste-
otomies were fixed with either Tomofix (n=16) or Puddu
(n=1) plates, shown to have similar biomechanical proper-
ties [16], or an iBalance device (n =2). Eighteen subjects
with no lower limb pathology were also recruited from Uni-
versity staff, students and community using advertisements,
forming a non-pathological (NP) control cohort. One leg
was selected at random from NP participants to ensure 9 left
and 9 right legs were used in the analyses. Approval for this
work was granted by the Wales Research Ethics Committee
3 (10/MREQ09/28) and Cardift and Vale University Health
Board. Written informed consent was obtained from each
participant prior to data collection.

Gait analysis

Three-dimensional gait analysis was performed on patients
before (average 1.7 + 1.8 months) and after HTO surgery
(average 13.8 +4.5 months) and at one time point for the
control group. Patient-reported outcome measures (PROMs)
including Oxford Knee Score (OKS) [21], Knee Outcome
Survey (KOS) [13] and a visual analogue pain score were
collected at each gait assessment (Table 2). Gait analysis
was performed using an 8 Oqus camera system (Qualisys,
Sweden) capturing at 120 Hz, synchronised with either two
or four (due to laboratory upgrades) force platforms (Bertec
Corp., USA) capturing at 1080 Hz. A modified Cleveland
marker placement was applied, shown in Fig. 1, and subjects
walked at their self-selected speed for a minimum of 6 suc-
cessful trials. Where data issues or outliers were identified,
a minimum of 3 trials were used in the analysis. Figure 2
shows the data collection setup.
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Fig. 1 Marker placement using a modified Cleveland Clinic Marker-
set. Anatomical markers positioned on the right and left acromion,
the right and left anterior superior iliac spines, the sacrum defined as
the centre of the posterior superior iliac spines, upper border of the
greater trochanters, medial and lateral epicondyles and malleoli and
the 1st and 5th metatarsal heads. Additional markers ensured at least
three tracking markers were available per segment. These were posi-
tioned on the heel, lateral and superior aspects of the foot, at C7, T9
and a cluster of three markers on the thighs and shanks

Fig.2 Data collection setup for gait analysis

Biomechanical analysis

Joint kinematics, kinetics and temporal parameters were
calculated within Visual 3D (C-Motion, USA) using a cus-
tom model of the lower limbs and thorax. A Butterworth
fourth order filter was used on raw marker coordinate data
with a cut-off frequency of 7 Hz (defined through a power

spectral analysis of the marker data from all subjects and tri-
als used in this analysis to ensure 99% accumulative power).
Anatomical joint axes and their positional relationship to
tracking markers used to define segment motion, were calcu-
lated from a measurement of static standing. Knee and ankle
centres were defined as the midpoint of the epicondyles and
malleoli, respectively. Hip joint centres were defined relative
to the markers on the pelvis using the Bell regression model
[3]. The thorax axis origin was defined between virtual iliac
crest markers created from the position of the anterior supe-
rior iliac spine and trochanter markers. Local coordinate
systems were defined to coincide with anatomic axes and
segments defined as rigid bodies with inertial properties
estimated according to [19].

Joint angles were calculated using the Cardan/Euler x, y,
z sequence [11], equivalent to the Grood and Suntay defini-
tions [18]. Angles are defined as the orientation of the distal
segment with respect to the reference proximal segment,
with the exception of the thorax and feet where they are
calculated with respect to a virtual laboratory axes aligned
with the direction of gait. Inverse dynamics was used to cal-
culate net external knee joint moments represented in the
tibial reference frame since loading at the knee joint is of
primary interest [30]. All moments were normalised by the
participant’s body weight times height to reduce differences
due to gender [29].

The two peaks of the external knee adduction moment
were calculated for the first and second half of stance phase
(EKAM P1, EKAM P2), along with the EKAM trough
defined at 50% stance. Since not all EKAM moments were
bi-phasic, EKAM P1 and EKAM P2 were defined as peaks
within (17% and 31%) and (34% and 67%) of stance phase,
respectively (Fig. 3). These ranges were defined as the mean
percentage in stance +2SD where the peaks occurred in 21
knees with bi-phasic patterns. Knee angular impulses were
calculated as the integral of the positive and negative regions
of the moment profiles separately, in three clinical planes,
to provide information on average loading over the stance
phase. In the frontal plane, KAAI was also calculated dur-
ing the first and second half of stance and for four additional
portions of the stance phase [38] to identify when the largest
effect on loading occurs following HTO surgery (Fig. 4).
Joint knee powers were calculated in three clinical planes
with positive and negative integrals determining positive
and negative work done, respectively. Foot progression angle
was calculated as the angle between the long axis of the foot
and the line of forward progression. Varus angle ROM and
frontal plane knee joint velocity during the loading phase
from heel strike (HS) to 16% stance were computed to give
an indication of frontal plane knee thrust [14]. Centre of
pressure (COP) was calculated two ways at the average time
of the EKAM peaks, defined from the subset of participants

@ Springer



Knee Surgery, Sports Traumatology, Arthroscopy

3 Knee adduction (+ve) moment

G—

%BW*Height

1 . . . .
0 20 40 60 80 100

%Stance phase

Knee flexion (+ve) moment

6
4l J
=
(2]
K9
?
=
m
xR
2+ E
4 . . . .
0 20 40 60 80 100
%Stance phase
15 Knee internal (+ve) moment

%BW*Height

20 40 60 80 100
%Stance phase

NP+1STD

Fig.3 Moments acting at the knee during the stance phase of gait,
and the location of EKAM P1 and P2. Top graph shows the knee
adduction moment, indicating loading in the frontal plane. EKAM
P1 was defined within 17% and 31% stance and EKAM P2 defined
within 34% and 67%. These ranges were defined as the mean percent-
age in stance +2SD where the peaks occurred in 21 knees with bi-
phasic patterns. Therefore, this approach provided a consistent way of
defining maximum values when bi-phasic patterns did not exist. The
middle graph shows the flexion/extension knee moment, indicating
loading in the sagittal plane. The bottom graph shows the internal/
external knee moment, indicating loading in the transverse plane

with bi-phasic EKAM patterns. COP calculated relative to
the foot axis was normalised as a percentage of foot length
(defined between the ankle and metatarsals) and foot width
(defined between the 1st and Sth metatarsal). COP was also
calculated as the distance in mm between the COP and knee
centre measured in the laboratory reference frame aligned
with the direction of gait.
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Fig.4 KAAI range definition. KAAI during stance phase is the
area under the positive region of EKAM shaded in blue. This meas-
ure provides an indication of medial loading acting throughout the
stance phase of gait. The first half of KAAI provides an indication
of medial loading from heal strike to midstance. The second half of
KAALI describes loading from midstance to toe off. The region from
0 to 16% describes loading response from initial contact and weight
acceptance onto the supporting limb until the end of double limb sup-
port; 17%-midstance describes the action of the tibia rotating over
the stationary foot until body weight is transferred to the forefoot;
midstance—83% describes terminal stance where the heel rises to the
beginning of terminal double limb support; 84—100% describes pre-
swing where weight is being transferred onto the contralateral limb in
preparation for swing. The red-shaded regions illustrate the abduction
angular impulse during the first and second half of stance, indicating
lateralised loading during initial contact and toe off

Statistical analysis

Paired samples t test was performed using SPSS version 23
(SPSS Inc., USA) to identify significant differences associ-
ated with HTO surgery. Where parametric assumptions were
not met, a Wilcoxon signed-rank test was used. Independent ¢
tests were used to determine significant differences in the pre-
and post-HTO measurements compared to the control group.
Where parametric assumptions were not met, a Mann—Whit-
ney U test was performed. Significance was determined when
p <0.05 for all statistical tests. As EKAM and KAAI are con-
sidered the main parameters of interest, with others considered
as part of exploratory analyses, a post hoc multiple testing
correction was not performed. Sufficient power was confirmed
using KAAI and EKAM data from [25].

Results

Table 1 shows participant demographics and clinical meas-
ures. In Table 2, PROMs improved significantly as a result
of HTO (p <0.002), however, they remained significantly
different to the control subjects (p <0.001).



Knee Surgery, Sports Traumatology, Arthroscopy

Before surgery, compared to the control group, patients
walked with significantly slower gait speed (p =0.042).
Differences in gait speed were nonsignificant after HTO
(Table 3). Patients spent longer in the stance phase com-
pared to the controls both pre- (p =0.001) and post-HTO
(p=0.008).

Kinematics

Compared to the control group, patients adopted a signifi-
cantly larger frontal plane trunk sway ROM (p=0.031)
before, but not after HTO (ns). Sagittal plane knee ROM
was smaller than controls pre- (p <0.001) and post-HTO
(»=0.003) (Table 3). The presence of varus or valgus thrust
was not confirmed.

Knee loading

External knee moments are listed in Table 4 and displayed
in Fig. 3. High EKAM measures were significantly reduced

Table 1 Demographic and clinical characteristics for patients at base-
line and controls

Demographics Controls Pre-HTO Pre-HTO vs
Mean (SD) Mean (SD) controls
p value
Number of knees 18 19
Gender (M/F) 10/8 16/2
Mean age, years 34.6 (11.2) 51.2(7.0) <0.0071%**
(SD)
Height, m (SD) 1.7 (0.1) 1.7 (0.1) ns
Mass, kg (SD) 70.2 (12.9)  90.1 (22.5) 0.002%*
BMI, kg/m? (SD) ~ 24.5 (4.1) 29.5 (5.8) 0.003"
KL Grade 2 KL2,
12 KL3,
5 KL4
mTFA (°) 8.0 (3.6)
post-HTO: 0.7

(2.9) forn=16

Significant difference (p <0.01) indicated by ** where parametric or
T where non-parametric tests used

ns no significance

Table 2 Patient-reported outcome measures

following HTO (p <0.001) becoming nonsignificant com-
pared to controls. Flexion moments remained consistently
lower than controls both pre- (p =0.005) and post-HTO
(p=0.016). An elevated internal rotation moment pre-HTO
(p=0.032) reduced significantly following HTO (p <0.001).

Table 5 displays knee angular impulses. KAAI during
each portion of stance was statistically higher than controls
pre-HTO (p <0.026) and restored to normal levels follow-
ing HTO (p £0.002). A significant increase in the abduction
angular impulse at the start of EKAM was also observed
(p=0.014). Post-HTO, the extension angular impulse
reduced (p =0.013) but remained within normal ranges and
a high internal angular impulse (p =0.002) reduced to nor-
mal levels (p <0.001).

Work done

More work was generated (p=0.004) and absorbed
(»=0.012) in the frontal plane, and absorbed (p <0.001) in
the sagittal plane pre-HTO compared to controls (Table 6).
These were restored to normal levels following HTO
(p<0.01). HTO surgery resulted in transverse plane energy
generation (p =0.008) and absorption (p <0.001) reducing
to levels below that of the control group.

COP measured relative to the foot

Small differences in COP location relative to the control
group were only significant post-HTO. However, there was
no effect due to surgery as shown in Fig. 5 and Table 3.

COP measured relative to the knee

HTO moved the COP laterally, which was observed at the
timing of EKAM peak 1 and EKAM peak 2 (p <0.001)
(Fig. 6). At EKAM peak 1, the COP remained in a more
anterior position to the knee centre both pre- (p =0.027)
and post-HTO (p=0.025) compared to controls, due to a
combination of the forefoot COP and a lower knee flexion
angle. At EKAM peak 2, the COP location shifted poste-
riorly post-HTO (p =0.012), but remained nonsignificant
compared to the controls.

Scores Controls Pre-HTO Post-HTO Controls vs Controls vs Pre- vs
Mean (SD) Mean (SD) Mean (SD) pre-HTO post-HTO post-HTO

p value p value p value
Oxford Knee Score 477 (1.0) (n=17) 26.6 (7.9) (n=18) 36.8 (6.0) n=18) <0.001"" <0.0017" <0.001%*
Knee Outcome Survey 79 4(12) (n=16)  47.2(11.8) (n=18) 60.3 (9.9) (n=18) <0.0017" <0.0017 0.002%*
Pain Score 04 (1.1) (n=15)  49.4 (26.3) (n=16) 15.4 (10.9) (n=16) <0.0017" <0.0017 <0.001%*

Significant difference (p <0.01) indicated by ** where parametric or " where non-parametric tests used
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Table 3 Temporal and kinematic parameters

Metrics Control Pre-HTO Post-HTO Control vs pre-HTO  Control vs  Pre- vs post-HTO
Mean (SD) Mean (SD)  Mean (SD)  p value post-HTO p value
p value

Gait speed (m/s) 1.2 (0.1) 1.0 (0.2) 1.1(0.2) 0.042% ns 0.014*
Stance percentage (%) 60.1 (1.5) 62.5 (2.5) 61.9(2.3) 0.001%** 0.008*3* ns
Foot progression angle (+ )=toe out (°) 13.1 (4.0) 14.6 (6.8) 15.3(7.3) ns ns ns
Stance width (m) 0.15 (0.03) 0.16 (0.03)* 0.17 (0.03) ns ns ns
Trunk sway ROM (°) 33(1.2) 5.0(2.8) 4.1@23) 0.0317 ns 0.007%*
COP related to foot, 1st half stance
Medial (+) lateral (=) (% foot width) -8.2(3.3) -17.6(4.3) -93(@3.5) ns ns ns
Anterior (+) posterior (—) (% foot length) 22.4(11.0) 27.2 (10.7) 24.6 (11.5) ns ns ns
COP related to foot, 2nd half stance
Medial (+) lateral (=) (% foot width) 1.7 (4.2) -1.04.1) -1.1@3.3) ns 0.034* ns
Anterior (+) posterior (—) (% foot length) 119.5 (8.6) 114.3 (7.7) 112.3(8.2) ns 0.014* ns
COP related to the knee origin, 1st half

stance, mm
Medial (+) lateral (—) —0.7 (12.8) 18.7 (22.1) —1.1(17.6) 0.003** ns <0.001%*
Anterior (+) posterior (—) —-04(21.7) 16.7 (23.5) 15.5 (19.6) 0.027* 0.025% ns
COP related to the knee origin, 2nd half

stance (mm)
Medial (+) lateral (—) —-8.0(15.2) 8.1(22.8) —12.7(21.3) 0.017* ns <0.001%**
Anterior (+) posterior (—) —-31.6 (12.9) —27.3(22.5) —37.8(19.3) ns ns 0.012*
Knee frontal plane ROM (°) 10.2 (2.8) 11.6 (3.8) 13.0(3.5) ns 0.013* ns
Knee sagittal plane ROM (°) 64.6 (4.1) 57.9 (6.3) 59.5(5.6) <0.0017 0.0037%:* 0.021%*
Knee transverse plane ROM (°) 16 .0 (4.2) 16.3 (4.0) 172 (3.9) ns ns ns
Frontal plane dynamic knee alignment 2.4 (1.0) 3.2(1.7) 3.2(2.1) ns ns ns

ROM, HS-16% (°)
Peak knee adduction (+) velocity, HS-16% 43.6 (29.1) 57.1 (35.3) 43.4(19.3) ns ns ns

(°/s)
Peak knee abduction (—) velocity, HS-16% —32.5 (27.6) —29.0 (31.5) —40.6 (28.8) ns ns ns

(°fs)

Significant difference (p <0.05) and (p <0.01) indicated by * and ** where parametric or  and " where non-parametric tests used

ns indicates no significance

“Data missing for one subject

Table 4 Knee moments

External knee moments, % BW.h Controls Pre-HTO Post-HTO Control vs Control vs Pre- vs
Mean (SD) Mean (SD) Mean pre-HTO post-HTO post-HTO
(SD) p value p value p value
Adduction (+) moment
Maximum 2.18 (0.60) 3.15 (1.25) 2.11 (0.97) 0.005%* ns <0.0017
Ist peak (st half stance) 2.11 (0.60) 3.02 (1.25) 2.06 (0.96) 0.008% ns <0.0017
2nd peak (2nd half stance) 1.44 (0.72) 2.46 (1.14) 1.49 (0.80) 0.003%** ns <0.001%%*
Midstance 1.21 (0.47) 2.07 (0.80) 1.23 (0.58) <0.001%* ns <0.0017
Flexion (+) moment peak 3.57 (1.41) 2.29 (1.16) 2.52 (1.05) 0.005%* 0.016* ns
Extension (—) moment peak —2.36 (0.79) —2.01 (0.76) — 1.81 (0.78) ns 0.042* ns
Internal (+) rotation moment peak 0.76 (0.24) 1.05 (0.50) 0.68 (0.39) 0.032* ns <0.0017
External (—) rotation moment peak —0.18 (0.10) —0.11 (0.09) —0.12 (0.09) 0.026" ns ns

Significant difference (p <0.01) indicated by ** where parametric or T" where non-parametric tests used

ns no significance
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Table 5 Knee angular impulse

Knee angular impulse, %BW.h.s Controls Pre-HTO Post-HTO Control vs pre-HTO  Control vs  Pre- vs post-HTO
Mean (SD) Mean (SD) Mean (SD) p value post-HTO  p value
p value

Adduction (+) angular impulse
Stance 0.73 (0.28) 1.35 (0.54) 0.79 (0.39) <0.001** ns <0.001%%*
1st half stance 0.42 (0.14) 0.73 (0.28) 0.45 (0.20) <0.001** ns <0.001%%*
2nd half stance 0.31 (0.16) 0.61 (0.28) 0.35 (0.20) <0.0017" ns <0.001%*%*
0-16% stance 0.05 (0.02) 0.11 (0.07) 0.06 (0.03) 0.0027% ns <0.001%*%*
17%-midstance 0.36 (0.11) 0.61 (0.22) 0.38 (0.17) <0.001** ns <0.001%%*
Midstance—83% stance 0.26 (0.13) 0.52 (0.23) 0.29 (0.16) <0.0017" ns <0.001%**
84-100% stance 0.04 (0.02) 0.07 (0.05) 0.04 (0.03) 0.026%* ns 0.002%%*

Abduction (—) angular impulse in
stance
1st half stance —0.02(0.01) —0.01(0.01) —0.01(0.01) 0.0027" ns 0.014"
2nd half stance —0.02(0.01) —0.01(0.01) —0.01(0.01) 0.036 ns ns
Flexion (+) angular impulse 0.64 (0.26) 0.53 (0.40) 0.57 (0.30) ns ns ns
Extension (—) angular impulse -0.30(0.17) -0.37(0.33) —-0.25(0.27) ns ns 0.013*
Internal (+) angular impulse 0.19 (0.07) 0.32 (0.15) 0.18 (0.11)  0.002%* ns <0.001%*
External (—) angular impulse —0.02(0.01) —0.01(0.01) —0.02(0.02) 0.049" ns ns

Significant difference (p <0.05) and (p <0.01) indicated by * and ** where parametric or " and " where non-parametric tests used

ns no significance

Table 6 Knee powers

Work done at the knee, mJ/kg Controls Pre-HTO Post-HTO Control vs pre-HTO  Control vs  Pre- vs post-HTO

Mean (SD) Mean (SD) Mean (SD) p value post-HTO  p value

p value

Frontal plane positive work 24.4 (16.4) 50.4 (43.1) 27.0 (16.5)  0.0047T ns 0.0097
Frontal plane negative work —20.1(129) —-32.6(17.6) —189(11.5) 0.0127 ns <0.001%**
Sagittal plane positive work 83.4 (36.7) 68.7 (37.0) 57.3(26.3) ns 0.018* ns
Sagittal plane negative work —137.5(49.6) —84.0(32.6) —106.7(44.4) <0.001** ns 0.007%**
Transverse plane positive work 8.1 (4.0) 8.7(5.2) 5.53.6) ns 0.007"" 0.008%*
Transverse plane negative work —11.8(4.1) - 14.7(9.4) —8.0(3.8) ns 0.005%* <0.001%**

Significant difference (p <0.05) and (p <0.01) indicated by * and ** where parametric or " and " where non-parametric tests used

ns no significance

Discussion

The most important finding of the present study was that
HTO reduced frontal and transverse plane knee loading.
This reduction is observed following surgery despite a sig-
nificant increase in walking speed (p =0.014), typically
known to increase joint loading.

Overloading in the medial knee compartment pre-
HTO, was reduced to normal levels by correcting the
varus malalignment. In line with other studies [6, 26, 27],
maximum EKAM, and the peaks in the first and second
half of stance, and trough at 50% stance, were significantly

reduced (p <0.001) following HTO, by 33%, 32%, 39%
and 41%, respectively.

The response of articular cartilage to mechanical load is
not only affected by magnitude of load, but also the loading
rate and duration [10]. For example, when high moments act
over a longer duration, this may have important implications
to cartilage degradation [4]. Pre-HTO, the KAAI calculated
across the entirety of stance was significantly higher com-
pared to levels found in the control group (p < 0.001); reduc-
ing by 41% (p <0.001) to become ns compared to controls
post-HTO. A reduction in KAAT as a result of HTO agrees
with a previous study [6]. This reduction was consistent
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Fig.5 COP measured relative to the foot. COP measured pre- and
post-HTO are illustrated at the timing of EKAM peak 1 in blue
and EKAM peak 2 in red. The values are normalised to foot width
(defined as the distance between the motion analysis markers posi-
tioned on the Ist and 5th metatarsal heads), and foot length (defined
as the distance between the markers positioned on the metatarsal
heads and malleoli). The COP is calculated in the foot coordinate sys-
tem with the origin at the midpoint of the medial and lateral malleoli.
An illustration of the foot is given to facilitate interpretation and is
scaled to the average foot length and width for the subjects used in
this study

throughout the gait cycle. KAAI is known to be a better pre-
dictor of future OA progression than knee alignment alone,
and it can be concluded that HTO is an effective method of
reducing joint loading in-vivo, and thus provides effective
mechanical protection for the degenerating medial compart-
ment [4].

In the sagittal plane, the extension angular impulse
decreased significantly after HTO (p =0.013), though pre-
and post-HTO values were nonsignificant compared to con-
trols. In agreement with [26], varus malaligned patients with
OA walk with reduced flexion moment peaks compared to
controls (p=0.005) and this is not corrected following HTO
surgery (p=0.016).

Early stance transverse plane loading was less than
the control group pre-HTO, and this did not significantly
increase post-HTO. In late stance, pre-HTO loading was
higher than controls, indicated by higher peak internal rota-
tion moment and internal angular impulse. Both decreased
significantly (p <0.001) becoming comparable to controls,
in agreement with the study by [17].
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Fig.6 COP measured relative to the knee. COP measured pre- and
post-HTO are illustrated at the timing of the EKAM peak 1 in blue
and EKAM peak 2 in red. These were calculated in mm relative to
the knee origin (defined as the midpoint of the medial and lateral epi-
condyles), in the laboratory reference frame aligned to the direction
of gait. An illustration of the tibial plateau is given to facilitate inter-
pretation and has been scaled to the average dimensions reported for
adults within the study of [12]

The findings support the hypotheses that loading is
altered in all three planes relative to controls pre-HTO
and that HTO restores frontal plane loading to the level
of control subjects, whilst also affecting load in the sagit-
tal and transverse planes. Possible explanations for these
findings are that improved alignment of the knee after sur-
gery reduces out-of-plane knee loading during gait, hence
improving the mechanical efficiency of gait. This is further
supported by the normalisation of trunk lean (p =0.007),
previously identified as a gait modification strategy with
high metabolic cost [9].

The finding of reduced knee joint loading following HTO
corroborated with the knee joint power parameters. Work
done at the knee was investigated to explore muscle perfor-
mance in terms of energy generated and absorbed during
joint motion in the stance phase. Positive (p =0.004) and
negative (p =0.012) work done at the knee in the frontal
plane was significantly higher pre-HTO compared to con-
trols, as the pre-HTO subjects control the knee in greater
varus alignment, returning to a normal level post-HTO
(p<0.01). In the transverse plane, pre-HTO energy absorp-
tion and generation were similar to control levels, decreas-
ing significantly (p <0.008) as a result of surgery to a level
significantly lower than controls (p <0.007). This may have
important clinical implications. It is possible these differ-
ences reflect sub-optimal joint motion and/or muscle activity
at the knee and normalisation of these features could further
restore joint loading patterns and improve outcomes follow-
ing HTO surgery.
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Additional gait features known to influence EKAM mag-
nitude were investigated, including foot progression angle,
stance width and frontal plane trunk ROM. There was no
significant difference in foot progression angle and stance
width between patients and controls and this did not change
significantly post-HTO. Preoperatively, patients used a sig-
nificantly higher frontal plane trunk sway ROM (p =0.031)
than controls as a compensatory strategy to reduce medial
compartment loading. This gait adaptation was not retained
following HTO, in agreement with a previous study, and is
representative of a more efficient gait pattern after surgery
[6].

Motion of the knee during gait was altered in the sagittal
plane for patients with knee OA and varus deformity, indi-
cated by significantly smaller ROM compared to controls
(p<0.001). Although significant improvements were shown
following HTO (p =0.021), the hypothesis that all gait pat-
terns would return to normal levels was disproven as sagittal
plane ROM remained significantly lower than the control
group (p=0.003).

The presence of varus thrust represents a worsening of
varus alignment during weight bearing. In contrast to the
study by [14], the presence of varus thrust was not identified.
A pairwise decrease in maximum, and an increase in mini-
mum frontal plane velocity did approach significance, indi-
cating there might be a shift from a varus towards a valgus
thrust post-HTO. Due to large variations within the group, it
is possible that some patients exhibited this gait feature as a
load reducing compensatory mechanism, warranting further
investigation. In addition, marker-based motion capture may
not be a suitable measurement technique for detecting small
changes in joint velocities due to errors recognised to be
related to differentiation of marker displacement data.

The proposed biomechanical mechanism of HTO is to
lateralise the COP relative to the knee joint centre (KJC)
during gait, reducing frontal plane loading. The findings
of this study confirm that the COP acts medial to the knee
at the timing of both EKAM peaks pre-operatively and is
shifted laterally (p <0.001) with respect to the KJC follow-
ing re-alignment surgery, thus reducing loading.

In the sagittal plane, the COP is positioned significantly
more anterior to the knee at the first EKAM peak at weight
acceptance for pre-HTO patients, and this feature is not
corrected following surgery. This suggests the typical OA
strategy of reducing knee extensor muscle demand and joint
loading through reduced knee excursion during load accept-
ance [28] is still present post-HTO. This cohort appears to
maintain a stiff-knee gait post-operatively which may result
from weakness, instability, or retention of a pre-operative
gait pattern.

Results from PROMs support the hypothesis, revealing
clinically meaningful improvements to function and pain,
despite scores not reaching the level of the control cohort.

The reduction in pain is important to consider in more detail
in future work as this may contribute to the improvement in
mechanisms employed pre-HTO to reduce loading.

This work has demonstrated a number of clinically impor-
tant findings. HTO is an effective operation at reducing both
peak loading and knee angular impulse at the knee, in a way
that would be expected to reduce structural disease progres-
sion in the future. Its effect is therefore not just pain relieving
but is also likely to be protective against OA progression.
After HTO, there are substantial biomechanical changes in
all three planes which serve to make gait more efficient.
However, gait does not fully return to normal after surgery,
and there are persisting abnormalities which are important to
understand as these may be addressed by targeted rehabilita-
tion in the future.

A limitation to this work is the small cohort sizes which
reflect the number of HTO surgeries performed in the UK.
In addition, although providing comparisons with a control
cohort is a study strength, participants are not matched for
age, gender, or weight.

Conclusions

In this cohort, HTO surgery successfully reduced both fron-
tal and transverse plane joint loading. The location of COP
relative to the knee was lateralised and patients reported
significant improvements in pain and function. Reduced
gait speed and increased trunk sway were naturally cor-
rected post-HTO, however patients continued to spend a
longer time in stance, walked with reduced sagittal range of
motion and experienced reduced sagittal plane knee loading
following surgery. Work done at the knee in the transverse
plane reduced below normal levels post-HTO. Additional
physiotherapy or gait retraining may provide a means to
correcting remaining movement abnormalities and further
work is required to address the biomechanical differences
that remain for patients when compared to healthy controls,
and their implications.
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