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 Patient: Female, 62
 Final Diagnosis: Knee joint osteoarthritis
 Symptoms: Knee pain • range of motion limitation • swelling
 Medication: —
 Clinical Procedure: —
 Specialty: Rehabilitation

 Objective: Unusual or unexpected effect of treatment
 Background: The purpose of this case study was to apply a training program using virtual reality to a middle-aged woman 

who had total knee replacement surgery and to investigate its effects on her muscle strength, proprioception, 
balance, and gait ability.

 Case Report: The subject who participated in this study was a 62-year-old woman, who had been diagnosed with moder-
ate osteoarthritis and had a total knee replacement. Post-operative treatment consisted of virtual reality train-
ing along with range of motion exercise of the knee joint, light quadriceps isometric exercise, and convention-
al physical therapy. This also included thermal and electric therapy for pain control conducted on 10 occasions 
(5 times a week for 2 weeks). Total treatment time, which included 30 min of conventional physical therapy, 
was 60 min. Measurement of the subject’s lower extremity muscle strength after intervention decreased to 
9.43 s, and the error in proprioception decreased to 1.5°. In addition, balance score increased to 56 points, and 
the time taken to measure gait ability decreased to 9.87 s.

 Conclusions: The patient responded positively to rehabilitation using virtual reality, and her muscle strength, proprioception, 
balance, and gait ability improved. These results suggest that the application of rehabilitative training through 
virtual reality for total knee replacement patients warrants further study and consideration.
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Background

Degenerative osteoarthritis is a chronic disease in the elder-
ly population and is a disease that not only causes physical 
problems such as pain and dysfunction but also significant-
ly reduces the quality of life of the elderly [1]. The prevalence 
of degenerative osteoarthritis is 53% in the population aged 
over 65 years, and women are affected more than men. It oc-
curs in all joints, with 82.6% of cases associated with the knee 
joint that bears more weight [2]. The knee joint is a complex 
structure that includes several joints. It is the joint between 
the femur and the tibia, which are two of the longest bones 
in the body. The bio-lever arm is long, resulting in great pow-
er and moment. It is a joint for which both stability and mo-
bility are required. For example, bearing weight and helping 
to move through motions in multiple directions render it more 
vulnerable to degenerative injuries [3,4].

Total replacement of the knee joint is a surgical intervention 
conducted to resolve pain in the joint and to address the path-
ological cause of late-stage, degenerative osteoarthritis of the 
knee joint. This is done when conservation methods such as 
medication and physical therapy no longer effectively increase 
the range of motion of the joint and reduce pain [5,6].

Total knee replacement involves replacing the knee joint sur-
face with an artificial metal substitute due to the aging of the 
knee joint surface. A number of complex issues make it dif-
ficult to choose the optimal time for surgery. For example, 
in older patients, early surgery is often performed if other un-
derlying diseases such as hypertension and diabetes melli-
tus are present [7].

The strength of the lower extremity muscle of total knee re-
placement patients is often weak prior to surgery. As a result 
of surgery, their muscle strength decreases rapidly and mus-
cle atrophy occurs, causing increased instability of the joint 
due to a lack of proprioception and balance. The risk of inju-
ries, such as falling, increases [8,9]. Therefore, fast recovery 
and a return to daily life, along with safe and systematic reha-
bilitation training is essential for quickly restoring the muscu-
lar functions of these patients. Moreover, a delay in exercising 
after surgery has detrimental effects on the joint propriocep-
tion, muscle strength, and balance. This can cause joint mal-
function, so it is imperative to prevent it from occurring [10].

Recent advances in technology have provided new methods 
that may have an effect on rehabilitation exercise by enabling 
various tasks to be accomplished in virtual reality. Virtual real-
ity refers to a user’s interaction with images on a screen while 
performing a variety of motions by moving or operating virtu-
al objects in a simulated environment [11,12]. Through the use 
of virtual reality, patients can feel interested and motivated. 

Thus, it is a novel intervention method that can increase ac-
cess to and control over exercise with feedback through vi-
sual, auditory, and tactile senses [13–15].

Previous studies using virtual reality have only been done in 
patients with a damaged central nervous system and in the el-
derly. There are no reported studies of subjects with diseases 
of the musculoskeletal system and those who have had sur-
gery. In this study, we applied a training program using virtual 
reality with a middle-aged woman who had total knee replace-
ment surgery, and we investigated its effects on her muscle 
strength, proprioception, balance, and gait ability.

Case Report

History and systems review

The subject of this study was a 62-year-old woman. Her height 
was 152.4 cm, her weight was 62.10 kg, and her BMI was 26.74. 
She has been maintaining her weight for 20 years. She has 
been dominantly using the right upper and lower extremities.

Due to knee joint pain on both sides beginning 10 years ago, 
she was diagnosed with osteoarthritis at a private clinic. She 
had received intermittent physical therapy as a conservation 
method and injections into the knee joint. As her knee pain 
grew worse 7 to 8 years ago, she was diagnosed with moder-
ate right knee joint osteoarthritis (K-L grade II) at B Hospital 
and received a total knee replacement. Figure 1 shows radio-
graphic images of her knee before and after the operation 
(Figure 1). She was referred to physical therapy.

The subject did not have any previous issues with nerves or 
psychological disorders, no musculoskeletal system diseases 
other than degenerative osteoarthritis, no neurological sys-
tem diseases such as dizziness, and no previous total knee 
replacement procedures.

The patient’s goal was to reduce pain, be able to walk with-
out any gait assistance device, and recover mobility in order 
to return to her previous level of housework.

The subject understood the study purpose and method and 
signed the participation agreement. This study was approved 
by the Institutional Review Committee of Kyungnam University 
(1040460-A-2019-010).

Tests and measures

Virtual reality training was applied to the subject on 10 oc-
casions, with 5 sessions per week for 20 min each session 
over the course of 2 weeks. Following each intervention, 
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tests and measurements were conducted on muscle strength 
by: 1) the Sit-To-Stand (STS) test, 2) proprioception by mea-
suring the difference in sensing knee joint position using a 
smartphone angle meter application, 3) balance using the 
Berg Balance Scale (BBS), and 4) gait ability using the 10-m 
walking test (10MWT).

In the first preoperative STS test, used to assess the lower 
extremity muscle strength, a value of 12.45 s was recorded. 
This test measures the time required for completely sitting and 
standing 5 times, using a chair with standard height (46 cm) and 
without armrests. This method is used mainly for evaluating 
the lower extremity muscle strength and balance ability [16,17]. 
This means that the shorter the time required for completely 
sitting and standing 5 times, the greater the strength of the 
lower extremity. In a study of the STS’s test-retest reliability 
with arthritis patients, the ICC was 0.96 [18].

The deficit of angle error measurement for proprioception was 
3.3°. This test is an angle reproduction test method used to 
measure the lower extremity’s proprioception, in which the 
subject makes an unassisted flexure angle of the knee joint 
and holds it for 3 s. The examiner records the joint angle and 
measures the error when the patient reproduces the joint an-
gle. A decrease in the measured angle error means that the 
joint position sensation has increased. To record an accurate 
angle, a smartphone protractor application (protractor and 
angle gauge, Toolkit, Korea) was used [19]. The reliability of 
the measurements of this smartphone protractor application 
is ICC=0.76–96 [20].

BBS scores were used to assess balance, based on the perfor-
mance of 14 common tasks and functional movements expe-
rienced in daily life. These tasks are regarded as the primary 
outcome measure and each task is rated on a 5-point scale 
(0–4), with the maximum score of 56 indicating that balance 
function is within the normal range [21,22]. The intra- and 
inter-tester reliability are r=0.98 and r=0.97, respectively [23].

The 10MWT test was used to measure gait speed while walking. 
This is a functional assessment tool commonly used in clin-
ical practice. A 14-m straight-line distance was marked be-
tween 2 points, and the subject walked with assistance at a 
comfortable speed. The first 2 m and the last 2 m of the walk 
were excluded from measurement so as not to consider accel-
eration and deceleration. The gait time for the 10-m distance 
was measured 3 times with a stop watch to obtain the aver-
age. The average time was 9.24 s. The test-retest reliability of 
this test is ICC=0.95–0.96 [24].

Clinical impression

The subject that participated in this study had been diagnosed 
with moderate right knee osteoarthritis (K-L grade III) and had 
a total knee replacement. She had pain and swelling due to 
the surgery and a limited range of motion of flexion and ex-
tension of the treated knee joint. In addition, she did not have 
normal weight bearing, so she did not have an independent 
gait and required a walker. Her sense of balance decreased in 
a one-legged stance test. In a comparison of muscle strength 
prior to surgery, her post-surgery muscle strength decreased 
(from 12.45 s before surgery to 25.63 s after surgery), and her 

Figure 1. Radiologic imaging of the subject’s knee.
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proprioception also decreased (from 3.3° before surgery to 
4.3° after surgery). In addition, her balance after surgery de-
creased (from 56 points before surgery to 44 points after sur-
gery), and her gait ability also decreased (from 9.24 s before 
surgery to 18.74 s after surgery).

Interventions

The VR equipment used as intervention in this study con-
sisted of a PlayStation 4Pro (CUH-7117B, Sony, Japan), USB 
Connection-type Motion Tracking Camera (CUH-ZEY2, Sony, 
Japan), Head-mounted display (CUH-ZVR2, Sony, Japan), and 
Motion Controller (CECH-ZCM2G, Sony, Japan). For display, 
a 42” LCD TV video display terminal was used.

Fruit Ninja was selected as a game for virtual reality training 
(Figure 2). In this game, the subject wears a head-mounted 
display and the motion recognition sensor detects his or her 
head movements. The range of vision on the screen moves as 
the subject shakes his or her head. Using a controller that sim-
ulates a knife, the subject performs the task of cutting fruits 
flying from the left and right of the screen while barefoot under 
the care of a therapist. This motion enabled: 1) training of the 

subject’s lower extremity using the shapes of weight bearing 
and 2) weight shifting, using the lower extremities on the left 
and the right. As the overall experiment progressed, the sub-
ject was allowed to adapt to virtual reality training with 10 min 
of practice and description before the experiment. Virtual re-
ality training was conducted for 20 min, and dizziness and fa-
tigue was prevented by providing 2-min breaks.

The total time required, including 30 min of conventional phys-
ical therapy, was 60 min. The conventional physical therapy 
was conducted for 30 min by the same therapist, and it con-
sisted of knee joint range of motion exercises, light quadri-
cep isometric exercise, and thermotherapy and electrothera-
py for pain control.

Results

Changes in muscle strength, proprioception, balance, and gait 
are shown in Table 1. In the preoperative STS test, the subject 
had a score of 12.45 s. It was 25.63 s after the initial interven-
tion and decreased to 21.96 s at the second session, 19.47 s 
at the third session, 19.40 s at the fourth session, 17.60 s at 
the fifth session, 14.42 s at the sixth session, 11.95 s at the 
seventh session, 9.76 s at the eighth session, and 9.43 s at 
the ninth session. Muscle strength in the lower extremity in-
creased by approximately 32% from the start of the interven-
tion to the end of the study. In the preoperative propriocep-
tion test, the mean error value between the target angle and 
measurement angle was 3.3° for 3 sessions. It was 4.3° after 
the first intervention and decreased to 3.3° at the second ses-
sion, 2.3° at the third session, 2.3° at the fourth session, 2° at 
the fifth session, 1.3° at the sixth session, 1.3° at the seventh 
session, 2° at the eighth session, and 1.5° at the ninth session. 
The difference between lower extremity proprioception before 
starting the intervention and proprioception at the end of the 
intervention increased by approximately 45%. In the BBS test, 

Figure 2. PlayStation virtual reality game (Fruit Ninja).

Variables/sessions Pre-Op 1 2 3 4 5 6 7 8 9

STS (sec) 12.45 25.63 21.96 19.47 19.40 17.60 14.42 11.95 9.76 9.43

% Value (%) –105 –83 –56 –55 –41 –15 4 22 25

Proprioception (°) 3.3 4.3 3.3 2.3 2.3 2 1.3 1.3 2 1.5

% Value (%) –30 0 30 30 39 60 60 39 55

BBS (score) 56 44 51 53 51 52 53 54 54 56

% Value (%) –22 –9 –5 –9 –7 –5 –4 –4 0

10 m walking test (s) 9.24 18.74 13.01 12.87 15.04 12.48 12.23 10.34 10.71 9.87

% Value (%) –103 –40 –39 –38 –35 –32 –11 –12 –6

Table 1. Outcome on the muscle strengthening, proprioception, balance, and gait.

Op – operation; STS – sit-to-stand; BBS – Berg Balance Scale.
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the preoperative score was 56 points. It was 44 points after 
the first intervention and increased to 51 points at the sec-
ond session, 53 points at the third session, 51 points at the 
fourth session, 52 points at the fifth session, 53 points at the 
sixth session, 54 points at the seventh session, 54 points at 
the eighth session, and 56 points at the ninth session. Balance 
ability at the end of the study recovered to that prior to sur-
gery. Using 10MWT as a preoperative gait test, the subject 
scored 9.24 s. The score was 18.74 s after the initial interven-
tion, decreased to 13.01 s at the second session, 12.87 s at 
the third session, 15.04 s at the fourth session, 12.48 s at the 
fifth session, 12.23 s at the sixth session, 10.34 s at the sev-
enth session, 10.71 s at the eighth session, and 9.87 s at the 
ninth session. Gait ability at the end of the study had recov-
ered to a level similar to that prior to surgery.

Discussion

This is the first case study to investigate the effects of an im-
mersive virtual reality environment on muscle strength, proprio-
ception, balance, and gait in a middle-aged woman who un-
derwent total knee replacement. The immersive virtual reality 
environment used in this study was conducted for 2 weeks, and 
as the number of interventions increased, muscle strength and 
proprioception improved, along with balance and gait ability.

In a study of 50 total knee replacement patients, Alice et al. [25] 
found a lack of extension and flexion muscle in the knees, and 
proposed the need for an efficient exercise program to recover 
the normal function of the knees. Comparison with previous 
studies may be difficult as our study deals with the effects of 
an immersive virtual reality environment with total knee re-
placement patients on the improvement of muscle strength. 
There are few studies on lower extremity muscle strengthen-
ing using virtual reality training; however, one study showed 
that such training in a home care setting resulted in increased 
lower extremity muscle strength in incomplete spinal cord inju-
ry patients [26]. Another recent report demonstrated that vir-
tual reality training increased lower extremity muscle strength 
in a local community of the elderly [27]. These results support 
the concept that virtual reality training has a positive effect 
on lower extremity muscle strength.

According to Torres et al. [28], joint position sense plays a very 
important role in inducing and stimulating voluntary and in-
voluntary motions by transmitting basic information to the 
motor control area like balance or vestibular sense. However, 
osteoarthritis patients have decreased joint position sense. 
Moreover, total knee replacement patients had further de-
creased joint position sense after surgery than before total 
knee replacement [29]. This study found proprioception may 
be improved in the total knee replacement patient through an 

immersive virtual reality environment. This result is similar to 
that of Deblock-Bellamy et al. [30], who showed that virtual 
reality training improves proprioception in patients with pe-
ripheral nerve system injury. It is evident that this positive re-
sult may arise from prompt feedback through the vision’s ac-
tivation of proprioception [31].

In this study, there was an increase in balance in the total 
knee replacement patient through an immersive virtual re-
ality environment. In other studies, Duque et al. [32] report-
ed that balance ability significantly increased in elderly sub-
jects who completed a virtual reality training program, and 
Song et al. [33] reported that virtual reality training using visual 
feedback resulted in significant differences in sensing weight 
shifting and balance in healthy adults. These results suggest 
that virtual reality training produces a dynamic motion that 
can increase muscle strength due to trunk and lower extrem-
ity motion control and weight shifting through upper extrem-
ity motion. Likewise, the speed of weight shifting increased, 
as did the number of times deviation occurred from the cen-
ter body of the stable support base [34]. Increased activity of 
the body induces an increase in joint proprioception in addi-
tion to muscle strength and an increase in corresponding bal-
ance control capability [35].

Using 10MWT to examine changes in gait, there was an im-
provement after each intervention. Elderly patients that re-
ceive total knee replacement have about a 69% lower gait 
speed than a healthy elderly person [36], and most total knee 
replacement patients exhibit a slow speed gait and have a 
limitation in knee flexion in all sections of stance and swing 
phase [37]. They have a temporally shorter swing phase gait 
pattern during gait cycle and an excessive flexion moment in 
stance phase relative to swing phase [38]. This is the body’s 
adaptation to prudent gait pattern to increase gait stability 
and decrease the risk of falling [39,40]. Baram and Miller [41] 
reported that virtual reality training noticeably increased gait 
speed in multiple sclerosis patients and that it could decrease 
the limitation of daily life motions. Lamontagne et al. [42] and 
Yang et al. [43] administered a virtual reality training pro-
gram to stroke patients and also reported that gait speed sig-
nificantly increased in all of them. This supports the result of 
our study that virtual reality training has a positive effect on 
gait ability. Furthermore, as shown in the results of our study, 
muscle strength and balance increased through virtual reali-
ty training and increased the ability to support the motion of 
weight falling on the lower extremity while walking [44,45]. 
The results of this study are consistent with a study report-
ing that there was a significant correlation between balance 
and gait speed [46].

In the present study, we found that training using an immer-
sive virtual reality environment brought about positive changes 
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in muscle strength, proprioception, balance, and gait speed of 
a total knee replacement patient. However, the results of this 
study cannot be generalized since this study is a case report 
involving a single patient. However, this study is important 
in that it is the first study using an immersive virtual reality 
environment as an intervention tool for a total knee replace-
ment patient with moderate osteoarthritis. Although the pos-
itive potential is evident, a follow-up study should be done to 
analyze the effects of training using an immersive virtual re-
ality environment in a larger cohort of patients.

Conclusions

The results of this case report suggest that virtual reality train-
ing may be an effective intervention for muscle strength, pro-
prioception, balance, and gait of middle-aged women who had 
total knee replacement surgery. However, this case report has 
several limitations. Therefore, future studies to investigate the 
use of a virtual reality environment for total knee replacement 
patients are warranted.

References:

 1. Kehlet H: [Surgery for the elderly is an urgent multidisciplinary challenge.] 
Ugeskr Laeger, 2013; 175(41): 2394 [in Daniash]

 2. The Korean Orthopaedic Association: Orthopaedics 5th ed. Seoul. The New 
Medical Journal Corp., 2002

 3. Levangie PK, Norkin CC: Joint structure and function. 3rd ed. Philadelphia, 
Pennsylvania. F.A. Davis, 2001

 4. Nordin M, Frankel VH: Basic biomechanics of the musculoskeletal system. 
Philadelphia, Pennsylvania. Lippincott Williams & Wilkins, 2001

 5. Kurtz SM, Ong KL, Schmier J et al: Future clinical and economic impact of 
revision total hip and knee arthroplasty. J Bone Joint Surg Am, 2007; 89(3): 
144–51

 6. Harato K, Otani T, Nakayama N: When does postoperative standing func-
tion after total knee arthroplasty improve beyond preoperative level of 
function? Knee, 2009; 16(2): 112–15

 7. Kennedy DM, Stratford PW, Hanna SE et al: Modeling early recovery of 
physical function following hip and knee arthroplasty. BMC Musculoskelet 
Disord, 2006; 7: 100

 8. Mizner RL, Snyder-Mackler L: Altered loading during walking and sit-to-
stand is affected by quadriceps weakness after total knee arthroplasty. J 
Orthop Res, 2005; 23(5): 1083–90

 9. Stevens JE, Mizner RL, Snyder-Mackler L: Neuromuscular electrical stimula-
tion for quadriceps muscle strengthening after bilateral total knee arthro-
plasty: A case series. J Orthop Sports Phys Ther, 2004; 34(1): 21–29

 10. Kramer JF, Speechley M, Bourne R et al: Comparison of clinic-and home-
based rehabilitation programs after total knee arthroplasty. Clin Orthop 
Relat Res, 2003; 410: 225–34

 11. Chan CL, Ngai EK, Leung PK et al: Effect of the adapted Virtual Reality cog-
nitive training program among Chinese older adults with chronic schizo-
phrenia: A pilot study. Int J Geriatr Psychiatry, 2010; 25(6): 643–49

 12. D’Angelo M, Narayanan S, Reynolds DB et al: Application of virtual reality 
to the rehabilitation field to aid amputee rehabilitation: Findings from a 
systematic review. Disabil Rehabil Assist Technol, 2010; 5(2): 136–42

 13. Merians AS, Jack D, Boian R et al: Virtual reality-augmented rehabilitation 
for patients following stroke. Phys Ther, 2002; 82(9): 898–915

 14. Weiss PL, Rand D, Katz N et al: Video capture virtual reality as a flexible 
and effective rehabilitation tool. J Neuroeng Rehabil, 2004; 1(1): 12

 15. Flynn S, Palma P, Bender A: Feasibility of using the Sony PlayStation 2 gam-
ing platform for an individual poststroke: A case report. J Neurol Phys Ther, 
2007; 31(4): 180–89

 16. Bohannon RW, Andrews AW: Interrater reliability of half- held dynamome-
try. Phys Ther, 1987; 67(6): 931–33

 17. Csuka M, McCarty DJ: Simple method for measurement of lower extremi-
ty muscle strength. Am J Med, 1985; 78(1): 77–81

 18. Lin YC, Davey RC, Cochrane T: Tests for physical function of the elderly with 
knee and hip osteoarthritis. Scand J Med Sci Sports, 2001; 11(5): 280–86

 19. Kim MC, Kim NJ, Lee MS et al: Validity and reliability of the knee joint pro-
prioceptive sensory measurements using a smartphone. J Korean Soc Phys 
Med, 2015; 10(4): 15–23

 20. Park IW, Lim OB, Park KN et al: Intra- and inter-rater reliability of measuring 
passive range of shoulder motion with smartphone and goniometer in pa-
tients with stroke. Journal of Korean Research Society of Physical Therapy, 
2014; 21(1): 1–12

 21. Berg KO, Wood-Dauphinée S, Williams JI: The Balance Scale: Reliability as-
sessment with elderly residents and patients with an acute stroke. Scand 
J Rehabil Med, 1995; 27: 27–36

 22. Berg KO, Wood-Dauphinée S, Williams JI et al: Measuring balance in the 
elderly: Preliminary development of an instrument. Physiother Can, 1989: 
41: 304–11

 23. Berg KO, Wood-Dauphinée SL, Williams JI et al: Measuring balance in the 
elderly: Validation of an instrument. Can J Public Health, 1992; 83: S7–S11

 24. Fulk GD, Echternach JL: Test-retest reliability and minimal detectable change 
of gait speed in individuals undergoing rehabilitation after stroke. J Neurol 
Phys Ther, 2008; 32(1): 8–13

 25. Alice BM, Stéphane A, Yoshisama SJ et al: Evolution of knee kinematics three 
months after total knee replacement. Gait Posture, 2015; 41(2): 624–29

 26. Michael V, Jasmin L, Lea A et al: Home-based virtual reality-augmented train-
ing improves lower limb muscle strength, balance, and functional mobility 
following chronic incomplete spinal cord injury. Front Neurol, 2017; 8: 635

 27. Lee Y, Choi W, Lee K et al: Virtual reality training with three-dimensional 
video games improves postural balance and lower extremity strength in 
community-dwelling older adults. J Aging Phys Act, 2017; 25(4): 621–27

 28. Torres R, Duarte JA, Cabri JM: An acute bout of quadriceps muscle stretch-
ing has no influence on knee joint proprioception. J Hum Kinet, 2012; 34(1): 
33–39

 29. Skinner HB, Barrack RL, Cook SD: Age-related decline in proprioception. Clin 
Orthop, 1984; 184: 208–11

 30. Deblock-Bellamy A, Batcho CS, Mercier C: Quantification of upper limb po-
sition sense using an exoskeleton and a virtual reality display. J Neuroeng 
Rehabil, 2018; 15(1): 24

 31. Grewal GS, Sayeed R, Schwenk M et al: Balance rehabilitation: Promoting 
the role of virtual reality in patients with diabetic peripheral neuropathy. J 
Am Podiatr Med Assoc, 2013; 103(6): 498–507

 32. Duque G, Boersma D, Loza-Diaz G et al: Effects of balance training using a 
virtual-reality system in older fallers. Clin Interv Aging, 2013; 8: 257–63

 33. Song CG, Kim JY, Kim NG: A new postural balance control system for reha-
bilitation training based on virtual cycling. IEEE Trans Inf Technol Biomed, 
2004; 8(2): 200–7

 34. Yavuzer G, Senel A, Atay MB: ‘’Playstation eyetoy games’’ improve upper 
extremity-related motor functioning in subacute stroke: A randomized con-
trolled clinical trial. Eur J Phys Rehabil Med, 2008; 44(3): 237–44

 35. Morrison S, Colberg SR, Mariano M et al: Balance training reduces falls risk 
in older individuals with type2 diabetes. Diabetes Care, 2010; 33(4): 748–50

 36. Kramers-de Quervain, IA, Stussi E et al: Quantitative gait analysis after bi-
lateral total knee arthroplasty with two different systems within each sub-
ject. J Arthroplasty, 1997; 12(2): 168–79

 37. Benedetti MG, Catani F, Bilotta TW et al: Muscle activation pattern and 
gait biomechanics after total knee replacement. Clin Biomech, 2003; 18(9): 
871–76

 38. Holden JP, Chou G, Stanhope SJ: Changes in knee joint function over a wide 
range of walking speeds. Clin Biomech, 1997; 12(6): 375–82

 39. Lamoth CJ, van Deudekom FJ, van Campen JP et al: Gait stability and vari-
ability measures show effects of impaired cognition and dual tasking in 
frail people. J Neuroeng Rehabil, 2011; 8: 2

1641

Hong S. et al.: 
Effects of an immersive virtual reality environment on muscle strength, proprioception…
© Am J Case Rep, 2019; 20: 1636-1642

Indexed in: [PMC] [PubMed] [Emerging Sources Citation Index (ESCI)]
[Web of Science by Clarivate]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



 40. Mirelman A, Maidan I, Herman T et al: Virtual reality for gait training: can 
it induce motor learning to enhance complex walking and reduce fall risk 
in patients with Parkinson’s disease? J Gerontol A Biol Sci Med Sci, 2011; 
66(2): 234–40

 41. Baram Y, Miller A: Virtual reality cues for improvement of gait in patients 
with multiple sclerosis. Neurology, 2006; 66(2): 178–81

 42. Lamontagne A, Fung J, McFadyen BJ et al: Modulation of walking speed by 
changing optic flow in persons with stroke. J Neuroeng Rehabil, 2007; 4: 
22–29

 43. Yang YR, Tsai MP, Chuang TY et al: Virtual reality-based training improves 
community ambulation in individuals with stroke: A randomized controlled 
trial. Gait Posture, 2008; 28: 201–6

 44. Allet L, Armand S, de Bie RA et al: The gait and balance of patients with di-
abetes can be improved: a randomised controlled trial. Diabetologia, 2010; 
53(3): 458–66

 45. Whittle M. Gait analysis. Edinburgh: New York, 2007

 46. Perry J, Burnfield JM: Gait analysis. Thorofare, NJ. SLACK, 2010

1642

Hong S. et al.: 
Effects of an immersive virtual reality environment on muscle strength, proprioception…

© Am J Case Rep, 2019; 20: 1636-1642 

Indexed in: [PMC] [PubMed] [Emerging Sources Citation Index (ESCI)]
[Web of Science by Clarivate]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)


