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Abstract  [Purpose] The aim of this report was to describe the safety, feasibility, and efficacy of rehabilitation
by knee extension and flexion training using the knee single-joint hybrid assistive limb in a patient after anterior
cruciate ligament reconstruction. [Participant and Methods] A 33 year-old male underwent an arthroscopic proce-
dure for anatomic single-bundle anterior cruciate ligament reconstruction with a semitendinosus tendon autograft.
Rehabilitation training using the knee single-joint hybrid assistive limb was initiated at postoperative week 18 and
repeated weekly for 3 weeks. The patient performed five sets of the knee single-joint hybrid assistive limb-assisted
knee-extension-flexion exercises per session at a frequency of 10 exercises/set. [Results] The peak extension torque
at all velocities with the limb symmetry index was higher after the hybrid assistive limb intervention (post-interven-
tion) than before using it (pre-intervention). Peak flexion torques at 60%s and 300°/s of limb symmetry index were
higher post-intervention than pre-intervention. The range of motion in extension and flexion improved from —2°
(pre-intervention) to —1° (post-intervention) and from 124° to 133°, respectively. The Lysholm score increased from
58 (pre-intervention) to 94 (post-intervention). [Conclusion] The knee single-joint hybrid assistive limb can be used
safely for anterior cruciate ligament reconstruction training, without any adverse events. Our results indicate that the
knee single-joint hybrid assistive limb training may improve muscle function, effectively overcoming dysfunction.
Key words: The single-joint type hybrid assistive limb for the knee joint (knee HAL-SJ), Anterior cruciate
ligament reconstruction, Muscle dysfunction
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INTRODUCTION

Anterior cruciate ligament reconstruction (ACLR) is a common treatment for athletes who aim to return to high-level
sporting activity after ACL injury'> 2. One of the rehabilitation goals after ACLR is to return to pre-injury levels of sports/
activity. However, 35% of athletes do not return to pre-injury levels within 2 years after ACLR procedure?. According to
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previous studies, quadriceps activation failure after ACLR is not simply an isolated local phenomenon related to atrophy
only. This quadriceps activation failure has been attributed to arthrogenic muscle inhibition (AMI), which is caused by neural
inhibition?). Moreover, harvesting hamstring tendon autografts for ACLR results in weakness of the hamstrings muscle
strength at deep knee flexion angles®. Therefore, improving long-term muscle weakness and neuromuscular problems after
ACLR are important factors to consider during the rehabilitation process.

The single-joint type hybrid assistive limb for the knee (HAL-SJ; HAL-FSO01, Cyberdyne, Inc., Japan) is a newly devel-
oped wearable robot exoskeleton that provides real-time assistance to limb movements via actuators mounted laterally on
the patient’s knee joints. The movement of the robot is triggered by bioelectric signals (muscle action potentials) from the
muscles. Although previous studies have reported that the knee HAL-SJ is effective in functional recovery following total
knee arthroplasty (TKA) and opening wedge high tibial osteotomy> ©), this has not been done after ACLR.

The knee HAL-SJ can facilitate proper movement of knee joint through bioelectric signal feedback from the muscles
and providing assisted joint motions with a Cybernic Voluntary Control (CVC) system. We hypothesized that the use of the
knee HAL-SJ would result in a new type of neuromuscular training that reduces joint damage and neural inhibition, and
also improves muscle dysfunction following ACLR procedures. A neuromuscular training following ACLR is known to be
beneficial. In addition, as previously mentioned, there have been reports of improvements in knee joint function using the
HAL after TKA in a patient. However, the knee HAL-SJ has been just applied to patients only after TKA or HTO. To date,
there are no reports on the efficacy of this device applied to the knee joint in a patient who has undergone ACLR. Therefore,
in this case study, we describe the safety, feasibility, and efficacy of rehabilitation training by knee extension and flexion using
the knee HAL-SJ in a patient who has undergone ACLR.

PARTICIPANT AND METHODS

A 33 year-old male (height: 177 cm; weight: 81.1 kg; body mass index: 25.9 kg/m?; and time to surgery: 3 months) had
injured his ACL while playing basketball. The patient was a recreational athlete who injured his knee during playing sports
with noncontact ACL injury mechanisms. The patient then underwent an arthroscopic, anatomic single-bundle ACLR with a
semitendinosus tendon autograft and repair of a lateral meniscal lesion (Fig. 1A, B).

A physical therapist treated the patient postoperatively in the hospital. The rehabilitation program was commenced one
day postoperatively. A range of motion exercise and weight-bearing exercises were initiated 2 weeks postoperatively. Dis-
charged from the hospital, the patient attended physical therapy once a month, and participated in a rehabilitation program
that included muscle strength training and neuromuscular training. Jogging was encouraged after 3 months.

The patient’s thigh circumference and lower limb length were measured before fitting the knee HAL-SJ. After measuring
the maximum flexion angle and extension angle before the intervention, the knee HAL-SJ assist angle was set so as not
to over-assist the knee. Electrodes were attached to the patient’s quadriceps and hamstring muscles (the vastus medialis,
rectus femoris, vastus lateralis, and biceps femoris, or medial hamstrings) to detect the bioelectric signals from the long axis
(along the belly) of each muscle (Fig. 2A, B). The patient was then instructed to perform knee extension and flexion thereby
contracting his quadriceps and hamstring muscles®.

Fig. 1. Pre- and postoperative images of the knee joint (sagittal view) of the patient undergoing anterior cruciate ligament reconstruction.
A: The lesion (arrow) as visualized by preoperative magnetic resonance imaging.
B: Postoperative image.
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Generally, several anatomical problems occur following ACLR: slightly lax graft tension, partial graft tear, poor synovial
coverage, and cyclops-like lesion”. Therefore, while initiating and during rehabilitation training using the knee HAL-SJ,
safety should always be taken into consideration. Regarding anterior knee laxity, a previous study showed that the average
anterior tibial translation of the involved knee, compared to the uninvolved side, is 1.5 mm measured using KT-2000 4
months after ACLR®); these values indicate good results for anterior knee laxity. Another study showed that the semitendino-
sus tendon autografts transform into a histologic structure at least 12 weeks after surgery®). Therefore, rehabilitative training
using the knee HAL-SJ was commenced 18 weeks postoperatively; it was performed once a week, for a total of 3 sessions
(Fig. 3). The CVC mode of the knee HAL-SJ, which was used in this study, could support a patient’s voluntary motion based
on the voluntary muscle activity and assistive torque provided to the knee joint!?). During knee extension training with the
knee HAL-SJ, the patient was seated at the end of a bed. In contrast, for knee flexion treatment, the patient was asked to lay
prone on a bed. The patient performed 5 sets of knee HAL-SJ-assisted knee-extension in one session and flexion exercises at
a frequency of 10 exercises/set> ©. The duration of one training session was about 50 minutes, including fitting and evalua-
tion (Fig. 4A, B and Supplementary video).

Fig. 2. Detection of the bioelectric potential and training simulation prior to beginning the knee HAL-SJ.

A: One day prior to beginning the knee extension training using the single joint type hybrid assistive limb for the knee (knee HAL-SJ),
we attached electrodes to the quadriceps muscle.

B: Knee flexion training with attached electrodes to the hamstrings.
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Fig. 3. Postoperative progress and duration of the rehabilitative training using the single joint type hybrid assistive limb for the knee
(knee HAL-SJ) following anterior cruciate ligament reconstruction (ACLR).

Fig. 4. A: Extension training with the single joint type hybrid assistive limb for the knee (knee HAL-SJ) assistance.
B: Flexion training with knee HAL-SJ assistance.
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Each training session was carefully observed and evaluated for any adverse events related to the use of the knee HAL-
SJ. Physical evaluations were conducted in postoperative week 17 (pre-HAL) and in postoperative week 21 (post-HAL).
Isokinetic evaluation was performed at 60, 180, and 300°/s using an isokinetic dynamometer (Biodex System III; BIODEX
Medical Systems, Sakai Inc., Japan), and included strength measurements during knee extension and flexion (measured
bilaterally). The limb symmetry index (LSI) was calculated to determine whether a side-to-side difference could be classified
as normal or abnormal'. The LSI was defined as the ratio of the injured side to the non-injured side expressed as a percent-
age (injured/non-injuredx100%=LSI). The active range of motion (ROM), anterior drawer test, pivot shift test, Lachman
test, Tegner Activity Scale'?, Lysholm knee questionnaire!?, KT-2000, and International Knee Documentation Committee
(IKDC)'® were also measured.

The study was approved by the Institutional Review Board (IRB) of each institution involved in this study and conducted
according to the principles of the World Medical Association (WMA) Declaration of Helsinki—Ethical Principles for Medi-
cal Research Involving Human Subjects with the amendments made in Seoul, South Korea, in October 2008, with a note
of clarification on paragraph 29 added by the WMA General Assembly in Washington (2002) and a note of clarification on
paragraph 30 added by the WMA General Assembly in Tokyo (2004). This study was also conducted in accordance with the
Japanese Medical Research Involving. Human Subjects Act (WMO) and other guidelines, regulations, and acts. This study
was conducted in accordance with approval from the Ethics Committee of the Tsukuba University Faculty of Medicine
(approval no.: TCRB18-077).

RESULTS

Over 3 sessions of treatment, there were no adverse events directly attributed to the HAL-SJ. The LSI peak torque and
other outcomes for pre and post-HAL are shown in Table 1. The peak extension torque at all velocities of LSI was higher
post-HAL than pre-HAL (Fig. 5). The peak flexion torque at 60°/sec, 300°/sec of LSI was higher post-HAL than pre-HAL.
The ROM; extension slightly improved from —2° pre-HAL to —1° post-HAL, and flexion also improved from 124° pre-HAL
to 133° post-HAL. The Lysholm score increased from 58 pre-HAL to 94 post-HAL interventions.

DISCUSSION

In the present case, knee HAL-SJ training for a patient who underwent ACLR was safely performed without any observed
adverse events, and showed increasing LSI of extension and flexion peak torque even with short-term interventions. Clinical
outcomes without peak torque were also improved.

Previous studies indicated that altered biomechanics may increase the risk for second injury, and neuromuscular training
should be added to strength training to optimize patient-reported outcome measurements® '4), The influence of quadriceps
strength symmetry is an important component of the criteria for rehabilitation progression. The knee HAL-SJ has bioelectric
signal balancing capability. This capability is able to adjust balance of detected flexion and extension signals by means of

Table 1. Results of outcomes at Pre and Post-HAL intervention LSI peak extension torque

Pre-HAL Post-HAL <%’95

LSI peak extension torque (%) at 60°/s 58 72 00
at 180%s 62 76 . T60%see
at 300%s 70 88 %0
LSI peak flexion torque (%)  at 60°/s 77 84 75 o 180%see
at 180°/s 88 71 70
at 300°s 76 90 6 e
Active range of motion (°) Extension -2 -1 60
Flexion 124 133 55
Anterior drawer test - - 30 Pre-HAL PostHAL
Pivot shift test - -
Lachman test - - Fig. 5. Results of peak extension torque limb symmetry index
Tegner activity scale 6 6 (LSD).
Lysholm knee questionnaire 58 94
KT-2000 (mm) 2 3
IKDC A A

HAL: hybrid assistive limb; LSI: limb symmetry index; IKDC:
International Knee Documentation Committee; Pre-HAL: be-
fore training; Post-HAL: after training.
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computer processing. Knee HAL-SJ training can provide useful biofeedback to avoid erroneous motor learning'>. This study
showed that peak torque of LSI, especially extension torque increased. The knee HAL-SJ could help patients be more aware
of correct muscle activity and restoration of more optimal knee muscle neuromuscular function.

The findings of this study showed that some of the most commonly used validated clinical scores such as ROM and
Lysholm for ACLR were improved. HAL training improved not only knee muscle strength but also knee function. The addi-
tion of knee HAL-SJ training to conventional rehabilitation might be more effective in improving muscle activation patterns
and facilitate dynamic joint control. Furthermore, improving muscle functions could have a positive influence on motivation
and physical activity in patients. These are important data for clinicians who make both rehabilitation and return to sport
decisions. Therefore, knee HAL-SJ training could be effective in neuromuscular rehabilitation program for the patient after
ACLR.

Despite the efficacy of the knee HAL-SJ training shown in this study, there are several limitations. This is an initial case
report and the mechanism for the improvement in muscle function remains unknown. Therefore, further studies with an
increased number of patients and a neurophysiological perspective, such as electromyography assessment, are required.
Additionally, future studies on the knee HAL-SJ should investigate the acute phase following ACL injury and the long-term
effects (1-2-year follow-up) of the knee HA-SJ intervention.

Using the HAL-SJ for ACLR training can be performed safely without adverse events. The present study indicated that
knee HAL-SJ training may improve muscle function and reduce dysfunction.
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