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Introduction: Voluntary Response Index (VRI) is used as a measure of motor control to study 
abnormalities of voluntary movements. This study aimed to evaluate the reliability of voluntary 
response index analysis in subjects with Anterior Cruciate Ligament Reconstruction (ACLR).

Materials and Methods: Using surface electromyography, the VRI components of both 
groups of 15 ACLR and 15 healthy controls were assessed during the functional task (sit-stand-
sit). The outcome variables of VRI included the magnitude and similarity index.

Results: In sit to stand phase, high reliability was found (ICC=0.80-0.89) for the magnitude 
and similarity index in both groups. In the standing phase, high to very high reliability was 
found for the magnitude and similarity index in both groups (ICC=0.75-0.91). In stand to 
sit phase, high to very high reliability was found (ICC=0.78-0.92) for the magnitude and 
similarity index in both groups.

Conclusion: Surface electromyographic measurements of VRI analysis demonstrated high to 
very high reliability in athletes with ACLR during the functional task (sit-stand-sit). The results 
of the current study showed that the VRI analysis in athletes after ACLR was a reliable method 
and can be used to evaluate motor control before and after ligament injury in these patients.
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1. Introduction

he Anterior Cruciate Ligament (ACL) is 
one of the most important ligaments that 
stabilizes the knee joint which contains 
mechanoreceptors [1]. Since, it contributes 
substantially to the joint stability and func-

tion [2], when seriously injured, the first choice for treat-
ment for an athlete, most likely in orthopedics, is surgical 
reconstruction [3]. As we know, voluntary movements are 
produced by muscle activations and controlled by the Cen-
tral Nervous System (CNS) [4]. A large number of mecha-
noreceptors and the nervous central links could be affected 
after ACL reconstruction (ACLR) causing changed move-
ment patterns during various tasks and activities [5].

Voluntary Response Index (VRI) is a surface EMG 
technique with high sensitivity when used as a measure 
of motor control to study the abnormalities of voluntary 
movements [4, 6-11]. Instead of examining individual 
muscle activity, it would be more beneficial to examine 
the activation pattern of all muscles engaged in the entire 
prototype of a task. In practical application, the magni-
tude and the similarity activities of all muscles engaged 
in voluntary movement are studied as a whole rather 
than studying each muscle individually [12, 13]. 

Because of the amplitude variability across subjects, it 
is difficult to analyze the EMG signals that are recorded 
simultaneously from several muscles. The effect of vari-
ability across subjects is minimized by comparing the 
average patterns collected from healthy subjects by cal-
culating the similarity index separately from the magni-
tude value. This method provides quantitative analysis 
and the elementary pattern recognition of voluntary mo-
tor control during different tasks [4]. The evidence about 
VRI is still under research. For example, Norouzi et al. 
used VRI to classify and distinguish subjects with ACL 
deficiency in a primitive stage of injury [13].

Generally, the test-retest reliability is used to measure the 
precision and consistency related to the repeatability of a vari-
able to consider a specific method as a valid and reliable one.

The current study aimed to determine the test-retest reli-
ability of quantitative measures of VRI analysis during the 
voluntary sit-stand-sit task. We hypothesized that the VRI 
method is reliable and therefore, it can be considered as an 
applicable technique during rehabilitation for future research 
in altered movement patterns studies in patients with ACLR.

2. Materials and Methods

Study Participants

Fifteen healthy and 15 ACLR subjects (i.e., control and 
case groups, respectively) voluntarily participated in this 
study. All subjects in the ACLR group had undergone re-
construction surgery with a similar technique, i.e., Semi-
tendinosus and Gracilis Tendon (STG). The case group 
comprised amateur athletes from physical therapy clinics 
of rehabilitation faculty and the Sports Medicine Federa-
tion, and the control group comprised amateur athletes 
from the students at Tehran University of Medical Scienc-
es. The inclusion criteria for the ACLR group were as fol-
lows: Athletes aged between 18 and 35 years, underwent 
a unilateral ACL reconstruction, no history or signs of in-
jury in the contralateral knee, less than one month passed 
from injury to the surgery date, 8 weeks after ACLR, the 
Range of Movement (ROM) was greater than 100 degrees 
flexion and complete extension (0 degrees). Subjects were 
excluded if they had pain during tests or any complication 
preventing the data collection. The healthy subjects had 
no cardiopulmonary disease and neurological disorder or 
any history of musculoskeletal impairment in the last 3 
months. Both groups were matched according to the de-
mographic characteristic (Table 1). 

Test protocol

The same examiner asked each subject to perform the 
functional task (sit-stand-sit). Each task was repeated 3 
times in the test session with 30 seconds interval between 
the tasks. EMG activities of the 5 muscles of the knee, 
including the rectus femoris, vastus medialis, vastus late-
ralis, biceps femoris, and semitendinosus, were recorded 
during a sit-stand-sit task. The electrodes were placed 
based on the SENIAM’s (Surface EMG for Non-Invasive 
Assessment of Muscles) recommendations (http://www.
seniam.org/). All recordings were received through an 
8-channel portable EMG system (DataLOG, Biometrics 
Ltd England). Preamplifier bipolar active electrodes with 
a fixed center-to-center interelectrode distance of 20 mm, 
recording diameter of 10 mm, built-in differential ampli-
fier with a gain of 1000, the input impedance of 1015 Ω, 
common-mode rejection ratio of 110 dB at 60 Hz, and 
bandwidth of 20-450 Hz and ground electrodes located 
on the right wrist were attached to the skin. 

The electrodes were numbered to match their entrances 
as follows: number 1 for rectus femoris, number 2 for 
vastus medialis, number 3 for vastus lateralis, number 
4 for semitendinosus, and number 5 for biceps femoris. 
The subject was placed on a chair in the starting posi-
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tion, with his back fully attached to the back of the chair, 
thus holding the hip joints at 90° flexion. The knee joints 
were positioned at 90°. The electrodes were attached to 
the skin on the affected leg. Then, the subject was in-
structed to stand up in 5 seconds and holding this posi-
tion for 10 seconds. After that, the subject was asked to 
sit in 5 seconds and holding this position for 10 seconds, 
and the cycle was repeated three times. The metronome 
was used to monitor phase rhythm during movement 
(i.e., a beep sounds every second). The subjects were 
asked to reach the point of complete standing on the 5 
beeps, staying in this position for 10 beeps, return to sit-
ting position on the 5 beeps, and staying in this posi-
tion for 10 beeps.  The subjects were asked to maintain a 
steady pace throughout the entire task.

Data analysis

The Magnitude (MAG) and the Similarity Index (SI) 
were the EMG outcome measures as they represent the 
two components of the VRI of the knee muscles dur-
ing the sit-stand-sit task. VRI components express the 
amount of activity (MAG) and its distribution (SI) in 
comparison with the distribution of activity observed 
in healthy subjects when they are doing the same func-
tional task [4]. The functional task (sit-stand-sit) was 
divided into three phases: phase 1, sit to stand; phase 2, 
stand; and phase 3 stand to sit. 

To implement that, first, the Root Mean Square (RMS) 
was calculated for each muscle. In doing so, we got the 
Response Vector (RV) of that muscle. Afterward, the 
Prototype Response Vector (PRV) was calculated by 
placing the response vectors of the 5 muscles in Equa-
tion 1, which expresses the magnitude resultant of all 
muscles engaged in the functional task. Second, the SI 
was calculated using Equation 2. Equation 1 represents 
the magnitude of n muscles in a task and Equation 2 
represents the SI of a group of muscles in a task, where 
the RVi is the RMS of each muscle, and the PRVi is the 
PRV of each muscle engaged in the task.

Equation 1: Rnoem=
ΣiRi

2

R1R2R3...Rn

Ri = Response vector (RMS) for each muscle 

Equation 2: SI= |RV||PRV|
Σi(RViPRVi)

Three trials of the functional task (sit-stand-sit) were used 
to calculate the reliability of the VRI. Considering the al-
pha level at 0.05 as statistically significant for all analyses.

Statistical analysis

The Intraclass Correlation Coefficient (ICC) was used 
to assess the reliability of the measures. A 95% Confi-
dence Interval (CI) was calculated for each ICC to bear 
the sampling distribution in mind. We calculated the 
relative intrasession reliabilities using a 1-way random 
model of the intraclass correlation coefficient [14]. To 
describe the degree of reliability, Munro’s classification 
for reliability coefficients was used as follows: 0.00-
0.25, little, if any reliability; 0.26-0.49, low reliability; 
0.50-0.69, moderate reliability; 0.70-0.89, high reliabil-
ity; and 0.90-1.00, very high reliability [15]. The Stan-
dard Error of Measurement (SEM) was used to assess 
absolute reliability which was calculated as the square 
root of the mean square error term obtained from the 
analysis of variance tables [16]. ICC and SEM for each 
phase of the task were calculated and presented in the 
related tables. SPSS v. 25 was used for all analyses.

3. Results

Mean±SD of the VRI components for the 3 trials in 
different phases of the functional task of the ACLR and 
healthy groups are shown in Table 2. The ICC (95% CI), 
SEM, and MDC are presented in Table 3. In general, the 
reliability of the VRI components, MAG, and SI ranged 
between high to very high reliability for both groups in 
all phases of the functional task. No significant differ-
ences were found between test and retest mean scores 
(P>0.05) of VRI components in the 3 phases of the func-

Table 1. Demographic characteristic of the subjects in the experimental groups (n=15)

Variables
Mean±SD

ACLR Healthy

Age (y) 24.4±3.59 23.7±2.66

Height (cm) 173.1±4.55 175.3±4.78

Weight (kg) 76.7±4.87 80.1±5.62

ACLR: Anterior Cruciate Ligament Reconstruction.
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tional task showing no systematic bias. The smaller SEM 
refers to the smaller error estimating between the tests.

In sit to stand phase, high reliability was found 
(ICC=0.80-0.89) for the MAG and SI in both groups. 
In the standing phase, high to very high reliability was 
found for the magnitude and similarity index in both 
groups (ICC=0.75-0.91). In stand to sit position, high to 
very high reliability was found (ICC=0.78-0.92) for the 
MAG and SI in both groups.

4. Discussion

The current study examined the within-day test-retest 
reliability of surface electromyographic (sEMG) data ana-
lyzed through the Voluntary Response Index (VRI) meth-
od in subjects with and without ACLR during a functional 
task (sit-stand-sit). To the best of our knowledge, there is 

no study has yet addressed the reliability of sEMG data 
analysis by the Voluntary Response Index (VRI) method 
in athletes with ACLR in the sit-stand-sit task.

The results of the current study showed a high to very 
high reliability for the VRI method in all phases of the 
functional task. This implied that due to the small mea-
surement errors compared with the variability between the 
subjects, the possibility of type 2 error was limited [14]. 
Furthermore, the ICC of MAG was higher than the ICC 
of SI within the ACLR and healthy groups in all phases 
of the functional task. Besides, the ICC of MAG and SI 
of the healthy subjects was higher than the MAG and SI 
of ACLR subjects; this may be due to more coordination 
between the studied muscles during the functional task.

The fundamental characteristic of this method of analy-
sis to assess motor control capability is the use of the 

Table 3. Test re-test reliability of VRI components in 3 phases of the functional task (sit-stand-sit) in a sample of individuals 
with ACLR and healthy athletes

Variables
Sit to Stand Stand Stand to Sit

ICC (95% CI) SEM MDC ICC (95% CI) SEM MDC ICC (95% CI) SEM MDC

ACLR
SI 0.80 0.01 0.04 0.75 0.01 0.05 0.78 0.01 0.04

MAG 0.85 0.80 2.23 0.83 0.38 1.0 0.90 0.89 2.47

Healthy
SI 0.84 0.03 0.09 0.85 0.02 0.06 0.88 0.05 0.01

MAG 0.89 1.09 3.02 0.91 3.01 8.35 0.92 2.78 7.71

ICC: Intraclass Correlation Coefficient; CI: Confidence Interval; SEM: Standard Error Of Measurement; MDC: Minimal Detect-
able Change; ACLR: Anterior Cruciate Ligament Reconstruction; SI: Similarity Index; MAG: Magnitude (μV)

Table 2. Descriptive data for the VRI components in 3 phases of the functional task (sit-stand-sit) in a sample of individuals 
with ACLR and healthy athletes (n=15)

Groups Variables

Mean±SD

Sit to Stand Stand Stand to Sit

Test 1 Test 2 Test 3 Test 1 Test 2 Test 3 Test 1 Test 2 Test 3

ACLR
SI 0.23±0.07 0.23 

±0.06
0.21 

±0.12
0.40 

±0.12
0.45 

±0.10
0.39 

±0.12
0.23 

±0.08
0.19 

±0.09
0.18 

±0.08

MAG 33.91 
±9.29

31.90 
±10.42

31.98 
±13.08

8.98 
±1.88

10.08 
±1.62

9.10 
±2.38

34.96 
±11.46

32.57 
±15.94

32.02 
±11.03

Healthy
SI 0.43 

±0.19
0.44 

±0.20
0.56 

±0.24
0.27 

±0.14
0.30 

±0.14
0.37 

±0.16
0.52 

±0.24
0.51 

±0.23
0.52 

±0.22

MAG 54.87 
±9.46

52.56 
±9.29

53.62 
±12.55

30.82 
±10.29

24.74 
±10.29

26.35 
±12.08

53.33 
±12.54

44.71 
±12.03

44.63 
±13.97

ACLR: Anterior Cruciate Ligament Reconstruction; MAG: Magnitude (μV); SI: Similarity Index
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distribution of activity across the studied muscles during 
specific voluntary motor tasks [4]. VRI analysis is de-
rived from the magnitude of the response vector, which 
is an expression of the overall activity or energy ex-
pended through the movement, and the similarity index 
as a result of the comparison of sEMG patterns recorded 
during voluntary movements to an average prototype 
pattern obtained from normal subjects. For example, a 
quantitative analysis of VRI was used from sEMG data 
recorded during defined voluntary movement to study 
changes in the magnitude and similarity muscle control 
pattern in subjects with incomplete spinal cord injury 
and it was reported that qualitative changes in sEMG 
patterns of motor control could be reflected by VRI [4]. 

The VRI of sEMG data had also been used to examine 
changes in the movement pattern of the cervical mus-
cle groups during head reposition in young adults with 
chronic neck pain, and it was found that patients with 
chronic neck pain exhibited altered EMG patterns dur-
ing voluntary sagittal neck motions [11]. The examples 
from these studies and several others indicated that VRI 
analysis could show changes in the CNS motor output 
that occurred with rehabilitative interventions or disor-
der progression [9, 11-13, 17]. 

The results of the current study showed high to very 
high levels of reliability (ICC=0.75-0.92) for MAG and 
SI. Although no available studies had assessed the re-
liability of VRI analysis in ACLR and healthy athletes 
in the mentioned functional task (sit-stand-sit), there 
was only one study that assessed the reliability of VRI 
analysis, and it was in subjects with incomplete Spi-
nal Cord Injury (SCI) [18]. The results from that study 
(ICC=0.65-0.95) for MAG and SI may be comparable 
to the results in the current study with a difference in 
the applied protocol during motor tasks. They concluded 
that VRI analysis seemed to be a reliable method for short- 
and intermediate-term in subjects with SCI. Khaleghi et al. 
used VRI analysis to study the knee muscle reciprocal co-
activation in patellofemoral pain syndrome; they reported 
an ICC of 0.85-0.99 for VRI components [12]. Further-
more, they found the lowest value of the absolute reliabil-
ity of SI in both groups in all phases of the functional task. 
Moreover, the SI in both groups in all phases of the func-
tional task had the lowest MDC. Lower scores of MDC of 
the VRI components suggested a sensitive amount of the 
measurement error [16].

In the current study, the reliability was evaluated in 
ACLR subjects. The study results are only valid for this 
population and not applicable to any other population. 
Thus, further research with a greater population is rec-

ommended to evaluate this analysis method for other 
musculoskeletal disorders.

5. Conclusion

The current study showed a high to very high short-
term reliability of surface electromyographic measure-
ments of VRI analysis in ACLR and healthy subjects 
during the functional motor task (sit-stand-sit). Thereby, 
it might be clinically appreciable to include this method 
of analysis to evaluate motor control in the protocols for 
examining the effects of rehabilitative interventions in 
subjects following an ACL reconstruction.
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