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Introduction: Electromyography (EMG) normalization often relies on maximum voluntary isometric contraction (MVIC), which may not be suitable for knee osteoarthritis (KOA) patients due to difficulties in generating maximum joint torques caused by pain. This study aims to assess the reliability of standard isometric contraction (SIC) for EMG normalization in older adults with KOA, comparing it with MVIC.
Methods: We recruited thirty-five older adults with KOA and collected root mean square EMG amplitudes from seven muscles in the affected limb during level walking, SIC, and MVIC tests. EMG data during level walking were normalized using both SIC and MVIC methods. This process was repeated after at least 1 week. We calculated intra-class correlation coefficients (ICCs) with 95% confidence intervals to evaluate between- and within-day reliabilities.
Results: SIC tests showed higher between- (ICC: 0.75–0.86) and within-day (ICC: 0.84–0.95) ICCs across all seven muscles compared to MVIC tests. When normalized with SIC, all seven muscles exhibited higher between- (ICC: 0.67–0.85) and within-day (ICC: 0.88–0.99) ICCs compared to MVIC normalization.
Conclusion: This study suggests that SIC may offer superior movement consistency and reliability compared to MVIC for EMG normalization during level walking in older adults with KOA.
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1 INTRODUCTION
Knee Osteoarthritis (KOA) is a chronic degenerative disease caused by the degeneration of articular cartilage through wear and tear (Lv et al., 2021), commonly occurring in older adults (Heidari, 2011), with clinical symptoms including pain, stiffness, and instability (Hsu and Siwiec, 2023). Knee muscle activation and its induced gait pattern were different in KOA patients compared to healthy controls, which may be a compensatory strategy to cope with KOA symptoms (Hubley-Kozey et al., 2006). Electromyography (EMG) is a biomedical signal that measures the electrical currents generated during muscle contractions that represent neuromuscular activity (Raez, Hussain, and Mohd-Yasin, 2006). EMG can be used to dynamically observe the degree and duration of muscle activation. Analysis of EMG during level walking among older adults with KOA helps to understand the changes in muscle activation and knee biomechanics (Schrijvers et al., 2021) and can be beneficial in the diagnosis, treatment, and rehabilitation of KOA (Sun et al., 2017; Kour, Gupta, and Arora, 2021).
Normalization influences the consistency and comparability of EMG among older adults with KOA (Kellis and Baltzopoulos, 1996; French et al., 2015). A normalization method should be reliable to ensure that EMG signals from the muscles are credible in identifying muscle dysfunction and evaluating treatment efficacy (Dankaerts et al., 2004a). The more reliable the SIC normalization method is, the more accurately researchers will be able to compare and analyze muscle activation among older adults with KOA, thus gaining insights into muscle activation patterns, and even the etiology of KOA, to develop precise rehabilitation programs.
Maximum voluntary isometric contraction (MVIC) is the most common approach for normalizing EMG (Merletti and Di Torino, 1999), but it may not be suitable for older adults with KOA. To obtain EMG during MVIC, participants need to maximize muscle contraction, and older adults with KOA may be unable or unwilling to produce maximal muscle contraction due to pain, stiffness, instability, muscle weakness, arthrogenous muscle inhibition, and other factors (Thomas et al., 2008). In addition, there is a risk of increasing blood pressure during MVIC, which may be harmful to older adults (Watanabe et al., 2022). When participants cannot perform MVIC due to pain or risk of injury (Besomi et al., 2020), traditional sub-MVIC provides an alternative that allows participants to contract their muscles at a certain percentage of MVIC. However, the percentage varies in the literature, like 30% (Yang and Winter 1983), 60% (Norasi, Koenig, and Mirka, 2022), or 75% (Doorenbosch, Joosten, and Harlaar, 2005). The percentage is difficult to determine for older adults with KOA, given the pain level and strength degradation vary between individuals and conditions. Standard isometric contraction (SIC) could be viewed as a unique form of sub-MIVC, in which participants remain in a standard position and isometrically contract their muscles to resist the body weight (Dankaerts et al., 2004b). It is called “standard” because the contraction force is relatively consistent and depends on body weight only. SIC differs from other calibration methods such as MVIC or traditional Sub-MVIC in that it requires participants to perform isometric contractions in a standard antigravity position rather than maximal or submaximal muscle contractions, thus avoiding the effects of factors such as pain and joint instability on the reproducibility of movements, and therefore has the potential to improve the movement or EMG consistency.
Therefore, this study has a two-fold objective: 1) to assess the between- and within-day reliabilities of EMG during SIC and MIVC tests among older adults with KOA; and 2) to assess the between- and within-day reliabilities of EMG during level walking normalized with SIC or MVIC among older adults with KOA. We hypothesized that: 1) among older adults with KOA, the between- and within-day ICCs of EMG are higher during SIC tests than in MVIC tests; and 2) compared with MIVC, the between- and within-day ICCs of EMG normalized with SIC are higher during level walking.
2 METHODS
2.1 Participants
All participants were recruited from local communities by distributing flyers and providing presentations. Thirty-five participants voluntarily participated in this study. The inclusion criteria were: 60 years or older; diagnosed with unilateral KOA according to the clinical criteria of the American College of Rheumatology (Altman et al., 1986); and a Kellgren/Lawrence (K/L) grade of 2–4 as determined by an orthopedic specialist based on a patient’s x-rays (Kellgren and Lawrence, 1957). The exclusion criteria were: suffering from a neurological or neuromuscular disorder that affects the knee (other than the KOA); had a history of any lower extremity joint surgery or fractures in the past 3 months; reported chronic, disabling back, hip, ankle, or foot pain that affected their daily activities; used an assistive walking aid regularly; or had severe cognitive impairment according to Mini-mental State Examination (score<24 points). All participants gave their written informed consent. Human participation was approved by Institutional Review Boards in Shandong Sport University (2020018) and was in accordance with the Declaration of Helsinki.
2.2 Target muscles
The seven target muscles in this study were gluteus maximus (GM), semitendinosus (SD), rectus femoris (RF), vastus lateralis (VL), tibialis anterior (TA), gastrocnemius lateral (GL), and soleus (SOL) of the affected leg. These seven muscles were commonly measured in gait analysis (Burden, Trew, and Baltzopoulos, 2003; Hubley-Kozey et al., 2009; Elsais et al., 2020), including one- and two-joint hip extensor (GM and SD), two-joint hip flexor (RF), one- and two-joint knee extensor (VL and RF), two-joint knee flexor (SD and GL), one- and two-joint plantar flexor (SOL and GL), and one-joint dorsiflexor (TA).
2.3 Protocols
The tests were conducted at the Biomechanics Laboratory of Shandong Sport University. The enrolled participants visited the laboratory twice for two experimental sessions separated by at least 1 week. The participants’ demographics such as age, height, body mass, body mass index, and pain score were recorded. The pain score of the affected leg was assessed by five pain items of the Western Ontario McMaster Universities Osteoarthritis Index (WOMAC) (Bellamy et al., 1988). In each item, 0 points represented “no pain”, whereas 10 points represented “the worst pain possible”. Higher scores indicate more severe pain.
EMG was collected during each session from level walking, SIC, and MVIC tests in a fixed order. EMG was recorded from the GM, SD, RF, VL, TA, GL, and SOL using a 16-channel EMG system at 2000 Hz (Ultium 8801, Noraxon Inc, United States of America). Before applying the electrodes, the skin was lightly shaved and cleaned with 70% alcohol wipes. According to the SENIAM recommendations (Hermens et al., 1999), Ag/AgCl surface electrodes (10 mm diameter, 20 mm inter-electrode distance) were placed over the seven muscles. The electrodes were placed as close to the center of the muscle belly as possible in view of the run of muscle fibers while avoiding the motor point (Warfel, 1985; De Luca and Carlo, 1997) (Figure 1). Forty-three reflective markers were placed according to the full-body Plug-in-Gait model (Paterson et al., 2017). Kinematic parameters were measured by using a 12-camera motion analysis system at 100 Hz (Vicon, Oxford Metrics Ltd., United Kingdom).
[image: Figure 1]FIGURE 1 | Electrode placement diagram. This image was taken from 3D body and used with permission.
2.3.1 Level walking test
Each participant walked at a self-selected speed on a 10 m walkway, and a minimum of six gait cycles were included in each test for further analysis (Shiavi et al., 1998). EMG from the participants’ affected legs was collected. Participants with KOA had different walking speeds, so self-selected speeds were chosen to increase the consistency of the EMG tests (Kadaba et al., 1989). The gait cycle was defined as the time between two consecutive foot-contact instances of the same foot, and the instance of foot-contact was calculated by the kinematic variables (Zeni et al., 2008).
2.3.2 SIC test
Participants extended their affected hips until the knees were 3 cm above the bed’s surface while lying prone during the GM tests (Figure 2A), stood on their healthy legs, and bent their affected knees to 90° during the SD tests (Figure 2B), squatted while kept their backs straight and flexed their trunks to 45° and knees to 120° during the RF and VL tests (Figure 2C), sat on a chair with their hips and knees flexed to 90° during the TA tests, dorsiflexed their affected ankles while strapping a sandbag weighing approximately 5% of the body weight to the metatarsophalangeal joint during the TA test (Figure 2D), stood on their forefeet with their heels raised to about 2 cm above the ground during the GL and SOL tests (Figure 2E). During RF and VL, and GL and SOL tests, the participants were verbally reminded to bear weight evenly on both lower limbs. Each test lasted for at least 5 s and was repeated thrice. Participants rested for 20 s between successive repetitions, or longer if needed.
[image: Figure 2]FIGURE 2 | Illustrations of SIC tests for different muscles (A) Gluteus maximus, (B) Semitendinosus, (C) Rectus femoris and Vastus lateralis, (D) Tibialis anterior, (E) Gastrocnemius lateral and Soleus.
2.3.3 MVIC test
During the MVIC test, the participant’s body and joint positions were as follows: prone position with hips extended at 20° during the GM test; prone position with knees flexed at 30° during the SD test; seated position with knees flexed at 90° during the RF and VL tests; supine position with ankles plantarflexed at 90° during the GL and SOL tests (Konrad, 2005). Participants were instructed to maintain a standardized position against maximal manual resistance and were verbally encouraged to contract with the maximum effort and hold for at least 5 s. Each test was repeated thrice, and participants were allowed to rest for 120 s between successive repetitions (De Luca and Carlo, 1997).
2.4 Data reduction
The root mean square of EMG amplitudes from the level walking, SIC, and MVIC tests were processed using MR3 software (version 3.14, Noraxon Inc, United States). Visual inspection ruled out EMG noise due to poor electrode contact or skin movement artifacts during level walking. Raw EMG was band-pass filtered between 20 and 500 Hz (Tabard-Fougère et al., 2018). Then, the filtered data is rectified and filtered, with RMS calculated using a moving 50 m time window. (Albertus-Kajee et al., 2011), from six gait cycles during level walking. The EMG from the first and last seconds of each trial was discarded, and the mean EMG of the remaining 3s during SIC and MVIC tests was used as the reference amplitudes (Ha et al., 2013). The raw and rectified/smoothed EMG in all seven muscles during the SIC and MVIC tests is shown in Figure 3. The EMG of the lower limbs during level walking was normalized using SIC and MVIC (Figure 4). The mean values of normalized EMG from the six gait cycles were used to calculate the ICCs. The normalized EMG was calculated by dividing the gait EMG by the reference amplitudes. The between-day reliabilities were calculated using the normalized EMG during level walking of the first and second visits, while the within-day reliabilities were calculated using the normalized EMG among six repeated measurements of the first visit.
[image: Figure 3]FIGURE 3 | Raw and rectified/smoothed EMG in all seven muscles from an exemplary participant during the SIC and MVIC tests (A) Gluteus maximus, (B) Semitendinosus, (C) Rectus femoris, (D) Vastus lateralis, (E) Tibialis anterior, (F) Gastrocnemius lateral, (G) Soleus.
[image: Figure 4]FIGURE 4 | (A) EMG during level walking normalized with both SIC and MVIC Gluteus maximus, (B) Semitendinosus, (C) Rectus femoris, (D) Vastus lateralis, (E) Tibialis anterior, (F) Gastrocnemius lateral, (G) Soleus. The horizontal axis represents the percentage of the gait cycle, the left vertical axis represents EMG amplitudes normalized with SIC, and the right vertical axis represents EMG amplitudes normalized with MVIC. The curve represents the average root mean square of six gait cycles. The solid line indicates 100% of MVIC; the dashed line represents 100% of SIC.
2.5 Data analysis
Statistics were done using SPSS software (Version 22; SPSS Inc, United States). Intra-class correlation coefficient (ICC) and 95% confidence interval (95% CI) were calculated to assess test-retest reliabilities (Koo and Mae, 2016). The ICCs were calculated by a two-way mixed model (Müller and Büttner, 1994). The thresholds for ICCs were little (0–0.25), low (0.26–0.49), moderate (0.50–0.69), high (0.70–0.89), and very high (0.90–1) (Wedege et al., 2017).
The ICCs were calculated using the following formula:
[image: image]
Where MSB = between-subjects mean square; MSE = residual mean square; MSR = row mean square, indicating the mean square for raters; n = number of participants; k = number of raters.
3 RESULTS
The demographics of the participants are shown in Table 1. Mean and standard deviation of age, height, mass, body mass index, Kellgren/Lawrence scale, and pain score were reported.
TABLE 1 | Demographic characteristics of participants (n = 35).
[image: Table 1]The between-day ICCs of EMG during the SIC and MVIC tests are shown in Table 2. They were high in all seven muscles during the SIC tests, high in GM and SD, and moderate in RF, VL, TA, GL, and SOL during the MVIC tests. Compared with MVIC, the SIC had higher between-day ICCs in all seven muscles.
TABLE 2 | Between-day reliabilities of EMG during the SIC and MVIC tests (n = 35).
[image: Table 2]The within-day ICCs of EMG during the SIC and MVIC tests are shown in Table 3. They were high to very high in all seven muscles during the SIC tests, and high in seven muscles during the MVIC tests. Compared with MVIC, the SIC had higher within-day ICCs in all seven muscles.
TABLE 3 | Within-day reliabilities of EMG during the SIC and MVIC tests (n = 35).
[image: Table 3]The between-day ICCs of EMG amplitudes during level walking normalized with SIC and MVIC are shown in Table 4. They were high in RF, VL, TA, GL, and SOL and moderate in GM and SD using SIC normalization, whereas moderate in GM, SD, VL, TA, GL, and SOL and low in RF using MVIC normalization. Compared with MVIC, the between-day ICCs during level walking were higher in all seven muscles.
TABLE 4 | Between-day reliabilities of EMG during level walking normalized with SIC or MVIC (n = 35).
[image: Table 4]The within-day ICCs of EMGs during level walking normalized with SIC and MVIC are shown in Table 5. They were high to very high in all seven muscles using SIC or MVIC normalization, and high in all seven muscles using MVIC normalization. Compared with MVIC, the within-day ICCs during level walking were higher in all seven muscles when normalized with SIC.
TABLE 5 | Within-day reliabilities of EMG during level walking normalized with SIC or MVIC (n = 35).
[image: Table 5]The EMG amplitudes normalized with SIC and MVIC in older adults with KOA during level walking are shown in Figure 4.
4 DISCUSSION
This study aimed to assess the between- and within-day reliabilities of EMG during the SIC and MIVC tests, and level walking normalized with SIC and MVIC. The results support our two hypotheses, compared with MVIC, the SIC tests had higher between- and within-day ICCs; during level walking, the between- and within-day ICCs were higher when normalized with SIC than normalized with MVIC.
The outcomes indicated that the between-day reliabilities of EMG during the SIC tests were high in all seven muscles. A previous study supported us by reporting that the reliabilities were high in GM, RF, SD, VL, and TA during isoMMT3 tests, similar to the SIC we proposed, both of which require the target muscles to maintain isometric contraction against body weight (Tabard-Fougère et al., 2018). Besides, to obtain reliable EMG in GL and SOL, a standing with heel-rise movement was adopted, which was reliable among individuals with and without plantar flexion weakness (Yocum et al., 2010). Moreover, the outcomes indicated that the between-day reliabilities of EMG during the MVIC tests were moderate to high, and previous studies partly supported our observations. High between-day reliabilities in GM, RF, SD, and TA during the MVIC tests were obtained in a previous study (Tabard-Fougère et al., 2018). Besides, we detected moderate reliabilities in TA, RF, VL, GL, and SOL. These findings support our assumptions that the poor motivation due to pain among older adults with KOA during the MVIC tests would lead to inconsistency in developing maximum isometric contraction torques. This viewpoint was supported by a previous report, which observed poor between-day reliabilities in back muscles during MVIC tests among patients with low back pain (Lariviere et al., 2002). In addition, altered neuromechanics in patients with KOA, such as muscle weakness and joint muscle inhibition, may cause changes in joint loading patterns and cartilage response to joint loading, which affects the maximum isometric contraction torques, leading to poor between-day reliability (Seeley et al., 2022).
The higher retest reliability of the SIC compared to the MVIC may be attributed to two main reasons. Firstly, patients with KOA typically experience symptoms of joint instability and pain (Bertini and Làdavas, 2021; Hsu and Siwiec, 2023), which can significantly affect their motivation level to participate in MVIC tests (O’Sullivan et al., 2002). This leads to poorer consistency in the performance of MVIC tests, resulting in lower reliability. In contrast, SIC tests are less influenced by the motivation level. Testers only need to ensure that standard testing actions are maintained throughout the test to ensure consistency, thereby improving the retest reliability of SIC. Secondly, MVIC tests require participants to perform isometric contractions against maximal resistance, whereas SIC tests involve isometric contractions against gravity. Studies have shown that appropriate loading can maximally activate lower limb muscles, thereby enhancing the stability of the action. This increased action stability contributes to the consistency of surface electromyographic results across multiple measurements. Conversely, excessive loading can reduce action stability, leading to decreased action consistency and lower retest reliability.
The outcomes indicated that the within-day reliabilities of SIC and MVIC tests were high to very high in all seven muscles, and a previous study supported us by pointing out that both of them have good to excellent within-day reliabilities (Norcross et al., 2010). Compared with MVIC, the SIC tests had higher between- and within-day ICCs in all seven muscles. One possible reason is that the consistency of the EMG amplitude over a single trial is better in the SIC test than in the MVIC test, supported by the fact that the SIC-like isoMMT3 test shows better within-trial consistency (Tabard-Fougère et al., 2018).
The outcomes indicated that the between- and within-day reliabilities of EMG during level walking are higher when normalized by SIC compared with MVIC. Dankaerts and others supported our findings by reporting better reliabilities during sub-MVIC tests among participants with and without chronic low-back pain compared with MVIC tests (Dankaerts et al., 2004a). One possible reason was that SIC may have better movement consistency. During SIC tests, body posture can be adjusted in time to ensure consistency of movement. In contrast, the consistency of MVIC movements could be affected by the level of motivation (Ettinger et al., 2016), which is difficult to control and monitor during the tests (Beimborn and Morrissey, 1988; O’Sullivan et al., 2002). The target muscles were sub-maximally activated during the SIC tests, in which the consistency of movements may be less affected by pain among older adults with KOA. A previous study supported our viewpoint by pointing out that pain reduces maximal muscle activation but does not influence sub-maximal muscle activation among patients with musculoskeletal pain (Lund et al., 1991). The pain would diminish the motivation of older adults with KOA to develop maximum torques during the MVIC tests (Thomas et al., 2008). Compared with MVIC, the between-day reliabilities of EMG during level walking were statistically higher in RF using SIC normalization. During the RF test of MVIC, the participants were asked to extend their knee against maximum resistance, which is considered to most likely to cause knee pain (Lluch et al., 2018).
Besides the higher reliability, SIC has other advantages. Our results show that the reliability of the SIC test with a 20s rest period is higher than the reliability of the MVIC test with a 120s rest period, suggesting that the SIC tests have shorter periods and reduce the likelihood of fatigue. SIC may also apply to patients with pain or other musculoskeletal disorders (Wang et al., 2023), who may not be able to perform MVIC, and even if they could, they may have a higher risk of injury during the tests (Besomi et al., 2020).
This study has limitations. 1. Better reliability does not mean that SIC is more appropriate for comparing participant groups during gait (e.g., KOA versus healthy controls). SIC is appropriate to be used to compare within-participant EMG (e.g., pre- and post-session interventions), but it should be avoided when comparing EMG between groups of participants; 2. Interpretation with respect to physiology/mechanism is difficult because the reference value is not relative to the maximum capacity of the muscle; 3. Both MVIC and SIC were isometric contractions, they have different muscle fiber lengths and contraction types than dynamic-level walking. During level walking, muscle fiber length is constantly changing and therefore muscle activity is complex and variable, whereas in SIC testing, muscle fiber length remains constant and muscle activity is consistent (Vigotsky et al., 2017). Future studies are encouraged to compare the reliabilities between the SIC we proposed and functional dynamic normalization methods (Ball and Scurr, 2013); 4. Only two trials were conducted for each SIC or MVIC test, more trials were recommended in the future to reduce the variability of the data.
5 CONCLUSION
Compared with the MVIC, the SIC may have better movement consistency and be more reliable for normalizing EMG during level walking among older adults with KOA.
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Gluteus maximus ‘ 0.84 (0.70-0.91) 079 (0.62-0.89)
Semitendinosus ‘ 0.829 (0.689-0.91) 077 (0.57-0.88)
Rectus femoris ‘ 0.80 (0.63-0.89) 053 (0.24-0.73)
Vastus lateralis ‘ 0.80 (0.63-0.89) 0.65 (0.41-0.81)
Tibialis anterior ‘ 0.80 (0.63-0.89) 0.63 (0.38-0.79)
Gastrocnemius lateral ‘ 0.86 (0.75-0.93) 0.69 (0.47-0.83)
Soleus 0.75 (0.56-0.87) 0.68 (0.44-0.82)

The form of ICC, used employs a two-way mixed model and the average measures for evaluation. EMG: electromyography; SIC: standard isometric contraction; MVIC: maximum voluntary
tsomeétric contraction: CI: confidence intervils JOC: intraclass correlation coefiicient.






OPS/images/fbioe-12-1276793-g003.gif





OPS/images/fbioe-12-1276793-g004.gif





OPS/images/fbioe-12-1276793-t005.jpg
SIC MvIC

Target muscles

ICC (95% ClI) ICC (95% CI)
Gluteus maximus ‘ 0.98 (0.93-0.99) 0.89 (0.87-0.89)
Semitendinosus ‘ 0.8 (0.61-0.95) 075 (0.55-0.94)
Rectus femoris ‘ 0.92 (0.74-0.97) 0.82 (0.74-0.87)
Vastus lateralis ‘ 0.97 (0.85-0.99) 0.87 (0.78-0.89)
Tibialis anterior ‘ 0.96 (0.86-0.99) 0.82 (0.70-0.97)
Gastrocnemius lateral ‘ 0.99 (0.95-1.00) 0.89 (0.88-0.90)
Soleus 0.94 (0.75-0.98) 0.8 (0.83-0.89)
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tsomeétric contraction: CI: confidence intervils JOC: intraclass correlation coefiicient.
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tsomeétric contraction: CI: confidence intervils JOC: intraclass correlation coefiicient.
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The form of ICC, used employs a two-way mixed model and the average measures for evaluation. EMG: electromyography; SIC: standard isometric contraction; MVIC: maximum voluntary
tsomeétric contraction: CI: confidence intervils JOC: intraclass correlation coefiicient.
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