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Abstract

Background: Maintenance or restoration of a good range of motion of the knee is one of the most important
outcomes following knee surgery. According to previous studies, opening wedge high tibial osteotomy enables better
recovery of range of motion in knee flexion than that achievable after total knee arthroplasty or unicompartmental
knee arthroplasty. However, few reports provide a detailed description of the postoperative recovery of knee extension
range of motion after opening wedge high tibial osteotomy. We describe our experience with a knee extension
training program using a single-joint hybrid assistive limb device (HAL-SJ; Cyberdyne Inc.,, Tsukuba, Japan) during

that facilitates voluntary control of knee joint motion.

to improve its safety and efficacy.

the acute recovery phase after opening wedge high tibial osteotomy. The HAL-SJ is a wearable robotic device

Case presentation: A 67-year-old Japanese woman who underwent opening wedge high tibial osteotomy for
spontaneous osteonecrosis of the left medial femoral condyle received HAL-SJ-based knee extension training
postoperatively. Our experience with this patient revealed that knee extension training with the HAL-SJ during
the acute phase following opening wedge high tibial osteotomy is feasible. Furthermore, the patient’s knee
extension range of motion improved to values similar to those seen during the preoperative stage, and her
flexion range of motion was improved at 3 months after the surgery.

Conclusions: HAL-SJ-based knee extension training could be used as a novel post-opening wedge high tibial
osteotomy rehabilitation modality. Further exploration of individualized optimal settings of the HAL-SJ is required

Keywords: Opening wedge high tibial osteotomy, Rehabilitation, Range of motion, Wearable robot suit

Background

Opening wedge high tibial osteotomy (OWHTO) is a
surgical procedure whereby tibial osteotomy is per-
formed in the proximal tibial tuberosity from the medial
to the lateral side. OWHTO is performed to treat osteo-
arthritis of the knee and spontaneous osteonecrosis of
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the knee (SPONK) localized to the medial compartment,
in order to correct varus deformity of the knee joint and
lower limb alignment [1]. Currently, in Japan, OWHTO
is a commonly performed joint-sparing surgery that pre-
serves physiological knee joint function, which is par-
ticularly important in Japanese patients because the
Japanese lifestyle includes activities of daily living per-
formed while sitting on the floor, with the knee in full
flexion and the buttocks resting on the heels. Further
advantages of OWHTO include easy inclusion of an in-
ternal fixation device, enhancement of postoperative
treatments, and better recovery or maintenance of knee
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range of motion (ROM) than that achievable after total
knee arthroplasty (TKA) [2]. However, because osteot-
omy of the proximal tibial tuberosity results in its en-
largement, the patella typically descends after OWHTO
[3, 4], which increases the patellofemoral joint pressure
[5], increases anterior knee pain [6], and influences the
knee extensor mechanism. Staubli et al. [1] reported that
the range of passive motion of the knee reached baseline
values at the 12-week follow-up examination. Although
OWHTO can enable better recovery of knee flexion
ROM, it is difficult to improve knee extension ROM
with OWHTO. Therefore, the influence of OWHTO on
the knee extensor mechanism remains of concern, and it
is necessary to minimize such effects during rehabilita-
tion. For this purpose, it is desirable to develop new
rehabilitation intervention strategies that can be imple-
mented during the early postoperative period without in-
creasing anterior knee pain. Our previous case report
described knee joint extension training using the single-
joint hybrid assistive limb device (HAL-SJ; Cyberdyne
Inc., Tsukuba, Japan) to provide rehabilitation treatment
targeted to improving knee joint function after TKA [7].
In this previously described case, we obtained immediate
improvement of the extension lag (EL) without increas-
ing knee pain [7]. The HAL-S] is a wearable robotic de-
vice that facilitates the voluntary control of knee joint
motion. With this device, signals from muscle action po-
tentials are detected through electrodes on the surface
of the skin and processed through a computer, which
then assists the patient in performing the intended joint
motions. The power unit on the knee joint comprises
angular sensors and actuators, and the control system
comprises a cybernetic voluntary control (CVC) system
and a cybernetic autonomous control system [8]. The
HAL-S] has been reported to be effective in the
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functional recovery of various mobility disorders [9-12].
Although study researchers have reported successful
outcomes for acute or chronic mobility disorders, to
date, there have been no reports of the use of HAL-S]
for postoperative recovery following OWHTO. Accord-
ingly, we report the experience of one of our patients
with a HAL-SJ-based knee extension training program
during the acute recovery phase after OWHTO.

Case presentation

A 67-year-old Japanese woman underwent OWHTO to
treat SPONK that had occurred in the left medial fem-
oral condyle (Fig. 1). The patient reported the following
history of the present illness. Pain in the left knee joint
initially occurred at 1 year and 4 months before admis-
sion, without any particular trigger. Her former treating
physician had provided conservative treatments such as
oral administration of anti-inflammatory analgesics, re-
habilitation including quadriceps muscle training, and
guidance on the use of a cane to relieve weight bearing.
However, this treatment was not successful in relieving
her symptoms, and she was referred to our department
for surgery. The patient had a history of hypertension
and hyperlipidemia, and she had been taking oral cande-
sartan and atorvastatin. The patient was a housewife
with no noteworthy aspects related to social, family, or
environmental history. On physical examination, the pa-
tient had a height of 157 cm, a body weight of 62 kg,
and a body mass index of 25.2 kg/m?. She reported feel-
ing pain in the medial joint space of the knee during
walking, as well as during climbing or descending stairs.
At the time of the first admission, her systolic/diastolic
blood pressure was 165/97 mmHg. Table 1 provides an
overview of the patient’s pain scores in the knee joint,
ROM of the knee joint, and knee joint function.

Fig. 1 Frontal images of the knee joint in a 67-year-old woman who underwent opening wedge high tibial osteotomy for osteonecrosis of the
knee. a The lesion area visualized by preoperative magnetic resonance imaging is shown with an arrow. b Postoperative radiograph
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Neurological examination revealed no abnormal find-
ings. Similarly, laboratory findings at the time of the first
admission did not indicate any abnormality: total protein
7.3 g/dl, albumin 4.6 g/dl, aspartate aminotransferase 22
U/L, alanine aminotransferase 18 U/L, lactate dehydro-
genase 213 U/L, alkaline phosphatase 297 U/L, y-
glutamyl transferase 18 U/L, total bilirubin 0.6 mg/dl,
Na 142 mEq/L, Cl 104 mEq/L, K 4.5 mEq/L, blood urea
nitrogen 21.4 mg/dl, creatinine 0.56 mg/dl, Ca 9.7 mg/
dl, inorganic phosphorus 3.7 mg/dl, leukocytes 5100/l,
erythrocytes  5.00 x 10%/ul, hemoglobin  14.4  g/dl,
hematocrit 43.6%, and platelets 263 x 10%/pl.

The HAL-S] treatment program was divided into
five phases [7]. Phase 1 consisted of preoperative ob-
servation from the day of hospital admission until the
day of surgery. The patient’s thigh circumference and
lower leg length were measured preoperatively to
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adjust the HAL-S] to the patient’s physical size, which
would ensure appropriate training. We palpated the
patient’s quadriceps muscles (vastus medialis, rectus
femoris, and vastus lateralis) and attached electrodes
to each muscle to detect the bioelectric potentials of
the long axis along the belly of each muscle. We
instructed the patient to perform knee extension and
to contract her quadriceps. On the basis of these
data, we instructed the patient to simulate the knee
extension training, which would be performed postop-
eratively. Specifically, the patient sat with her lower
leg hanging down naturally, and the height of the
chair was adjusted so that the patient’s feet were not
in contact with the floor. The patient performed ten
knee extensions with HAL-S] assistance, using the
muscle that exhibited the largest bioelectric potential
amplitude.

Fig. 2 Detection of the bioelectric potential and training simulation prior to beginning single-joint hybrid assistive limb (HAL-SJ) training. a Overview
of the operative wound. b One day prior to beginning the knee extension training using HAL-SJ, we attached electrodes to the quadriceps muscle.
¢ We simulated knee extension training using the vastus lateralis, which exhibited the largest bioelectric potential amplitude
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Phase 2 involved surgery (day of surgery). The patient
underwent OWHTO (Figs. 1b and 2a) using TomoFix
(DePuy Synthes, Bettlach, Switzerland), artificial bone
(OSferion60, B-tricalcium phosphate; Olympus Terumo
Biomaterials, Tokyo, Japan), and biplanar osteotomy, as
described by Takeuchi et al. [2]. The preoperative
weight-bearing line (WBL) percentage [2], calculated on
the basis of an anteroposterior weight-bearing radio-
graph of the affected leg in full knee extension, was
29.6%. The surgery was planned with a target postopera-
tive WBL percentage of 62.5%. The actual enlarged angle
and distance of osteotomy were 5.5 degrees and 7 mm,
respectively.

Phase 3 consisted of postoperative observation from day
1 to day 7 postoperatively. For postoperative rehabilitation,
partial weight bearing was allowed after a non-weight-
bearing period of 2 weeks, and full weight bearing began
at 4 weeks postoperatively. The patient received rehabilita-
tion training under the guidance of a physical therapist
(ROM exercises and muscle-strengthening training) for
20-40 minutes each day, 5 days per week, from the first
postoperative day until discharge. For ROM exercises,
continuous passive motion training began on the first
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postoperative day for 1 hour per day and continued every
day until discharge. On postoperative day 7, we attached
electrodes to the quadriceps muscle to detect the bioelec-
tric potential along the long axis of the rectus femoris
muscle belly (Fig. 2b). Then, the patient was instructed to
perform active knee extension exercises that involved con-
tracting her quadriceps, thus simulating training with
HAL-SJ (Fig. 20).

Phase 4 consisted of HAL-S] therapy from postopera-
tive day 8 to discharge. The CVC mode of HAL-S]
serves to support the patient’s voluntary motion on the
basis of voluntary muscle activity and the assistive
torque provided to the knee joint [10]. In this study, we
used the CVC mode, which allowed the operator to ad-
just the degree of physical support to maintain the pa-
tient’s comfort while gradually reducing support as
training progressed. In addition to the regular rehabilita-
tion program (Fig. 3a), the patient performed HAL-JS-
assisted knee extension exercises while sitting, which
consisted of five sets of ten repetitions per set, twice per
week (Fig. 3b). The training was performed six times be-
fore the patient was discharged (postoperative days 8,
10, 15, 17, 22, and 24). The mean training duration,

while wearing the HAL-SJ

Fig. 3 Knee extension training using the single-joint hybrid assistive limb (HAL-SJ). a Active knee extension. b Assisted knee extension training

~
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including the time required to put on the HAL-S], was
15.5 + 1.4 minutes (15 minutes, 16 minutes, 17 minutes,
16 minutes, 13 minutes, and 16 minutes during training
sessions 1, 2, 3, 4, 5, and 6, respectively). There were no
adverse events related to the use of HAL-SJ, and the pa-
tient was discharged 30 days after the surgery.

Phase 5 consisted of post-HAL-S] therapy observation
from discharge until 3 months after the end of HAL-S]
therapy, during which the following indicators were
assessed: EL, assessed as the difference between the max-
imum knee joint extension angle during passive exercise
and that during active exercise; knee pain rated on the vis-
ual analogue scale (VAS); isometric knee extension muscle
strength (IKEMS); active ROM before surgery, before and
after HAL-S] training, and at 1 and 3 months after the
end of training; and the Japanese Orthopaedic Association
(JOA) score [13] before surgery, at discharge, and at 1 and
3 months after the end of training. Furthermore, we used
lateral radiographs to measure the tibial slope angle (TSA)
and Insall-Salvati ratio (ISR) as indicators of patellar ten-
don shortening before surgery and after implant removal
at 1 year after the operation [2] (Fig. 4a, b). Measurement
of knee ROM was performed using goniometry, and the
landmarks used in the measurements were the greater tro-
chanter of the femur, proximal head of the fibula, and lat-
eral malleolus. Goniometry was used because it has been
reported that goniometric measurements of ROM are
more reliable than visual observation, with an accuracy of
up to 1.0 degree [14]. The maximal IKEMS of the oper-
ated leg was assessed with the patient in a sitting position,
with the hips and knees flexed at 90 degrees. A pTas F-1
handheld dynamometer (Anima Corp., Tokyo, Japan) was
fixed to the chair, and two measurements were recorded.
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Each trial lasted 3-5 seconds, with 30 seconds of rest be-
tween trials. The higher score of two valid trials was re-
corded. All measurements were performed by a single
trained physical therapist to eliminate interobserver vari-
ability. The EL, VAS, IKEMS, and ROM results are shown
in Table 1. The EL improved from 3 degrees preopera-
tively to O degrees at the end of the sixth HAL-S]J training
session, but it returned to 3 degrees at 1 and 3 months
after the end of the training. When we compared results
obtained before training against those obtained after each
of the six training sessions, we observed that three ses-
sions produced improved EL and three sessions produced
improved or relatively constant VAS scores immediately
after training. However, for the other three sessions, the
patient reported increased pain immediately after training,
with the greatest increase in pain reported immediately
after the first HAL-S] training session, when the VAS
score was 1.7 times higher immediately after training than
before training. The EL improved after training sessions 1
and 3, when the patient reported increased knee pain
(expressed as the VAS score). However, the EL did not
change after training sessions 2 and 4, when the patient
reported less knee pain (improved VAS score immediately
after training). The patient did not refuse to undergo
training because of increased pain. The IKEMS value was
the largest preoperatively (17.6 kgf) and decreased to its
lowest value (30% of the preoperative strength) before the
first HAL-S] intervention at 8 days after the operation.
The IKEMS remained relatively constant throughout
HAL-S]J training but recovered to the preoperative value
during follow-up (18.7 and 16.6 kgf at 1 and 3 months, re-
spectively, after completion of HAL-SJ training). The ac-
tive ROM also recovered to the preoperative value by the

Fig. 4 Tibial slope angle and Insall-Salvati ratio. These indicators were measured on the lateral radiograph of the knee joint. a Before surgery.
b After nail extraction at 1 year after opening wedge high tibial osteotomy. a Tibial slope angle, b/a Insall-Salvati ratio
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end of the sixth HAL-SJ training session. Thereafter, the
extension ROM did not change, but the flexion ROM was
maintained or improved. The JOA score decreased from
60 points preoperatively to 55 points at discharge, but it
improved with time, reaching 65 and 85 points at 1 and 3
months, respectively, after the end of HAL-S] training.
Whereas the TSA was maintained at 13.1 degrees before
and after the surgery, the ISR decreased from 1.13 pre-
operatively to 0.97 postoperatively. At 6 months after sur-
gery, the passive ROM was 0-135 degrees, and the JOA
score was 90 points. There were no complications
throughout the preparation, surgery, or rehabilitation
process.

Discussion

The case described in the present report illustrates two
important clinical suggestions. First, knee extension
training using the HAL-SJ during the acute phase after
OWHTO is clinically feasible. Second, although we did
not find an improvement in the EL or a consistent ten-
dency toward improvement in knee pain, extension
ROM recovered to near-preoperative values, and flexion
ROM improved at 3 months after the surgery.

We previously reported the case of a patient who
underwent three sessions of knee extension training
using the HAL-S] as part of the inpatient acute rehabili-
tation program after TKA, and we also found in that
case that HAL-S]-assisted training was safe and feasible
[7]. In the present application of HAL-S]J training follow-
ing OWHTO, the patient’s knee pain increased after
three of the six sessions (sessions 1, 3, and 5), but the
intervention was not stopped because of the increase in
pain, and the patient completed all six training sessions.
OWHTO is a joint-sparing surgery during which lower
limb alignment is osteogenically adjusted using the
extracapsular approach. Unlike TKA, OWHTO does not
involve direct surgical intervention into the intra-
articular tissues or knee extension mechanism. However,
our patient experienced increased knee joint pain, likely
as a result of the increased patellofemoral joint pressure
[5]. Previous studies have shown that the patella de-
scends after OWHTO (3, 4], thus increasing patellofe-
moral joint pressure [5] and causing anterior knee pain
[6]. Consistent with these previous reports, the ISR of
our patient decreased from 1.13 preoperatively to 0.97
postoperatively, and the position of the patella was lower
after than before the surgery. Furthermore, an increased
TSA due to OWHTO can cause limited knee extension
ROM and knee joint pain [15], although a postoperative
increase in the TSA was not observed in our patient. It
is also possible that pain receptors were stimulated be-
cause OWHTO is a joint-sparing surgery that preserves
biological tissue. With TKA, the patient would not feel
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pain on the articular surface, because this surface is re-
placed by an artificial component.

In our patient, there was no consistent improvement
in EL or decrease in knee joint pain after knee extension
training using the HAL-S], although knee extension
ROM recovered to a level similar to that before surgery,
and knee flexion ROM increased 3 months after the sur-
gery. Takeuchi et al. [2] described the indication for
OWHTO, including having an ROM of the knee of at
least 15 degrees of extension to 120 degrees of flexion.
In our patient, the ROM was 10135 degrees preopera-
tively and 12-142 degrees at the end of the postopera-
tive observation period. It has been shown that,
compared with TKA or unicompartmental knee arthro-
plasty, OWHTO can result in better knee flexion ROM
following a regular rehabilitation program [16], suggest-
ing that the increased knee flexion angle noted in our
patient was not related to HAL-S] training. The immedi-
ate effect of HAL-SJ training resulting in improved EL
without increasing knee joint pain, which is typically ob-
served after TKA [7], was not consistently found in our
patient who underwent OWHTO. Instead, we found a
different pattern: During the first four of six sessions,
the EL improved when knee joint pain increased imme-
diately after the training, whereas the EL did not im-
prove when knee pain did not increase. Further
investigation with a larger sample size is warranted to
determine the optimal settings for the HAL-SJ assist
function to improve the EL without increasing knee joint
pain. Authors of a recent study comparing the outcomes
of a HAL-S]J rehabilitation program with those of regular
rehabilitation during the acute phase after TKA [17] re-
ported that the HAL-S] group experienced greater im-
provement in EL and a lower incidence of knee joint
pain during training.

The basic differences between TKA and OWHTO are
related to the fact that TKA is a surgical procedure in
which the internal structures of the joint are entirely re-
placed with an artificial joint, whereas OWHTO is a sur-
gical procedure in which only the alignment of the load
axis is corrected, and the correction is performed extra-
articularly, while the degenerated joint’s internal struc-
ture is preserved. Even in patients with limited knee
extension preoperatively, the amount of bone cut during
TKA and the technique used for the detachment of soft
tissues allow for improvement in knee extension. Mean-
while, because OWHTO involves alignment correction
through extraarticular osteotomy, any limitation of joint
extension already present before surgery is difficult to
improve through OWHTO. During HAL-S] training, the
assistance provided by the robotic device helps improve
the range of active extension to approximately the range
of passive extension, minimizing EL. In other words, be-
cause OWHTO is less likely to bring an improvement in
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the range of passive extension, it may be difficult to dem-
onstrate the beneficial effect of post-OWHTO training
using the HAL-S]J. In Japan, improvement in knee flexion
ROM is of particular importance because certain aspects
of the Japanese lifestyle involve activities such as sitting on
the floor with the knees in full flexion and the buttocks
resting on the heels. Detailed investigations regarding this
topic have been performed [2, 16], but no studies have re-
ported the preoperative to postoperative recovery of knee
extension ROM. The present case report is, to the best of
our knowledge, the first to describe the application of the
HAL-SJ wearable robotic device for knee extension train-
ing during the acute phase after OWHTO and to be fo-
cused on the recovery of knee extension ROM.

Conclusions

The observations in our patient indicated that knee ex-
tension training using the HAL-S] is feasible during the
acute phase after OWHTO. Unlike TKA, which involves
replacement of the degenerated and deformed intraarti-
cular structure with a compatible artificial component,
OWHTO is a surgical procedure whose aim is to adjust
lower limb alignment while preserving the joint via oste-
otomy. Therefore, complete knee extension cannot be
obtained through OWHTO. Further exploration regard-
ing individualized optimal settings of the HAL-S] is re-
quired to improve the safety and efficacy of HAL-S]
training in the acute phase after knee joint surgery.
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