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INTRODUCTION

Varus thrust is an established abnormal motion in the 
coronal plane seen in knee osteoarthritis (OA). This abnor-
mality is a phenomenon in which the knee varus alignment 
experiences a lateral dynamic worsening during the initial 
stance phase. Numerous studies have found that varus thrust 
is correlated with radiographic severity, disease progression, 
and clinical symptoms in knee OA. Varus thrust is a me-
chanical risk factor for medial compartment knee OA1) and is 

assessed visually as being present or absent. The prevalence 
of varus thrust, visualized during gait, ranged from 16–51% 
in previous cohort studies.1–3)

Attempts at a quantitative measurement of varus thrust us-
ing gait analysis have been reported. The current gold stan-
dard for gait analysis is a multiple camera-based motion cap-
ture system combined with ground reaction force plates.4–6) 
Previous gait research has shown that a quantifiable varus 
thrust was associated with increases in both the peak knee 
varus angle and the peak varus angular velocity in the early 
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Objectives: The purpose of this study was to clarify the diagnostic accuracy of the mobile as-
sessment of varus thrust using inertial measurement units (IMUs). Methods: A total of 80 knees 
in 49 patients were enrolled in this study. On visual analysis of gait to determine the presence 
or absence of varus thrust, 23 knees were assigned to the Present group, 17 to the Ambiguous 
group, and 40 to the Absent group. The peak knee varus angular velocities (PVVs), measured 
by quantitative gait analysis using nine-axis IMUs, were compared between these three groups. 
A receiver operating characteristic curve for the relationship between the visual assessment of 
varus thrust (Present and Ambiguous) and the measured PVV was created, and the cut-off PVV 
for visualized varus thrust was determined as the highest point for both sensitivity and specificity. 
Results: The mean PVVs were significantly different between the three groups (Present, 47.7 
± 8.2 degree/s, Ambiguous, 34.1 ± 10.5 degree/s, and Absent, 28.1 ± 8.3 degree/s, respectively, 
ANOVA P=0.000). The PVV cut-off value for visualized varus thrust was 28.1 degree/s, yielding 
a sensitivity of 0.957 and a specificity of 0.579. Conclusions: A PVV <28.1 degree/s is useful for 
ruling out varus thrust during gait. This quantitative varus thrust assessment method using IMUs 
has clinical utility as a screening test.
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stance phase.5–7) These previous studies had the advantage 
of being able to precisely quantify the extent of varus thrust. 
Notably, however, the quantification methods used in these 
studies would be difficult to apply clinically because of the 
costs and the more restrictive measurement environments in 
hospitals. Consequently, there have been no studies of varus 
thrust from the viewpoint of clinical application. If we could 
identify varus thrust before it becomes noticeable, it would 
be possible to treat patients with physical therapy at an early 
stage. A simple and more practical measurement system for 
varus thrust would be readily adopted in clinical examina-
tions of the knee if it became available.

Inertial measurement sensor units (IMUs) that contain 
accelerometers, gyroscopes, and magnetometers are small, 
low-cost, and portable devices that can be readily applied 
to individual patients in the clinical setting. A quantitative 
assessment of varus thrust measured by accelerometers has 
been reported previously. Gait analysis using IMUs allows 
not only the evaluation of spatiotemporal gait parameters 
from measurements of acceleration and angular velocity, 
but also an estimation of the three-dimensional knee joint 
angular deviation by measuring the orientation of one 
IMU attached to the thigh and another IMU attached to the 
shank.8–14) The clinical applications of these devices are 
undergoing continuous development.

The aim of the present study was to propose a methodol-
ogy for the mobile assessment of varus thrust using IMUs, 
and to determine the cut-off value of the peak varus angular 
velocity (PVV) in subjects with a visualizable varus thrust. 
Our hypothesis was that an IMU-based mobile assessment of 
varus thrust would be viable in a clinical setting.

METHODS

Study Participants
This cross-sectional study was approved by the ethics 

committee of our institution and was performed in accor-
dance with the ethical standards of Akita University Ethics 
Committee (No. 2017–1775). We recruited patients who 
visited our university hospital with medial compartment 
knee OA between May 2017 and March 2018. All patients 
provided written informed consent before their inclusion in 
this study. Inclusion criteria were: more than 20 years of age, 
body mass index <31 kg/m2, available radiographs of weight 
bearing standing in a long leg anterior–posterior view, and 
the ability to walk without gait aids. Exclusion criteria were 
missing data, valgus alignment, infection, rheumatoid ar-
thritis, previous knee surgery or knee trauma, the presence 

of hip and/or ankle OA on radiography, neurological disor-
ders, cardiovascular diseases, and peripheral artery diseases. 
Nine of the 58 initially recruited subjects were excluded, 7 
with missed data and 2 who had not undergone gait analysis. 
Our final study cohort comprised 80 knees in 49 patients. 
An experienced orthopedic surgeon visually assessed the 
presence of varus thrust during quantitative gait analysis; as 
a result, 23 knees were assigned to the Present group, 17 to 
the Ambiguous group, and 40 to the Absent group.

Quantitative Gait Analysis and Data Processing
We employed five nine-axis IMUs in our current analy-

ses (IMU-Z2, ZMP Inc., Tokyo, Japan). For each subject, a 
sensor was attached using flexible bands to the anterior side 
of the thigh and the shank of both legs and to the pelvis (at 
the S2 level) (Fig. 1). The sampling measurement rate was 
100 Hz. Participants walked at a self-selected comfortable 
speed along a 10-m walkway and underwent three gait tests 
while wearing IMUs.

To ensure stabilization of the subject’s gait, a distance 
equivalent to at least three steps was allowed before and after 
the 10-m walkway. First, the participant stood upright for 5 
s to allow estimation of the IMUs’ initial orientations. The 
examiner then instructed the participant when to start and 
finish walking. During these gait tests, the examiner counted 
the participant’s steps and recorded which leg touched the 
ground using a video camera. All sensors were logged in 
a synchronized fashion and the data were transmitted via 
Bluetooth to a laptop (Thinkpad X270; Lenovo Corporation, 
Beijing, China). Other than the acceleration measurements 
from the IMUs attached to both legs, all data were converted 
from a local to a global coordinate system using an extended 
Kalman filter, as described in our previous study.15) The 
anterior–posterior acceleration data collected by the IMU 
attached to the trunk were filtered using a low-pass, sixth-
order Butterworth filter with a 2-Hz cut-off frequency, and 
peaks emerged from these data as heel strike timings. Dur-
ing gait, one gait cycle (GC) was equivalent to three heel 
strikes, and the stance phase was usually regarded as 60% 
of one GC. The middle two GC step counts were used in 
the data analysis using MATLAB R2016b (MathWorks Inc., 
MA, USA). The maximum varus angle during the stance 
phase was estimated using the extended Kalman filter and 
the sensor fusion method.15) The knee varus velocity was 
computed by taking the time derivative of the estimated knee 
angle in the coronal plane (Fig. 2).
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Assessment of the Varus Thrust Visualized 
During Gait

An experienced orthopedic surgeon and co-author of this 
study (HT) visually assessed the presence of varus thrust 
during quantitative gait analysis. Based on the method pro-
posed by Chang et al., this examiner determined for each leg 
whether varus thrust was present and evaluated the level of 
confidence in the assessment using a Likert scale, i.e., “very 

confident,” “somewhat confident,” “not very confident,” or 
“not at all confident.”6) Because a high intra-rater reliability 
level was found (Kappa 0.81), it was not necessary to check 
the intraclass correlation coefficients for the visualized 
varus thrust. A very confident assessment of varus thrust 
by the examiner was defined as “present” for the purposes 
of stratifying the patients. Conversely, patients receiving a 
very confident assessment of no varus thrust by these visual 
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Fig. 1.  Measurement set-up and gait analysis procedure. Gait was analyzed using nine-axis inertial motion sensor units 
(IMUs) with a three-axis accelerometer, gyroscope, and magnetometer. IMUs were attached to the front of both the thigh 
and the shank using flexible bands. Participants wearing IMUs underwent three gait tests. To ensure stabilization of the 
subject’s gait during analysis, a distance of at least three steps was allowed before and after the 10-m walkway. First, the 
participants stood upright for 5 s to allow estimation of the IMU’s initial orientation. The examiner then told the participant 
when to start and finish walking. During the gait tests, the examiner counted the participant’s steps and recorded which leg 
touched the ground.

Fig. 2.  Waveforms of the angular velocities of the tibia and femur and the maximum varus angle. (A) The waveforms of 
angular velocities over one gait cycle. (B) The knee varus angle during one gait cycle estimated using an extended Kalman 
filter and the sensor fusion method. The blue line shows the right knee varus angle and the red line shows the left knee varus 
angle. The dashed lines indicate the point of maximum varus angle during the stance phase. The black vertical line indicates 
the terminal phase of the stance phase. The knee varus velocity at the maximum varus angle was calculated by taking the 
time derivative from the tangent line (lines with yellow backgrounds).
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examinations were assigned to the Absent group. All other 
knees were placed in the Ambiguous group.

Radiographic Measurements
Medial knee OA was evaluated using standing anterior–

posterior knee radiographs and Kellgren–Lawrence grades. 
The scoring system was as follows: 0 (normal), 1 (possible 
osteophyte), 2 (definite osteophyte, possible joint space nar-
rowing), 3 (moderate osteophyte, definite joint space narrow-
ing, osteosclerosis), and 4 (large osteophyte, osteosclerosis, 
full-thickness cartilage loss).16)

Statistical Analysis
The mean PVV and the maximum knee varus angle were 

compared between the three participant groups using one-
way analysis of variance (ANOVA). A post hoc analysis us-
ing the Tukey method was performed. A receiver operating 
characteristic (ROC) curve for the relationship between the 
visualized varus thrust (Present and Ambiguous) and PVV 
was created, and the PVV cut-off value for visualized varus 
thrust was determined as the highest point for both sensi-
tivity and specificity. Furthermore, the proportion of knees 
among the three study groups with a PVV beyond the cut-off 
value was investigated. All data were parametric, expressed 
as the mean ± standard deviation. SPSS for Windows ver-
sion 17.0 software (SPSS, Chicago, IL, USA) was used for all 
statistical analyses. Significant differences between groups 
were assigned at a P value of 0.05 or less.

RESULTS

There were no demographic differences between the par-

ticipants in the three study groups (Table 1). The prevalence 
of visualized varus thrust was 28%, which rose to 50% if the 
Ambiguous group was included. The mean PVV was signifi-
cantly different between the three groups (Present, 47.7 ± 8.2 
degree/s, Ambiguous, 34.1 ± 10.5 degree/s, and Absent, 28.1 
± 8.3 degree/s, respectively, P<0.001) (Fig. 3).

The mean maximum varus angle during the stance phase 
in the Present group was significantly higher than that in 
the Absent group (P<0.05). There was also a significant 
difference in the mean maximum varus angle between the 
Ambiguous and Absent groups (P<0.05). However, there 
was no statistical difference in the mean maximum varus 
angle between the other groups. The PVV cut-off value for 
visualized varus thrust was 28.1 degree/s on the ROC curve; 
this yielded a sensitivity of 0.957 and a specificity of 0.579. 
The area under the curve was 0.896 (Fig. 4). For the Pres-
ent, Ambiguous, and Absent study groups, the proportion of 
knees with a PVV beyond the cut-off value was 100%, 82%, 
and 45%, respectively.

DISCUSSION

The current study investigated the diagnostic accuracy of 
a quantitative methodology for assessing varus thrust us-
ing IMUs. A PVV <28.1 degree/s was found to be a useful 
cut-off to rule out the presence of varus thrust during gait 
(sensitivity 0.957). This quantitative varus thrust assessment 
method using IMUs has potential as a clinical screening test. 
If we can detect varus thrust independently of the experience 
of the examiner, it may be possible to start treatment, such as 
physical therapy, early and prevent the progression of knee 
OA.
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Table 1.  Demographic data for the three groups

Present group 
(n=23)

Ambiguous group 
(n =17) Absent group (n=40) P value

Age, years 60.3 (14.8) 60.1 (19.3) 54.1 (17.1) 0.193
Body weight, kg 69.2 (13.9) 68.8 (21.8) 57.5 (8.7) 0.065
KL grade
  0 3 (8%) 6 (35%) 10 (25%)
  1 5 (15%) 1 (5%) 12 (30%)
  2 7 (21%) 4 (24%) 10 (25%)
  3 9 (26%) 5 (29%) 8 (20%)
  4 10 (29%) 1 (5%) 0 (0%)
HKA angle, degrees –4.1 (3.5) –3.7 (3.9) –3.3 (2.4) 0.284
Values are expressed as the number of patients or as a mean (standard deviation or percentage). P<0.05.
KL, Kellgren–Lawrence; HKA, hip–knee–ankle.
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Varus thrust is a potential risk factor for the progression of 
medial knee OA.1,7,17,18) An early diagnosis is therefore more 
important than a definitive diagnosis. Traditional visual as-
sessments of varus thrust are simple and require no special 
equipment, which gives them a very high clinical utility; 
however, the subjectivity of the examiner will necessarily 
impact the results. A previous study reported good intra-
rater reliability for the visual assessment of varus thrust 
by well-trained examiners.1) However, in many cases, it is 
difficult to clearly determine whether varus thrust is present 
in early-stage knee OA, and the inter-rater reliability is not 
high enough in these instances. From a clinical perspective, 
the accurate identification and quantification of varus thrust 
is important, and IMUs are now being increasingly used in 
the assessment of patients with knee OA.8,19)

IMUs are inexpensive, portable, wireless devices that 
orthopedic specialists and physical therapists can easily use 
in clinical practice. Our current results demonstrated a high 
sensitivity for the quantitative assessment of varus thrust us-
ing these devices. A high-sensitivity test is needed to make 
an exclusion diagnosis, and our present findings revealed 
that IMUs satisfy this criterion and therefore have clinical 
utility for screening large cohorts of patients with knee OA. 
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Fig. 3.  Comparison of the mean peak knee varus velocities (PVVs) and the maximum varus angles between the three study 
groups. The mean PVV was significantly different in the three study groups (Present, 47.7 ± 8.2 degree/s, Ambiguous, 34.1 
± 10.5 degree/s, and Absent, 28.1 ± 8.3 degree/s; ANOVA, P<0.001). The mean maximum varus angle was significantly 
different between the Present and the Absent groups (Present, 10.5 ± 2.3 degree, Ambiguous, 6.8 ± 1.9 degree, and Absent, 
5.2 ± 1.8 degree; ANOVA, P=0.042). * P<0.05 vs Absent group by Tukey method. † P<0.05 vs Ambiguous group by Tukey 
method.

Fig. 4.  Receiver operating characteristic (ROC) curve of 
the peak knee varus velocity (PVV) for varus thrust. The 
cut-off PVV value for the presence of varus thrust was 28.1 
degree/s. This cut-off point yielded a sensitivity of 0.957 and 
a specificity of 0.579. The area under the curve was 0.896.
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The peak varus angle and the PVV are the main mechani-
cal metrics used for the quantification of varus thrust.6,20) 
The former parameter represents the knee position only at 
a particular timepoint. In contrast, the latter more closely 
reflects the visualized varus thrust because it incorporates 
the direction and speed of the knee movement. Chang et al. 
have demonstrated that varus thrust detected by gait obser-
vation is associated with a greater change in PVV than in the 
peak knee varus angle calculated using a three-dimensional 
motion capture system.6) PVV is therefore considered to be 
a more suitable quantification index. In our present study, 
the PVV calculated using the IMUs accurately identified 
the Present group, whereas the proportions of OA knees 
with a PVV >28.1 degree/s in the Ambiguous and Absent 
groups were 82% and 45%, respectively. It is possible that 
the angular velocity is able to detect subtle joint instability 
that is not obvious to the eye. This would mean that there are 
more patients with substantial varus thrust than previously 
thought. Early interventions in these patients may prevent 
aggravation and reduce the frequency of knee arthroplasties.

This study has several limitations of note. First, this was 
a retrospective, cross-sectional analysis and the number of 
subjects was small. Prospective studies will be needed to 
verify our observations. Second, there was an inherent se-
lection bias because the visual assessments of varus thrust 
were based on subjective evaluations by a single orthopedic 
specialist. This would have an impact on the groupings in 
terms of the visualized varus thrust. However, the purpose 
of this study was to verify the usefulness of IMUs in provid-
ing more clarity for ambiguous visual assessments of varus 
thrust, and not to verify the reproducibility of the visual 
assessment of varus thrust. Third, there is a limitation in the 
accuracy of gait analysis measured by IMUs. We previously 
carried out a validation study between IMUs and an opti-
cal motion capture system. Our results showed that the root 
mean squared errors were 4 degrees in the coronal plane.15) 
We hope for more accurate IMUs in the future. A fourth 
limitation is that gait compensations may affect the judge-
ment and degree of varus thrust. Gait deviations in patients 
with knee OA, including reduced gait speed, lateral trunk 
lean, toe-out, or stride length shortening, were not consid-
ered in this study. However, varus thrust is the result of these 
altered gait strategies, and there is a risk that changes from 
an individual comfortable gait will adversely affect motor 
control. Our proposed assessment method with IMUs is still 
a very feasible and objective approach for evaluating varus 
thrust via a simple index as a screening test.

CONCLUSION

IMUs showed diagnostic accuracy in the quantitative as-
sessment of varus thrust. A PVV <28.1 degree/s, measured 
with these devices, is a useful metric for objectively ruling 
out the presence of varus thrust during gait (sensitivity, 
0.957). This quantitative varus thrust assessment method 
using IMUs therefore has clinical utility as a screening test. 
It is to be expected in the future that a novel knee thrust 
meter will be developed that enables the early and precise 
diagnosis of varus thrust.
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