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ABSTRACT 

Background: Most adults do not reach the physical activity guidelines set by ACSM (>75%). 

Resistance training is well known to improve muscle mass, strength, and glycemic control. 

Neuromuscular electrical stimulation (NMES) is a mode of inducing involuntary muscle 

contractions. Previously, we have shown neuromuscular electrical stimulation is able to improve 

glycemic control. However, the effects of superimposing NMES while resistance training on 

glycemic control, substrate utilization and resting energy expenditure (REE) is unknown. 

Purpose: To investigate the effects of 8 weeks of superimposed NMES on resistance training 

compared to resistance training for glycemic control, substrate utilization, REE, muscle mass and 

strength. 

 Methods: Sedentary, untrained participants with overweight to obesity (n=24; age-32.12±2.64 

years; BMI-34.24±1.45 kg/m²) were randomized into a superimposed NMES on resistance 

training or resistance training group. All participants performed resistance training (24 sessions, 

3x/week for 8 weeks) while also receiving bilateral quadricep stimulation using low intensity 

(minimum setting on device) or high intensity (maximum tolerable) NMES (50 Hz, 300µs pulse 

width). Insulin sensitivity was assessed by homeostatic model assessment of insulin resistance 

(HOMA-IR) and quantitative insulin sensitivity check index (QUICKI-IS), oral glucose 

tolerance test, and continuous glucose monitoring. REE and substrate utilization was measured 

by indirect calorimetry, with body composition measured by dual energy X-ray absorptiometry 

and strength by 1 repetition maximum.  

Results: Both groups had comparable fasting glucose, glucose tolerance, substrate utilization, 

muscle mass, and strength at baseline (p > 0.05). 8 weeks of superimposed NMES on resistance 

training improved insulin sensitivity measured by HOMA-IR and QUICKI and trended to 
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improve glucose tolerance (p<0.05). REE increased in the resistance training group (p<0.05) 

while substrate utilization did not change in either group (p>0.05). Both groups similarly 

improved lower body strength (p<0.05) and body composition (p<0.05).  

Conclusion: Superimposing NMES during resistance training results in greater improvement in 

insulin sensitivity compared to resistance training alone. Improvement in muscle mass and 

strength was comparable between the two groups.  
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INTRODUCTION 

Type 2 diabetes (T2D) is the most common form of diabetes in which there is increased insulin 

resistance in the body and/or pancreatic cell dysfunction, leading to insulin being ineffective in 

controlling blood glucose levels (Galicia-Garcia et al., 2020). An estimated 34.2 million 

individuals (approximately 10.5% of the population) (NIH, 2020) in the United States are living 

with diabetes, of which 90-95% have T2D (CDC, 2022c). Diabetes prevalence is expected to 

increase to approximately 39.7 million (13.9%) in 2030 and 60.6 million (17.9%) in the year 

2060 (Lin et al., 2018). Hispanics which account for approximately 82.9% of the population in 

the border region of El Paso (Census, 2020), have 1.7 times the prevalence and 1.3 times the risk 

of death for diabetes compared to non-Hispanic Whites (HHS, 2021).  Prevalence of diabetes in 

El Paso exceeds both the Texas and national average with diabetes related deaths being almost 

50% higher (TTUHSC, 2023). The leading risk factor for diabetes is obesity (Barnes, 2011), 

which is classified as a body mass index (BMI) of 30 kg/m2 or greater (CDC, 2022b). An 

alarming 72.6% of US adults are classified as overweight and 41.1% are classified as obese 

(CDC, 2022b). Among the Hispanic population, this risk is even greater as 47% are considered 

obese (Howell et al., 2022). Obesity has many detrimental health effects and significantly 

contributes to all causes of mortality (Flegal et al., 2013).  

Obesity and T2D have been linked to many factors including physical inactivity and lack 

of exercise (HHS, 2022). It is recommended that adults perform 150 minutes of moderate 

intensity aerobic exercise and 2-3 days of strengthening exercise per week, however many 

people do not meet such recommendations (Liguori, 2021). In the United States, approximately 

50% of adults meet the recommendation for aerobic exercise, 35% meet the guidelines for 

strengthening exercise, and only 23% meet both aerobic and resistance exercise 
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recommendations (CDC, 2019). This lack of exercise is even more prevalent in a Hispanic 

population as they have lower physical activity compared to other non-Hispanic ethnicities 

(CDC, 2022a). For people with obesity, exercise may be difficult to perform due to possible 

functional limitations and pain from excess weight in the muscles and joints (Eves & Plotnikoff, 

2006). Although aerobic exercise is often recommended for the overweight to obese population, 

resistance exercise has been shown to have greater preference, tolerance and improvements in 

physical health status compared to aerobic exercise (Eves & Plotnikoff, 2006; Flack et al., 2017). 

This greater preference and tolerance is a significant aspect to consider for exercise adherence as 

people are more likely to perform exercise that they enjoy and be more consistent with 

exercising (Jekauc, 2015). There are many theories on how to maximize the improvements seen 

from resistance training. One novel strategy is superimposing neuromuscular electrical 

stimulation (NMES) during resistance training sessions. NMES is an efficient, affordable, and 

non-invasive way of invoking muscle contractions.  

 

 NEUROMUSCULAR ELECTRICAL STIMULATION BENEFITS 

NMES, most used in rehabilitation settings, uses pulses of electricity to induce 

involuntary muscle contractions (Dehail et al., 2008). Like resistance training, NMES causes the 

generation of an action potential which leads to a change in membrane potential of muscle cells, 

resulting in the release of calcium and activation of the signaling cascade that results in a muscle 

contraction (Silverthorn DU, 2020). Resistance training follows the size principle in which motor 

units are recruited from the smallest and increasing in size until enough motor units are recruited 

for the amount of force generated for muscle contraction (Henneman et al., 1965). NMES tends 

to bypass the size principle and recruit larger motor units first (Dehail et al., 2008). This earlier 
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recruitment of larger motor units results in a relatively high force output with less effort (Dehail 

et al., 2008).  

 

EFFECT OF NMES ON MUSCLE MASS AND STRENGTH 

Skeletal muscle is highly metabolically active and is the main area for lipid and glucose 

metabolism (Koistinen & Zierath, 2002; Rasmussen & Wolfe, 1999; Stump et al., 2006). Hence, 

it is a primary area for investigating insulin sensitivity, obesity, and T2D (Koistinen & Zierath, 

2002; Mizgier et al., 2014). Increases in muscle mass because of resistance training have been 

proposed to be the main regulator of increased glucose uptake and insulin sensitivity (Takala et 

al., 1999; Yki-Järvinen & Koivisto, 1983). NMES has shown the ability to increase muscle mass 

in therapeutic settings (Dal Corso et al., 2007). Increases and  attenuation of the loss of muscle 

mass in critically ill patients has been shown because of NMES (Segers et al., 2021). In an 

elderly population, NMES has also been shown to increase muscle fiber cross sectional area 

(CSA) following 8 weeks of high frequency stimulation (Di Filippo et al., 2017). Increases in 

muscle mass may be due to increases in anabolic signaling pathways. It has been shown that 

following an acute bout of high frequency NMES, an increase in phosphorylation of mammalian 

target of rapamycin (mTOR) and S6K1 was found (Mettler et al., 2018). S6K1 and mTOR play 

vital roles in the maintenance and increase in muscle mass by relating muscle cell size and 

muscle protein synthesis respectively (Boluyt et al., 1997; Gonzalez et al., 2016). Another 

potential explanation could be increased satellite cell fusion in muscle fibers (Di Filippo et al., 

2017). Satellite cell fusion assists in the contribution of new myonuclei in skeletal muscle fibers, 

assists in hypertrophy caused by overloading, and potentially supporting the repair of membrane 

damage and chronic myonuclear transcription output (Murach et al., 2021). 
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Similarly, for muscle strength, NMES has shown significant improvements (Stevens-

Lapsley et al., 2012). A meta-analysis that compared strength increases in resistance training and 

neuromuscular electrical stimulation found that when volume is matched, both modes of 

exercise/muscle contraction result in similar increases in muscle strength (Happ & Behringer, 

2021). The strength increases from NMES may be attributed to synchronous motor unit 

depolarization in contrast to the oscillation of motor units seen in voluntary contractions as well 

as constant, higher intensity firing rates of motor units leading to greater force production 

(Dehail et al., 2008). As previously mentioned, in an elderly population, NMES increased muscle 

CSA (de Oliveira Melo et al., 2013; Di Filippo et al., 2017; Esteve et al., 2017; Langeard et al., 

2017). In the same study, average force significantly increased following 8 weeks of high 

frequency stimulation as well (Di Filippo et al., 2017). In critically ill patients, following 

cardiothoracic surgery, an NMES intervention with a median duration of four days lead to 4.5 

times faster return to preoperative strength compared to those that recovered normally (Fischer et 

al., 2016). For those who may not be able to perform conventional exercise such as those 

individuals with osteoarthritis or spinal cord injury, NMES has been shown to increase muscle 

strength and functional performance (De Freitas et al., 2018; Melo et al., 2012; Stevens-Lapsley 

et al., 2012; Talbot et al., 2003). When it comes to healthy able-bodied participants, a review 

reported that for young adults, NMES has shown to provide significantly greater improvements 

in muscle strength compared to control groups (Rahmati et al., 2021). There is evidence that 

NMES is effective in the improvement of muscular strength and muscle mass in able bodied, 

functionally impaired, and elderly populations (De Freitas et al., 2018; Melo et al., 2012; 

Rahmati et al., 2021).  
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EFFECT OF NMES ON SUBSTRATE UTILIZATION 

Substrate utilization is assessed using indirect calorimetry in which the ratio of one’s 

carbon dioxide production and oxygen consumption (known as respiratory quotient (RQ) is 

calculated (Patel et al., 2023). In theory, RQ ranges from 0.7 to 1.0 indicating utilization of 100% 

fats and carbohydrates respectively (Mcclave et al., 2003). However, RQ is limited in that it 

excludes protein oxidation which influences the value obtained through indirect calorimetry 

(Mcclave et al., 2003). Defects in substrate utilization have been identified as a major 

consequence of obesity and T2D (Borghouts et al., 2002; Kelley et al., 1999). T2D is 

characterized by reduced effectiveness of insulin in transporting glucose inside cells (Rachdaoui, 

2020). Reductions in insulin stimulated glucose transport and metabolism in body fat and 

skeletal muscle cells demonstrate insulin resistance in those with obesity and/or T2D (Maeda et 

al., 2002). People with obesity and T2D have been shown to rely less on fat oxidation while 

fasting and an insufficient ability to switch to carbohydrate oxidation after a meal or in an insulin 

stimulated condition compared to those that are more metabolically healthy (Galgani et al., 

2008). It has been shown that individuals with obesity had no change in RQ from a fasting to 

insulin stimulated condition, known as metabolic inflexibility (Kelley et al., 1999). However, 

after a 4-month weight loss intervention, insulin stimulated RQ was significantly greater 

indicating greater carbohydrate/glucose utilization (metabolic flexibility) (Kelley et al., 1999).  

When examining RQ during the application of NMES, following an acute bout of high 

frequency NMES (75 Hz) applied to the quadriceps muscles, an increase in RQ was found 

(Hamada et al., 2003), indicating increased reliance on anaerobic metabolism and use of 

intracellular glycogen stores of the recruited muscle fibers (Theurel et al., 2007). Following an 

acute bout of low intensity NMES at 5 Hz applied to the quadriceps and hamstrings, increases in 
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RQ, oxygen uptake, energy expenditure, lactate production, heart rate, and carbohydrate 

oxidation in a population with obesity were seen (Grosset et al., 2013). Similarly, greater oxygen 

uptake and carbohydrate utilization were seen following one bout of NMES set at 20 Hz applied 

to the lower leg and thigh muscles (Hamada et al., 2004). Contrary to increased carbohydrate 

utilization during/after an acute bout of NMES, longitudinal studies have shown no changes. 

Following 4 weeks of NMES, substrate utilization showed no significant difference compared to 

baseline (Galvan et al., 2022). Similarly, in those with SCI, following 12 weeks of NMES there 

was also no change in substrate utilization (Gorgey et al., 2021). While no changes were found in 

substrate utilization following NMES interventions, studies on the topic are limited. In summary, 

NMES has been shown to increase oxygen uptake and carbohydrate oxidation during an acute 

bout indicating increased use of anaerobic metabolism during NMES, with no significant 

changes in resting substrate utilization after NMES interventions. 

When examining energy expenditure in an acute setting, NMES application to the lower 

body has been shown to increase energy expenditure, while also increasing carbohydrate 

oxidation (Chen et al., 2022). When applied across the whole body, high frequency (85 Hz) 

NMES during low intensity resistance training demonstrated significant increases in energy 

expenditure compared to the resistance training performed alone in moderately trained men 

(Kemmler et al., 2012). Longitudinally, following 4 weeks of high frequency NMES, there was 

no change in resting energy expenditure (Galvan et al., 2022). In those with SCI, following 12 

weeks of NMES, there was also no change in resting energy expenditure nor substrate utilization 

(Gorgey et al., 2021). However, following 14 weeks of whole-body electrical stimulation along 

with exercise training in postmenopausal women, resting metabolic rate (synonymous with 

resting energy expenditure), was maintained while those not utilizing electrical stimulation had a 
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reduced resting metabolic rate (Kemmler et al., 2010). These findings indicate increased energy 

expenditure during a bout of NMES with no significant improvement in resting energy 

expenditure when performed for longer periods of time. 

 

EFFECT OF NMES ON GLYCEMIC CONTROL 

On a cellular level, in vitro studies have shown that electrical stimulation (ES) performed 

on rat muscle cells has an additive effect on glucose uptake in insulin stimulated conditions 

(Nesher et al., 1985; Ploug et al., 1987). In human muscle cells, Nikolic et al utilized both high 

and low frequency ES and found that glucose uptake and lactate production increased in the high 

frequency group, while the low frequency group demonstrated increased oxidative capacity and 

mitochondrial content (Nikolić et al., 2017). ES has also shown increased insulin-stimulated 

glycogen synthesis and glucose oxidation (Feng et al., 2015; Lambernd et al., 2012; Nikolić et 

al., 2017). 

In vivo studies have reported comparable results. In an acute setting, NMES has been 

shown to decrease plasma glucose levels, increase blood lactate, and increase glycogen depletion 

both immediately following stimulation (Hioki et al., 2021; Hoshiai et al., 2021; Johnson et al., 

2003) and in the 24 hours post stimulation (Tsurumi et al., 2022).  Similarly, following only one 

week of NMES, insulin sensitivity measured by hyperinsulinemic euglycemic clamp was 

significantly increased with a subset of the participants with greater insulin resistance 

demonstrating even greater improvements (Joubert et al., 2015). After 2 weeks of quadriceps 

stimulation at 50 Hz, an increase in insulin response was reported in individuals with T2D 

(Deepshikha Sharma, 2010). A recent study performed in our lab found that following 4 weeks 

of NMES performed 3 times per week for 30 minutes each session, glucose tolerance was 
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significantly improved (Galvan et al., 2022). In a longitudinal study with patients with spinal 

cord injury, both insulin sensitivity determined by hyperinsulinemic euglycemic glucose clamp 

and 2-hour blood glucose during an OGTT were significantly improved following 8 weeks of 

electrical stimulation assisted cycling intervention (Jeon et al., 2002). Further, following 10 

weeks of NMES, fasting blood glucose and HbA1C were reduced with no changes in either body 

weight or bodyfat percentage (van Buuren et al., 2015). Lastly, in a meta-analysis NMES was 

shown to be an effective strategy to improve glycemic control in those with T2D, obesity, and 

spinal cord injuries (Sanchez et al., 2023). Collectively, the existing literature indicates that 

NMES can be used to improve glycemic control in healthy and metabolically impaired 

populations. 

 

RESISTANCE TRAINING BENEFITS 

Resistance training (RT) defined as periodic exercise whereby external weights provide 

progressive overload to skeletal muscles to make them stronger and often result in hypertrophy 

(Phillips & Winett, 2010). RT has long been shown to improve body composition (Candow & 

Burke, 2007), and is effective in the prevention of diabetes by improving glycemic control in 

both a healthy and a population with overweight/obesity (Croymans et al., 2013; Williams et al., 

2007). As previously mentioned, in a population with overweight/obesity, resistance training has 

the advantage of being more tolerable, preferential, and better able to increase self-reported 

physical health status utilizing the Medical Outcomes Trust Short-Form 36-item version (SF-36) 

questionnaire compared to aerobic training (Flack et al., 2017; Reid et al., 2010). While aerobic 

exercise is highly effective towards improving cardiovascular health and all-cause mortality 

(Agarwal, 2012; Brellenthin et al., 2019; Lavie et al., 2015; Swain & Franklin, 2006), resistance 
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training has demonstrated similar benefits to those seen in aerobic training such as increased 

skeletal muscle mitochondria content and function (Frank et al., 2016; Groennebaek & Vissing, 

2017), and insulin sensitivity (Evans et al., 2019; Frank et al., 2016). However, resistance 

training has additional benefits that aerobic training does not offer including reduced 

musculoskeletal pain (Andersen et al., 2011; Babatunde et al., 2017; Jackson et al., 2011), 

anxiety and depression (Gordon et al., 2018; LeBouthillier & Asmundson, 2017; Reid et al., 

2010), and increased bone strength which reduces the risk of osteoporosis and fractures (Beck et 

al., 2017). 

 

EFFECT OF RESISTANCE TRAINING ON MUSCLE MASS AND STRENGTH 

Skeletal muscle is one of the most metabolically active tissues in the body and is the main 

site for lipid and glucose metabolism and as such it is the primary area for investigating insulin 

sensitivity, obesity, and type 2 diabetes (Jordy & Kiens, 2014; Merz & Thurmond, 2020; Stump 

et al., 2006). Short term studies have shown increases in muscular strength in as little as 2 weeks 

(Abe et al., 2000), with similar results extending to 4 (Boone et al., 2015), 6 (Scanlon et al., 

2014), and 9 week interventions (Anderson & Kearney, 1982). In a 16-week study with 

resistance training performed 3 times per week, increased strength in bench press, row, and leg 

press was reported with improvement in glycemic control in a population with obesity and T2D 

(Cauza et al., 2005). Multiple studies incorporating resistance training show increases in muscle 

mass, strength, and insulin sensitivity at a variety of exercise doses and durations (Brooks et al., 

2007; Dunstan et al., 2002; Ibañez et al., 2005; Misra et al., 2008; Van Der Heijden et al., 2010). 

In a study examining women specifically, it was determined that resistance training improved 

strength, power, endurance, and physical performance in untrained young women (Kraemer et 



10 

al., 2001). Similarly, improvements in muscle strength for both high and moderate load 

resistance training were observed in older adults (Kalapotharakos et al., 2004).  

Among older adults, resistance training has also been shown to benefit muscle mass. 

Following a 12-week training program, RT was shown to decrease fat mass while maintaining 

muscle mass (Campbell et al., 1994). Other studies have shown more positive results leading to 

increases in muscle mass with a variety of training durations in older adults (Bamman et al., 

2003; Fiatarone et al., 1990; Häkkinen et al., 2001; Trappe et al., 2001). Similarly, in a 

population with T2D, RT interventions have led to increased muscle mass, decreased fat mass, 

and overall decrease in bodyweight (Brooks et al., 2007; Dunstan et al., 2002). In a 

normoglycemic overweight population, following 12 weeks of RT, while bodyweight increased, 

it was largely attributed to significant increases in muscle mass (Van Der Heijden et al., 2010). 

In young healthy adults, increases in muscle mass demonstrate similar findings in both males and 

females (Candow & Burke, 2007; Chilibeck et al., 1997; Morton et al., 2018). Meta-analyses 

have also demonstrated that resistance training improves both muscle mass and strength in both 

young and elderly adults with various intensities and training volumes (Csapo & Alegre, 2016; 

Schoenfeld et al., 2017). RT is therefore a feasible and effective means of improving muscle 

mass and strength in healthy and especially populations with obesity and/or T2D. 

 

EFFECT OF RESISTANCE TRAINING ON SUBSTRATE UTILIZATION 

Resistance training has shown to affect substrate utilization in an acute setting by 

increasing glucose utilization measured by increased RER during exercise, followed by a slowly 

declining RER to lower than baseline levels post-exercise (Farinatti et al., 2016). Similarly, at 30 

and 60 minutes following an acute high intensity resistance training session, significantly 
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decreased RER along with increased REE was found (Wingfield et al., 2015). When tracked 

longer after training, following one bout of RT performed for 60 minutes, decreased RQ and 

increased REE have been shown at 10 and 24 hours proceeding the bout of exercise (Jamurtas et 

al., 2004). Similarly, high intensity interval resistance training decreased RQ 22 hours following 

an acute exercise session along with an increased REE (Paoli et al., 2012). When measured 

during and after an acute resistance training session, RER has been shown to increase above 

baseline values, remain elevated throughout the training session and the initial recovery period 

until reducing to levels below baseline levels (Haddock & Wilkin, 2006). In the same study, 

energy expenditure demonstrated comparable results with increases seen during and after the 

session however, energy expenditure remained elevated following a 120-minute recovery period 

(Haddock & Wilkin, 2006). When tracked for a longer period, in the three days following an 

acute resistance exercise session, REE remained elevated at 24, 48, and 72 hours postexercise 

while RER showed no change post exercise (Heden et al., 2011). In summary, an acute bout of 

resistance exercise can improve substrate utilization and energy expenditure both during and 

after the bout of exercise. 

Improved substrate utilization has been found following longitudinal interventions as 

well. Following a 16-week resistance training intervention, 24-hour RQ decreased, indicating 

increased fat oxidation throughout the day (Treuth et al., 1995). Following 9 months of 

resistance training, patients with T2D increased fat oxidation at rest with increased mitochondrial 

content as well (Sparks et al., 2013). This is significant as those with T2D typically have altered 

lipid metabolism on top of the more well-known dysfunctional glucose metabolism (McGarry, 

1992). In a healthy population, improvement in glucose oxidation was evident in response to a 

mixed meal tolerance test following 12 weeks of whole-body resistance training (Alkhayl et al., 
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2022). This indicates greater metabolic flexibility due to the increased carbohydrate utilization in 

response to a standard meal. Additionally, following 6 months of resistance training, respiratory 

quotient (analogous to RER) decreased at rest and while sleeping, indicating greater fat oxidation 

and improved substrate utilization over the course of the day (Kirk et al., 2009). 

Increased REE has also been found following long-term resistance training interventions. 

In older women, after a period of 16 weeks, resting energy expenditure increased compared to 

pretraining levels (Treuth et al., 1995). After a longer period of 6 months of a minimal volume 

resistance training program, 24-hour, resting, and sleeping energy expenditure all increased 

compared to pretraining levels indicating greater caloric expenditure over the course of the day 

in an untrained overweight population (Kirk et al., 2009). As previously mentioned, a population 

with overweight/obesity is at an increased risk of all-cause mortality (Flegal et al., 2013). 

Increased 24-hour energy expenditure may result in a negative energy balance, therefore 

preventing gains in body weight and the subsequent detrimental health effects associated with 

obesity (Lemmer et al., 2001; Pratley et al., 1994; Treuth et al., 1995).  

Like populations with overweight/obesity, among a healthy population, increases in REE 

following resistance training have been found. Following a whole body 24-week resistance 

training protocol, increased resting metabolic rates were seen in both older and younger men and 

women with similar increases seen in both age groups (Lemmer et al., 2001). Older adults 

specifically have been shown to have similar outcomes with increases in both resting and total 

energy expenditure (Lemmer et al., 2001). Younger adults as well have been shown to increase 

REE with increases in FFM following resistance training interventions in both untrained and 

trained populations (Hackney et al., 2008; Paoli et al., 2012; Poehlman et al., 2002). Resistance 

training can be beneficial for increasing resting energy expenditure through increases in muscle 
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mass (Lemmer et al., 2001; Webb, 1981). This increased muscle mass is important as skeletal 

muscle is the highly metabolically active and has the greatest effect on one’s metabolism (Jordy 

& Kiens, 2014; Merz & Thurmond, 2020; Stump et al., 2006). 

 

EFFECT RESISTANCE TRAINING ON GLYCEMIC CONTROL 

Resistance training induced increases in muscle mass is often accompanied by 

improvement in insulin sensitivity and glycemic control (Takala et al., 1999; Yki-Järvinen & 

Koivisto, 1983). Following an acute resistance exercise session, decreases in blood glucose were 

seen immediately after, 10-, 20- and 30-minutes post-exercise at low, moderate, and high 

intensities of resistance training (Silveira et al., 2014). Similarly, blood glucose decreased 

following an acute resistance exercise session, with glucose remaining lower 60 minutes 

following the bout of exercise (Yardley et al., 2013). When given a standard 75-gram glucose 

drink before a resistance exercise session, decreases in glucose AUC were found in the two hours 

after exercise in a variety of resistance training protocols with equal volumes (Aguiar et al., 

2018).  

Similarly, improvements in glycemic control have also been found following longitudinal 

resistance training interventions. In a 12-week whole-body resistance training intervention in 

population with prediabetes, while fasting blood glucose did not decrease, blood glucose levels 

were significantly lower during minute 120 of an OGTT (Eikenberg et al., 2016). Effects of 

resistance training in participants with diabetes produced comparable results. Following a 22-

week resistance training intervention, a significant decrease in HbA1C was found, with greater 

reductions seen in those with HbA1C levels ≥ 7.5% at baseline (Sigal et al., 2007). Similar 

results were found following a 6-month intervention with reductions in HbA1C and a trend in 
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reduced fasting blood glucose (p= 0.06) along with decreased bodyweight, waist circumference, 

fat mass, and resting blood pressure (Dunstan et al., 2002).  

While the previous studies assessed insulin sensitivity with other valid measures, the gold 

standard for measuring insulin sensitivity in vivo is the hyperinsulinemic euglycemic glucose 

clamp. During the clamp, a participant is infused with a steady rate of insulin while glucose is 

infused at the rate to maintain a constant level of blood glucose (DeFronzo & Beckles, 1979; 

Kim, 2009; Shen et al., 1970). Utilizing this technique, several studies have found improvements 

in insulin sensitivity following a resistance training intervention (Bacchi et al., 2013; Bacchi et 

al., 2012; Ishii et al., 1998). In a population with diabetes, following whole-body resistance 

training, glucose disposal rate increased while HbA1c decreased, indicating improvement in 

insulin sensitivity (Bacchi et al., 2013; Bacchi et al., 2012; Ishii et al., 1998; Miller et al., 1994; 

Poehlman et al., 2000). When examining a healthy population, following a 16-week resistance 

training protocol, glucose infusion rate increased under both high and low insulin clamp 

conditions (Miller et al., 1994; Poehlman et al., 2000). Along with these results, fasting insulin, 

and insulin during an OGTT were reduced, indicating improvement in insulin sensitivity and 

glucose metabolism with resistance exercise training (Miller et al., 1994). When resistance 

training was performed for a longer period, an increase in insulin sensitivity and was found after 

6 months of resistance training (Poehlman et al., 2000). Other studies utilizing the clamp 

technique demonstrated similar findings with increased glucose infusion rates, as well as 

reductions in homeostatic model assessment for insulin resistance and HbA1C as well (Bacchi et 

al., 2013; Jiahao et al., 2021; Kitamura et al., 2003; Tokudome et al., 2004). In summary, 

resistance training can aid in the improvement of glycemic control in both healthy and diabetic 
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populations through a variety of assessment methods, along with improved substrate utilization, 

energy expenditure, muscle mass and strength. 

 

SUPERIMPOSED NMES ON RESISTANCE TRAINING BENEFITS 

As discussed in the above sections, NMES and resistance training have both been shown 

to effectively improve glycemic control, muscle mass, and muscular strength when used 

independently. To date, there have been few studies that investigated the additive effects of 

superimposing NMES on resistance training for muscle mass, strength, glycemic control, resting 

energy expenditure and substrate utilization. Most studies have primarily focused on muscular 

strength while a few studies investigated the influence of superimposed NMES on resistance 

training on muscle mass. 

 

EFFECT OF SUPERIMPOSED NMES ON RESISTANCE TRAINING ON MUSCLE MASS 

AND STRENGTH 

In a 2-week study comparing conventional resistance training to superimposed NMES on 

resistance training, increases in muscle mass and strength were found with no differences 

between two groups (Abulhasan et al., 2016). While there were increases in muscle mass as 

determined by muscle thickness in the previously mentioned study, it is proposed that initial 

increases in muscle mass may be attributed to damage induced edema and swelling of the 

worked muscle/s (Damas et al., 2018; Defreitas et al., 2011). Longer intervention durations could 

be necessary to see true increases in muscle mass with a proposed minimum duration of 3-4 

weeks (Defreitas et al., 2011). Following 4 weeks of training, similar but not significantly 

different increases in muscle strength for both superimposed NMES on resistance and 
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conventional resistance training were found (Dörmann et al., 2019). At a slightly longer duration 

of 6 weeks, while there was not a significant difference, there was a medium effect size 

difference favoring a superimposed NMES on resistance training group for muscular strength 

improvements compared to a resistance training group (Wirtz et al., 2016). Significant 

differences can be seen in studies of 8 weeks duration. Following 8 weeks of whole body 

superimposed NMES on resistance training, a significantly greater increase in both muscle mass 

and strength were reported in a superimposed NMES on resistance training group compared to a 

resistance training group (Evangelista et al., 2019; Ludwig et al., 2020; Micke et al., 2018).  

To thoroughly understand the benefits of superimposed NMES during resistance training 

on muscle mass and muscle strength, we conducted a systematic review and meta-analysis. A 

thorough literature review was performed using the following databases: Google Scholar, 

EBSCO, PubMed, and ResearchGate. Search terms included various combinations of the 

following key words: neuromuscular electrical stimulation, NMES, electrical stimulation, 

superimposed neuromuscular electrical stimulation, superimposed NMES, resistance training, 

resistance exercise, strength training, weight lifting, or voluntary contraction. Data extracted 

included the following:  1. author name, 2. age of participants, 3. description of the study 

population, 4. gender distribution, 5. study duration, 6. days of training performed per week, 7. 

NMES protocol, 8. RT protocol, and 9. methods used to assess muscle strength and muscle mass. 

A risk of bias was performed using Cochrane Collaboration’s Risk of Bias Tool (RoB2) (Higgins 

et al., 2011). Risk of bias assessment included the following criteria: 1. random sequence 

generation, 2. allocation concealment, 3. blinding participants, 4. blinding of outcome 

assessment, 5. incomplete data reporting, and 6. selective reporting. Statistical analyses included 

random effects models being used to combine data in R (version 4.2.2). Statistical heterogeneity 
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among studies was assessed using I2  Statistics. I2 values 25-50% were considered indicative of 

low heterogeneity, 50-75% were considered moderate heterogeneity, and values above 75% were 

considered to have a high degree of heterogeneity. Sensitivity analysis was performed using a Q 

test for moderators in the random effect meta-analysis model. A p-value of <0.05 was considered 

significant. 

.  

Figure 1. Meta-analysis results for muscle mass. Abbreviations- NMES+RT- superimposed 

NMES on resistance training; RT- resistance training; SD- standard deviation; EE- experimental 

effects. 

The meta-analysis for muscle mass included 6 studies with results indicating a favorable effect 

for superimposed NMES on resistance training (Figure 1). The meta-analysis for muscle 

strength included 13 studies and demonstrated a favorable effect towards superimposed NMES 

on resistance training (Figure 2). The results were also substantiated by the systematic review in 

which 5 studies reported significant differences in favor of superimposed NMES on resistance 

training with an additional study finding that while there was no significant difference, there was 

a medium effect size difference favoring superimposed NMES on resistance training as well. 



18 

 

Figure 2. Meta-analysis results for muscular strength. Abbreviations- NMES+RT- superimposed 

NMES on resistance training; RT- resistance training; SD- standard deviation; EE- experimental 
effects. 

 

While the effects of superimposed NMES on resistance training on muscle mass and strength 

have been investigated to some extent, the effect on glycemic control is much less understood . A 

pilot study (n=6) performed by Holzer et al. investigated the effects of acute superimposed 

NMES on resistance exercise compared to resistance exercise, aerobic exercise, and an inactive 

control for  postprandial glucose responses monitored by a  continuous glucose monitor in a 

population with diabetes (Holzer et al., 2021). In the study, participants performed either a 

whole-body resistance exercise session with NMES, resistance exercise without NMES, or 20 

minutes of moderate intensity aerobic exercise done in a randomized crossover fashion. 

Postprandial glucose response, time to baseline glucose, glucose AUC, time in target range (70-

180 mg/dL) and time above target range (≥180 mg/dL) showed no significant differences 

between exercise modes. However, the NMES protocol was relatively low in intensity with 

participants asked to increase until a RPE of approximately 4-5 out of 10. Additionally, the 

resistance training protocol was also relatively low in intensity with many exercises being done 

using only bodyweight, with some exercises incorporating an elastic band for external resistance 
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and intensity being moderate with participants instructed to perform each set to 3-4 repetitions 

away from muscular failure. While this study did not show significant differences between 

superimposed NMES on resistance and conventional resistance exercise in an acute setting 

among a population with diabetes, literature investigating effects of superimposed vs 

conventional resistance training on glycemic control longitudinally are quite limited. Studies 

investigating an at-risk population with overweight/obesity are also limited. To our knowledge 

there are no longitudinal studies that investigated the effect of superimposed NMES on 

resistance training compared to conventional resistance training for glycemic control, substrate 

utilization muscle mass, and muscular strength in an at-risk population with overweight/obesity. 
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PURPOSE 

The primary purpose of this study is to determine if superimposing NMES on resistance 

training leads to additive improvements in glycemic control, energy metabolism and muscle 

mass and strength in an at-risk population with overweight/obesity. 

 

Specific Aim 1: To determine the effects of 8 weeks of superimposed NMES on RT on glycemic 

control measured by oral glucose tolerance test, continuous glucose monitoring, and hemoglobin 

A1C in a sedentary to moderately active population with overweight/obesity. 

 

Specific Aim 2: To determine the effects of 8 weeks of superimposed NMES on RT on substrate 

utilization and energy metabolism (resting metabolic rate and respiratory quotient in a fasting 

condition prior to the oral glucose tolerance test) via indirect calorimetry in a sedentary to 

moderately active population with overweight/obesity. 

 

Specific Aim 3: To determine the effects of 8 weeks of superimposed NMES on RT on body 

composition and muscle strength by dual energy x-ray absorptiometry, 1 repetition maximum, 

and total grip strength in a sedentary to moderately active population with overweight/obesity. 
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METHODS 

24 participants with overweight/obesity between the ages of 18 and 65 were recruited to 

this study and randomized into two groups (resistance- 13, superimposed NMES on resistance- 

11). All study protocols were approved by the Institutional Review Board of the University of 

Texas at El Paso. Each participant provided informed consent following explanation of the study 

procedures. All participants were sedentary to moderately active as determined by an 

accelerometer and untrained for resistance training (i.e., not engaged in a structured resistance 

exercise regimen consistently within the past 6 months). 

Participants were screened either over the phone or via an in-person interview using a 

standard questionnaire to determine eligibility (Appendix 1). If participants met the basic 

inclusion criteria of being of adult age, with self-reported height, weight, BMI of ≥ 25 kg/m2, and 

untrained status (Table 1), a meeting was scheduled to provide information about the study, 

informed consent was obtained, and further screening was completed (Table 2). All pre- and 

postintervention variables are stated in Table 3. 

 

Table 1. Inclusion and Exclusion Criteria 

Inclusion Criteria Exclusion Criteria 

• 18 ≤ Age ≤ 65 years old 

• 25 ≤ BMI kg/m2 

• Sedentary to Moderately Active 
❖ Less than 150 minutes of 

voluntary moderate to vigorous 
physical activity per week 

• Untrained Status (no consistent structured 
resistance training in the previous 6 
months) 

• Anyone taking antihypertensive, lipid 
lowering, or insulin sensitizing 
medications 

• Smoking 

• Excessive Drinking 
• Pregnant Women 

• Musculoskeletal Injury 

• Unwilling to adhere to intervention 

Abbreviations- BMI- body mass index; kg- weight in kilograms; m2- height in meters squared  
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Table 2. Screening Measurements 

Measurement Method 

Physical Activity Level Accelerometer 

Random Blood Glucose Blood sample via lancet stick 
Analysis via Contour Next Glucometer 

Blood Pressure Automated Blood Pressure Device 

Resting Heart Rate Automated Blood Pressure Device 

Body Mass Index (BMI) Height and Weight Measurements 

Medical History Questionnaire  

 

Table 3. Study Variables 

Study Variables Assessment Method 

Body Composition Dual Energy X-Ray Absorptiometry 
Anthropometrics 

Strength 1 Repetition Maximum  
Handgrip Dynamometer 

Isokinetic Dynamometer 

Aerobic Capacity Treadmill Graded Exercise Test 

Resting Metabolic Rate Indirect Calorimetry 

Substrate Utilization Indirect Calorimetry 

Glycemic Control Dexcom G6 CGM System 

Glycemic Control Oral Glucose Tolerance Test 

Glycemic Control Glycated Hemoglobin 

Fasting Insulin Laboratory Corporation of America © 

Fasting C-Peptide Laboratory Corporation of America ©  

Fasting Blood Glucose  Laboratory Corporation of America ©  

Insulin Sensitivity Homeostatic Model Assessment of Insulin 

Resistance 

Insulin Sensitivity Quantitative Insulin Sensitivity Check Index  

Abbreviations- CGM- continuous glucose monitor; ©- copyright 
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Figure 3. Study Design 

 

PHYSICAL ACTIVITY 

 

Once eligibility was confirmed, participants were issued an accelerometer to confirm sedentary 

to moderate physical activity status. The accelerometer used was the ActiGraph wGT3X-BT 

physical activity monitor (Pensacola, FL) and was attached to an elastic belt worn at the waist on 

the side of the dominant leg for 7 consecutive days with removal only when bathing. After return 

of the accelerometer, a compliance of 90% wear time was confirmed, and physical activity levels 

were calculated utilizing Microsoft Excel (Redmond, WA) utilizing Freedson cut points 

(Freedson et al., 2012) as recommended by ActiGraph. 

 

BLOOD PRESSURE 

Once consent was received, participants were screened for blood pressure and resting heart rate. 

Following a 5-minute rest period, blood pressure was obtained using an OMRON Professional 
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Intellisense® HEM-907XL automated blood pressure monitor (Shimogyō-ku, Kyoto, Japan). 

Blood pressure was measured twice on each arm with the highest pressure being used if there is a 

consistent difference between arms. Resting heart rate was also obtained using the automated 

device using the same protocol. Participants with a blood pressure of 140/80 mmHg or less and 

resting heart rate of less than 100 beats per minute were included in the study. 

 

RANDOM BLOOD GLUCOSE 

Once consent was received, participants were screened for random blood glucose. Blood glucose 

was obtained using a CONTOUR® NEXT One, Ascensia Diabetes Care handheld glucometer 

(Parsippany, NJ). Participants with a blood glucose level of 140 mg/dL or less were included in 

the study.  

 

ANTHROPOMETRIC MEASUREMENTS 

Height (cm) and body mass (kg) measurements were obtained to calculate BMI for the purpose 

of confirming that the participants meet the overweight (BMI ≥ 25.0-29.9 kg/m2) or obese (BMI 

≥ 30.0 kg/m2) criteria. Additional measurements were taken including waist, hip and thigh 

circumference measurements following the protocols set by ACSM (Liguori, 2021). Waist 

circumference (cm) was taken at the level of the narrowest circumference of the torso superior to 

the iliac crest while the participant stood with arms outstretched and feet together. Hip 

circumference (cm) was taken at the maximal circumference of the hip at the midpoint of the 

inguinal crease; thigh circumference (cm) was taken with the participant standing with one foot 

on a chair/bench with the knee at approximately 90° with measurement taken midway between 

the inguinal crease and the proximal border of the patella. Each circumference measurement was 
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performed 3 times, and the mean of each measurement was calculated. Utilizing mean waist and 

hip circumference, waist to hip ratio (WHR) was also calculated by dividing the mean waist by 

the mean hip circumference measurements.  

 

DUAL ENERGY X-RAY ABSORPTIOMETRY (DEXA) 

Participants were placed supine on the padded surface of the scanner table of a GE Medical 

Systems Lunar iDXA Dual Energy X-Ray Absorptiometer (Madison, WI). Participants were 

instructed to lie with both arms at the sides with palms flat to the scanner table and positioned 

within the outlined measurement area of the scanner table. Ankles were fastened together with a 

Velcro strap to eliminate movement during the scan and to standardize positioning. The scanner 

arm moved downward starting from the head to the toes, taking approximately 7-14 minutes 

depending on the participant’s body size. Measurements of total lean mass, fat free mass, total fat 

mass, fat mass %, leg fat mass, leg fat %, leg lean mass, leg lean %, android fat %, gynoid fat % 

and android to gynoid ratio were performed. 

 

1 REPETITION MAXIMUM (1RM) 

A 1 repetition maximum test following the NSCA guidelines (Haff & Triplett, 2021) was 

performed utilizing a Magnum Fitness Systems leg extension machine (Milwaukee, WI) located 

in the UTEP Fitness Research Facility (Ross Moore Building). A dynamic warm up was 

performed consisting of 5 minutes of low intensity aerobic exercise on a Life Fitness 95Ci 

stationary bicycle (Franklin Park, IL) followed by dynamic stretches of the lower body to 

activate the quadriceps, hamstrings, and gluteal musculature. Following the dynamic warm up, 

each participant was seated on the machine with the machine set to begin at approximately a 90° 
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knee angle and the back rest positioned to align the participant’s knee with the axis of rotation of 

the machine. The participant was asked to fully extend the knee and return the weight to the 

starting position in a controlled manner following a 2:0:2:0 (eccentric: isometric: concentric: 

isometric) repetition tempo. A low intensity warm up set was performed for 10 repetitions to 

gauge the participants strength. A second warm up with a 10-20% load increase was performed 

for 5 repetitions. A final warm up set of 2 repetitions with another 10-20% load increase was 

performed. Following completion of the final warm up set, the load was increased by 5-10% and 

the first 1 repetition maximum attempt was performed. If successful, following a 2–3-minute rest 

period, load was increased 5-10% and another attempt was performed until the participant 

reached the highest load they can successfully lift utilizing the previously mentioned tempo. 1 

repetition maximum testing was performed preintervention and postintervention. 

 

GRIP STRENGTH 

Grip strength was assessed using a Takei Handheld Dynamometer (Tokyo, Japan) following the 

ACSM protocol (Liguori, 2021). For measurement, participants stood with the testing arm 

straight at their side with the elbow straight. The dynamometer was held in the most comfortable 

hand position determined by the participant. Measurement consisted of a 5 second maximal 

squeeze of the hand beginning with the dominant hand then repeated on the nondominant side. 

Participants were provided with 2 minutes rest and measurements were repeated 2 times. The 

highest measurement for each hand was determined and summed together to provide total grip 

strength. Grip strength was measured both pre- and post-intervention. 
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AEROBIC CAPACITY 

Aerobic capacity was assessed pre and postintervention using a standard graded protocol on a 

TrackMasterTMX58 treadmill (Full Vision Incorporated, Newton, KS). Analysis of ventilatory 

expired gas was performed using a ParvoMedics TrueOne metabolic cart (ParvoMedics, Salt 

Lake City, UT). Before each test, standardized calibration gases were used to calibrate the 

metabolic cart according to the manufacturer’s instructions. A Polar H10 heart rate monitor was 

provided to participants for the measurement of heart rate during the exercise test (Polar Electro, 

Kempele, Finland). Prior to exercise, participants were asked to rest for 5 minutes while expired 

gas was collected. Exercise began with a 3-minute warm up at a speed of 3 miles per hour and 

incline of 3.5%. After the warm up, the treadmill was set to a self-selected speed for each 

participant with an incline of 0% for 1 minute. Each minute thereafter, the incline increased 1% 

while speed remained constant until volitional exhaustion. Following exercise, a 5-minute 

cooldown was performed at a speed of 3 miles per hour and 0% incline. During each minute of 

exercise, rating of perceived exertion (RPE) was assessed using the Borg RPE scale (Williams, 

2017). Exercise testing ended when RPE reached a value of 18 or more. Aerobic capacity was 

validated using secondary criteria including RPE >17, respiratory exchange ratio ≥1.1,and/or 

max heart rate within 10 beats per minute of age predicted heart rate maximum (208 – [0.7 * 

age]) (Tanaka et al., 2001). Aerobic capacity was considered valid when two or more criteria 

were met. 

 

DIETARY CONTROL 

Participants were provided with all food for the three days preceding insulin sensitivity and 

substrate utilization measurements to eliminate dietary influence on insulin sensitivity, substrate 
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utilization, and blood profiles. Meals were designed to comply with the USDA 2015-2020 

Dietary Guidelines for Americans and individualized to participants preferences and/or food 

allergies. The standard diet consisted of 55% carbohydrates, 15% protein, and  30% fat. Caloric 

requirements were calculated using the Mifflin St. Jeor equation (Mifflin et al., 1990) to match 

participant’s energy requirements. The standardized diet was provided in the 3 days preceding 

metabolic testing with diet matched pre- and postintervention. 

 

CONTINUOUS GLUCOSE MONITORING 

When the participant arrived to pick up the prepared food for the first day of diet, a Dexcom G6 

continuous glucose monitor (Dexcom Incorporated, San Diego, CA) was attached to their 

abdomen. Prior to attachment, the area was sanitized with an alcohol wipe followed by 

attachment of the CGM. Analysis included the 24-hour glucose average, standard deviation, 

minimum glucose, maximum glucose, glucose fluctuation (max-min), time above target range 

(>140 mg/dl) (Battelino et al., 2019), time below target range (<70 mg/dL) (Battelino et al., 

2019), time in target range (minutes between ≥70 and ≤140 mg/dL) (Battelino et al., 2019), 

glucose management index (3.38 + 0.02345 × [mean glucose in mg/dL]) (GMI) (Bergenstal et 

al., 2018) and coefficient of variation (100*[glucose standard deviation/mean glucose in mg/dL]) 

(CV) (Yoo & Kim, 2020). 

 

ORAL GLUCOSE TOLERANCE TEST (OGTT) 

Participants were instructed to abstain from alcohol, smoking, and strenuous activity in the 24-48 

hours preceding testing. Following an overnight fast, participants arrived at the UTEP Health 

Sciences and Nursing Building and were instructed to sit for approximately 5 minutes to 
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eliminate the influence of physical activity involved in arriving to campus. A fasting blood 

glucose sample was obtained at the end of the rest period. Following fasting glucose 

measurement, participants were provided with a drink containing 75 grams of glucose and 

instructed to consume it within 5 minutes. Once the drink is finished, blood glucose samples 

were taken at intervals of 15-, 30-, 60-, 90-, 120-, 150-, and 180-minutes following ingestion 

using a CONTOUR® NEXT One, Ascensia Diabetes Care handheld  glucometer (Parsippany, 

NJ). Glucose tolerance was determined by calculating the glucose area under the curve (AUC) 

for all measurements up to 120 minutes and again with all measurements during the entire 180 

minutes of testing. AUC was calculated using the trapezoid method (Sakaguchi et al., 2016). The 

oral glucose tolerance test was performed twice; pre- and postintervention. 

 

HEMOGLOBIN A1C 

On the same day as the oral glucose tolerance test hemoglobin A1C was measured. 

Measurements were performed via a drop of blood from a lancet stick. Blood samples were 

collected in an Afinion HbA1C test cartridge and analyzed using an Abbott Afinion 2 analyzer 

(Abbott Park, IL). Measurements were performed both pre- and postintervention. 

 

BLOOD SAMPLE ASSAYS 

On the same day as the OGTT, fasting blood samples were obtained via antecubital venipuncture 

for analysis of fasting glucose, insulin, and C-peptide levels. Blood sample assays were assessed 

by Laboratory Corporation of America (Burlington, NC). Blood sample assays were performed 

pre and postintervention.  
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INSULIN SENSITIVITY 

Insulin sensitivity was determined via the results of fasting glucose and insulin using the 

formulas for both Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) (Gayoso-

Diz et al., 2013) and Quantitative Insulin Sensitivity Check Index (QUICKI-IS) (Katsuki et al., 

2002). HOMA-IR ([fasting insulin * fasting glucose]/22.5) and QUICKI-IS (1/[log of fasting 

insulin] + [log of fasting glucose]) were assessed pre and postintervention.  

 

RESTING ENERGY EXPENDITURE AND SUBSTRATE UTILIZATION 

Resting energy expenditure and substrate utilization were measured in a fasting condition via 

indirect calorimetry. Participants were placed in a supine position with a hood canopy over their 

head to obtain measurements of oxygen consumption and carbon dioxide production to estimate 

REE and RQ using Parvomedics TrueOne 2400 metabolic cart (Salt Lake City, UT). Participants 

were instructed to lie still and rest without sleeping. Data was collected for 30 minutes with the 

first 5 minutes being excluded to allow for stabilization. Once stabilized, RQ and REE data was 

averaged. REE values were also normalized to bodyweight and fat free mass in kilograms 

(Müller et al., 2018). Testing was performed both pre- and postintervention.  

 

SUPERIMPOSED NMES ON RESISTANCE TRAINING PROTOCOL 

All participants received training in the UTEP Fitness Research Facility (Ross Moore Building). 

Training was performed 3 days per week for approximately 30 minutes per session. Each session 

began with a dynamic warm up consisting of 5 minutes of low intensity aerobic exercise on a 

Life Fitness 95Ci stationary bicycle (Franklin Park, IL) followed by dynamic stretches of the 

lower body to activate the quadriceps, hamstrings, and gluteal musculature. Resistance training 
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consisted of 5 compound and isolation exercises chosen by the participant from a prescribed 

menu of exercises targeted to stimulate the major musculature of the lower body (i.e., 

quadriceps, hamstrings, glutes, and calves). Warm up sets for each exercise were performed for 

1-3 sets to allow for sufficient motor unit recruitment. Each exercise was performed for 3 sets of 

8 repetitions at a tempo of 2:0:2:0 (ecccentric: isometric: concentric: isometric) with a rest period 

of 90 seconds between each set and between exercises. In weeks 1 and 2, load was adjusted to 

yield an RPE of 12-14 to allow for a relatively challenging stimulus without overworking 

participants considering they were untrained. In weeks 3-8, the load was adjusted to yield an 

RPE of 14-16 to allow for a more challenging stimulus once participants were better acclimated 

to resistance training.  

 

NEUROMUSCULAR ELECTRICAL STIMULATION  

NMES was applied using a QuadStar® II Digital Multi-Modality Combo Device (TENS-INF-

NMS) (BioMedical Life Systems, Vista, CA) and eight 2” x 2” square electrodes (BioMedical 

Life Systems, Vista, CA). Electrodes were placed bilaterally on the proximal and d istal 

quadricep muscles in the location of the motor point (Botter et al., 2011; Gobbo et al., 2014; 

Weiss et al., 2018). The stimulation device was set to a cycled biphasic waveform with a pulse 

duration of 300 µs and frequency of 50 Hz. Each electrically stimulated contraction consisted of 

a 2 second ramp up in intensity, 10 seconds of stimulation, 2 second ramp down in intensity, and 

a 30 second off period. Participants in the superimposed NMES on resistance training group 

received stimulation up to their maximum tolerable intensity with visible muscle contraction 

while those in the resistance training group received stimulation at the lowest setting on the 

device.  
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STATISTICAL ANALYSIS 

Statistical analyses were conducted using GraphPad Prism version 10.3 (GraphPad Software, La 

Jolla, CA) and Microsoft Excel (Redmond, WA). A two-way ANOVA with repeated measures 

were used to compare groups (superimposed and resistance training), time (before and after), and 

group by time effects. Unpaired t-tests were used to compare the superimposed NMES on 

resistance and resistance training groups for  the degree of change (post-pre) for all parameters as 

well. For all comparisons, a p<0.05 is considered significant, and values are presented as mean ± 

SEM. 
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RESULTS 

Participant baseline characteristics and outcomes following eight weeks of superimposed NMES 

on resistance and conventional resistance training are shown in Table 4. At baseline, age, 

weight, BMI, fasting glucose, RMR, body composition and strength were not significantly 

different between superimposed and resistance training groups.
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Table 4. Descriptive Characteristics 

 

Resistance Training 

(n=13; F-8 M-5) 

Superimposed NMES on Resistance Training 

(n=11; F-7 M-4) 

Pre 

Mean ± SEM 

Post 

Mean ± SEM 
p-value 

Pre 

Mean ± SEM 

Post 

Mean ± SEM 
p-value Baseline Group Time Interaction 

Age (years) 28.2 ± 2.8   36.8±2.7   >0.05    

Blood Pressure 

Systolic (mmHg) 111 ± 3 114 ± 3 >0.05 115 ± 4 111 ± 5 >0.05 >0.05 >0.05 >0.05 >0.05 

Diastolic (mmHg) 73 ± 2 75 ± 2 >0.05 75 ± 3 71 ± 3 >0.05 >0.05 >0.05 >0.05 >0.05 

Heart Rate (bpm) 69 ± 4 68 ± 3 >0.05 70 ± 2 66 ± 3 >0.05 >0.05 >0.05 >0.05 >0.05 

Body Composition 

Height (cm) 164.1 ± 2.2   165.1 ± 1.9   >0.05    

Weight (kg) 93.25 ± 5.83 94.17 ± 5.76 >0.05 89.80 ± 5.25 90.43 ± 5.41 >0.05 >0.05 >0.05 >0.05 >0.05 

BMI (kg/m²) 34.5 ± 1.9 34.9 ± 1.9 >0.05 33.0 ± 2.1 33.3 ± 2.1 >0.05 >0.05 >0.05 >0.05 >0.05 

Waist (cm) 98.8 ± 3.98 97.2 ± 4.1 >0.05 97.5 ± 4.8 96.2 ± 4.1 >0.05 >0.05 >0.05 >0.05 >0.05 

Hip (cm) 115.8 ± 4.0 114.3 ± 4.2 >0.05 109.1 ± 4.1 108.3 ± 3.6 >0.05 >0.05 >0.05 >0.05 >0.05 

Waist to Hip Ratio 0.85 ± 0.02 0.85 ± 0.02 >0.05 0.90 ± 0.03 0.89 ± 0.03 >0.05 >0.05 >0.05 >0.05 >0.05 

Thigh (cm) 58.5 ± 1.4 56.9 ± 1.7 >0.05 53.7 ± 2.4 54.2 ± 2.6 >0.05 >0.05 >0.05 >0.05 >0.05 

Total Fat (%) 43.25 ± 3.06 42.33 ± 2.84 >0.05 38.33 ± 3.59 37.61 ± 3.71 <0.05 >0.05 >0.05 <0.05 >0.05 

Fat Free Mass (kg) 49.22 ± 3.19 50.86 ± 3.32 <0.05 49.25 ± 2.80 50.00 ± 2.89 >0.05 >0.05 >0.05 <0.05 >0.05 

Leg Fat Free Mass (kg) 18.25 ± 1.26 19.16 ± 1.39 <0.05 17.39 ± 1.07 18.02 ± 1.03 >0.05 >0.05 >0.05 <0.05 >0.05 

Leg Fat (%) 40.78 ± 3.56 39.61 ± 3.35 <0.05 32.34 ± 3.78 31.27 ± 3.78 <0.05 >0.05 >0.05 <0.05 >0.05 

Android Fat (%) 49.99 ± 3.45 49.17 ± 3.17 >0.05 45.88 ± 4.58 45.67 ± 4.76 >0.05 >0.05 >0.05 >0.05 >0.05 

Gynoid Fat (%) 44.62 ± 3.17 43.28 ± 3.00 <0.05 36.06 ± 4.08 34.79 ± 4.09 <0.05 >0.05 >0.05 <0.05 >0.05 

Substrate Utilization 

Respiratory Quotient  0.77 ± 0.02 0.77 ± 0.02 >0.05 0.77 ± 0.01 0.74 ± 0.02 >0.05 >0.05 >0.05 >0.05 >0.05 

Resting Energy Expenditure (kcal/day) 1703 ± 83 1781 ± 95 <0.05 1808 ± 112 1861 ± 113 >0.05 >0.05 >0.05 <0.05 >0.05 

REE/BW (kcal/kg/day) 18.4 ± 0.7 19.1 ± 0.7 >0.05 20.3 ± 0.9 20.9 ± 1.2 >0.05 >0.05 >0.05 >0.05 >0.05 

REE/FFM (kcal/kg/day) 35.8 ± 0.8 36.3 ± 1.1 >0.05 36.4 ± 1.0 36.9 ± 3.3 >0.05 >0.05 >0.05 >0.05 >0.05 

Glycemic Control 

Fasting Glucose (mg/dL) [OGTT] 94.0 ± 2.6 97.4 ± 2.2 >0.05 100.2 ± 6.2 97.4 ± 3.0 >0.05 >0.05 >0.05 >0.05 >0.05 

120-Minute Glucose (mg/dL) 135.7 ± 8.4 133.5 ± 5.6 >0.05 164.2 ± 20.5 145.6 ± 14.1 >0.05 >0.05 >0.05 >0.05 >0.05 

120-Minute AUC 285.93 ± 13.77 284.77 ± 7.81 >0.05 331.11 ± 27.35 313.37 ± 22.20 >0.05 >0.05 >0.05 >0.05 >0.05 

180-Minute AUC 397.56 ± 16.39 395.29 ± 9.59 >0.05 461.46 ± 38.69 433.81 ± 27.89 >0.05 >0.05 >0.05 >0.05 >0.05 

Hemoglobin A1C (%) 5.3 ± 0.1 5.2 ± 0.1 >0.05 5.6 ± 0.2 5.4 ± 0.2 >0.05 >0.05 >0.05 >0.05 >0.05 

Fasting Glucose (mg/dL) 90.1 ± 2.4 91.9 ± 1.8 >0.05 97.4 ± 6.8 94.9 ± 3.1 >0.05 >0.05 >0.05 >0.05 >0.05 

Fasting Insulin (µIU/mL) 12.2 ± 2.3 14.2 ± 2.1 <0.05 17.4 ± 5.2 17.7 ± 6.4 >0.05 >0.05 >0.05 >0.05 <0.05 

C-Peptide (ng/mL) 2.8 ± 0.3 2.8 ± 0.3 >0.05 3.0 ± 0.6 3.1 ± 0.5 >0.05 >0.05 >0.05 >0.05 >0.05 

HOMA-IR 2.79 ± 0.58 3.30 ± 0.54 >0.05 4.76 ± 1.81 3.08 ± 1.43 <0.05 >0.05 >0.05 >0.05 <0.05 

QUICKI-IS 0.34 ± 0.01 0.33 ± 0.01 >0.05 0.33 ± 0.02 0.35 ± 0.01 <0.05 >0.5 >0.05 >0.05 <0.05 

24-Hour Glucose (mg/dL) 

(RT-10 R+N-7) 
116.7 ± 2.3 117.8 ± 3.7 >0.05 119.8 ± 3.2 127.9 ± 8.6 >0.05 >0.05 >0.05 <0.05 >0.05 

Glucose Standard Deviation (mg/dL) 

(RT-10 R+N-7) 
17.2 ± 0.7 17.0 ± 1.0 >0.05 17.2 ± 1.1 16.9 ± 1.8 >0.05 >0.05 >0.05 >0.05 >0.05 

Minimum Glucose (mg/dL) 
(RT-10 R+N-7) 

80.4 ± 3.0 82.7 ± 4.6 >0.05 84.1 ± 3.0 98.6 ± 10.2 >0.05 >0.05 >0.05 <0.05 >0.05 

Maximum Glucose (mg/dL) 
(RT-10 R+N-7) 

175.6 ± 6.2 174.8 ± 8.7 >0.05 177.0 ± 6.2 184.9 ± 11.9 >0.05 >0.05 >0.05 >0.05 >0.05 

Glucose Fluctuation (mg/dL) 

(RT-10 R+N-7) 
95.3 ± 7.1 92.1 ± 7.7 >0.05 92.9 ± 4.93 86.3 ± 8.0 >0.05 >0.05 >0.05 >0.05 >0.05 

Time Above Range (mins) 

(RT-10 R+N-7) 
149.1 ± 33.6 215.5 ± 72.1 >0.05 221.4 ± 50.0 348.6 ± 185.9 >0.05 >0.05 >0.05 >0.05 >0.05 

Time Below Range (mins) 0.0 ± 0.0 2.7 ± 1.8 >0.05 0.0 ± 0.0 0.0 ± 0.0 >0.05 >0.05 >0.05 >0.05 >0.05 
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(RT-10 R+N-7) 

Glucose Management Index (%) 

(RT-10 R+N-7) 
6.1 ± 0.1 6.1 ± 0.1 >0.05 6.2 ± 0.1 6.4 ± 0.2 >0.05 >0.05 >0.05 <0.05 >0.05 

Coefficient of Variation (%) 

(RT-10 R+N-7) 
14.7 ± 0.5 14.4 ± 0.8 >0.05 14.1 ± 0.6 13.6 ± 1.7 >0.05 >0.05 >0.05 >0.05 >0.05 

Time in Range (min) 

(RT-10 R+N-7) 
1294.1 ± 33.9 1216.8 ± 70.8 >0.05 1218.6 ± 62.0 1091.4 ± 185.9 >0.05 >0.05 >0.05 <0.05 >0.05 

Exercise 

1 Repetition Maximum (kg) 83.04 ± 14.99 113.44±17.91 <0.05 97.16±9.70 119.19 ± 10.81 <0.05 >0.05 >0.05 <0.05 >0.05 

1RM/BW (kg) 0.83 ± 0.17 1.14±0.20 <0.05 1.04±0.12 1.29 ± 0.15 <0.05 >0.05 >0.05 <0.05 >0.05 

1RM/Total FFM (kg) 1.43 ± 0.22 1.97±0.25 <0.05 1.78±0.16 2.19 ± 0.18 <0.05 >0.05 >0.05 <0.05 >0.05 

1RM/Leg FFM (kg) 3.88 ± 0.59  <0.05 5.09 ± 0.41  <0.05 >0.05 >0.05 <0.05 >0.05 

Grip Strength (kg) 71.63 ± 6.73 72.54±7.01 >0.05 71.06±7.29 73.56 ± 7.15 >0.05 >0.05 >0.05 >0.05 >0.05 

Aerobic Capacity (L/min) 2.45 ± 0.18 2.54±0.18 >0.05 2.19±0.34 2.54 ± 0.36 <0.05 >0.05 >0.05 <0.05 >0.05 

Data are presented as Mean±SEM. Bold text represents significance (p<0.05). When the number of participants is less than the total, it 

is indicated under the title of the variable. Fasting blood glucose represents the value obtained via lancet prick. Fasting glucose 
[OGTT] represents glucose values measured by finger prick. Abbreviations: BMI- body mass index; mmHg- millimeters of mercury; 
bpm- beats per minute; cm- centimeters; kg- kilograms; kcal- kilocalories; mg- milligrams; dL- deciliter; µIU/mL- micro-international 

units per milliliter; ng- nanograms; mins- minutes; %- percentage- L- liters; REE- resting energy expenditure; BW- bodyweight; FFM- 
fat free mass; AUC- area under the curve; HOMA-IR- Homeostatic Model Assessment of Insulin Resistance; QUICKI-IS- 

Quantitative Insulin Sensitivity Check Index 
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8 WEEKS OF SUPERIMPOSED TRAINING LED TO GREATER IMPROVEMENTS IN 

INSULIN SENSITIVITY THAN RESISTANCE TRAINING  

While fasting glucose (Table 4) and C-peptide remained unchanged (Figure 4a), change in C-

peptide was significantly greater in the superimposed NMES on resistance training group 

(Figure 4b). Insulin levels significantly increased in the resistance training group compared to 

pre-training levels and compared to change in insulin levels between groups (Figure 4c and 4d 

respectively). HOMA-IR significantly decreased (Figure 4e and 4f) and QUICKI-IS 

significantly increased in the superimposed NMES on resistance training group compared to pre-

training levels and compared to change in both HOMA-IR and QUICKI-IS levels between 

groups (Figure 4g and 4h) reflecting improvement in insulin sensitivity.  

 
Figure 4. Insulin sensitivity following 8 weeks of training. Pre- and postintervention C-peptide 
(a) and (b), insulin (c) and (d), HOMA-IR (e) and (f), QUICKI-IS (g) and (h).*p<0.05, **p<0.01. 

Data are presented as mean ± SEM. Abbreviations- ng- nanograms; mL- milliliter; ns- not 
significant- µIU- micro international units; HOMA-IR- homeostatic model assessment of insulin 

resistance; QUICKI-IS- quantitative insulin sensitivity check index; RT- resistance training; 
RT+NMES- superimposed NMES on resistance training; pre- preintervention; post- 

postintervention. 
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The results of the OGTT curves showed that 90 minute blood glucose was significantly lower in 

the superimposed NMES on resistance group compared to pre-training levels (Figure 5).The 

results of the OGTT showed that while fasting blood glucose (OGTT) remained unchanged 

(Figure 6a), when changes in fasting glucose were compared, there was a trend for a greater 

decrease in fasting blood glucose (p= 0.09) in the superimposed NMES on resistance training 

group compared to resistance training group (Figure 6b). There was a trend for a lower 120-

minute blood glucose for the superimposed NMES  on resistance training group compared to 

pre-training levels while there were no changes in the resistance training group (Figure 5 and 

6c) and no difference in the degree of change between groups (Figure 6d).  

 

 
Figure 5. Oral glucose tolerance test curves for both groups pre- and post-training. *p<0.05. 
Data are presented as mean ± SEM. Abbreviations- mg- milligrams; dL- deciliter; min- minutes; 

RT- resistance training; RT+NMES- superimposed NMES on resistance training; pre- 

preintervention; post- postintervention. 

Glucose AUC remained unchanged after 2 hours (Figure 6e) and 3 hours (Figure 6g) for both 

groups. Both groups also had no changes in HbA1c (p= 0.12; Table 4).  
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Figure 6. Oral glucose tolerance test results after 8 weeks of training. Pre- and postintervention 
fasting glucose (a) and (b), 120-minute glucose (c) and (d), 2-hour area under the curve (e) and 

(f), and 3-hour area under the curve (g) and (h). *p<0.05. Data are presented as mean ± SEM. 
Abbreviations- ns- not significant; mg- milligrams; dL- deciliter; AUC- area under the curve; 

RT- resistance training; RT+NMES- superimposed NMES on resistance training; pre- 

preintervention; post- postintervention. 

There was no change in 24-hour glucose (Figure 7a and b), glycemic variability measured by 

glucose standard deviation (Figure 7c and d) and coefficient of variation (Figure 7e and f), 

glucose time in range (Figure 7g and h) nor minimum glucose, maximum glucose, glucose 

fluctuation, time above range, time below range, or glucose management index (Table 4). 
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Figure 7. Glycemic control measured by continuous glucose monitoring after 8 weeks of 
training. Pre- and postintervention 24-hour glucose (a) and (b), glycemic variability measured by 

standard deviation (c) and (d), glycemic variability measured by coefficient of variation (e) and 
(f), and time in range (g) and (h). *p<0.05. Data are presented as mean ± SEM. Abbreviations- 

ns- not significant; SD- standard deviation; CV- coefficient of variation; mg- milligrams; dL- 
deciliter; mins- minutes; pre- preintervention; post- postintervention; RT- resistance training; 

RT+NMES- superimposed NMES on resistance training. 

INCREASED RESTING ENERGY EXPENDITURE FOLLOWING 8 WEEKS OF 

RESISTANCE TRAINING WITH NO CHANGE IN SUBSTRATE UTILIZATION 

Following 8 weeks ot training, there was no significant change in substrate utilization in either 

group (Figure 8a and 8b). There was a significant increase in resting energy expenditure in the 

resistance training group (Figure 8c and 8d).  
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Figure 8. Substrate utilization and resting energy expenditure after 8 weeks of training. Pre- and 
postintervention substrate utilization (a) and (b) and resting energy expenditure (c) and (d) 

*p<0.05. Data are presented as mean ± SEM. Abbreviations- RQ- respiratory quotient; kcal- 
kilocalories; ns- not significant; pre- preintervention; post- postintervention; RT- resistance 

training; RT+NMES- superimposed NMES on resistance training. 

 

BOTH GROUPS SIMILARLY INCREASED LOWER BODY STRENGTH FOLLOWING 8 

WEEKS OF TRAINING 

Lower body strength measured by 1 repetition maximum leg extension was similar between both 

groups at baseline (Table 4). Following 8 weeks of resistance training with and without 

superimposing NMES, both groups significantly increased lower body strength in absolute 

measures (Fig 9a) with no significant difference in the degree of change between groups (Figure 

9b).  
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Figure 9. Lower body strength after 8 weeks of training. Pre- and postintervention lower body 

strength measured by 1 repetition maximum leg extension (a) and (b).**p<0.01, , ****p<0.0001. 
Data are presented as mean ± SEM. Abbreviations- kg- kilograms; ns- not significant; RT- 

resistance training; RT+NMES- superimposed NMES on resistance training; pre- 

preintervention; post- postintervention. 

 

When normalized for bodyweight, total fat free mass, and leg fat free mass, there was a 

significant increase in lower body strength for both groups compared to pre-training (Table 4). 

There were no significant difference in grip strength at baseline or pre- to post-training in either 

group (Figure 10a and 10b) 
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Figure 10. Grip strength after 8 weeks of training. Pre- and postintervention grip strength 

measured by handheld dynamometer (a) and (b)*p<0.05. Data are presented as mean ± SEM. 
Abbreviations- kg- kilograms; ns- not significant; RT- resistance training; RT +NMES- 

superimposed NMES on resistance training; pre- preintervention; post- postintervention. 

 

The results for aerobic capacity demonstrated a significant increase in the superimposed NMES 

on resistance training group compared to pre-training, while the resistance training group did not 

show a significant difference (Figure 11a). Superimposed NMES on resistance training also 

resulted in a greater degree of change in aerobic capacity compared to resistance training (Figure 

11b). 
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Figure 11. Aerobic capacity after 8 weeks of training. Pre- and postintervention aerobic capacity 

(a) and (b).*p<0.05. Data are presented as mean ± SEM. Abbreviations- L- liters; min- minute; 
ns- not significant; RT- resistance training; RT +NMES- superimposed NMES on resistance 

training; pre- preintervention; post- postintervention. 

 

BOTH GROUPS SIMILARLY IMPROVED BODY COMPOSITION FOLLOWING 8 

WEEKS OF TRAINING 

Fat free mass showed significant increases in the resistance training group but not the 

superimposed group in both total fat free mass (Figure 12a) and leg fat free mass (Figure 12e.). 

However, when comparing delta values, there was no significant difference between groups for 

either total fat free mass (Figure 12b) or leg fat free mass (Figure 12f). Total fat mass (Figure 

12c and d) and leg fat mass (Figure 12g and h) had no significant changes.  
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Figure 12. Muscle and fat mass after 8 weeks of training. Pre- and postintervention fat free mass 
(a) and (b), fat mass (c) and (d), leg fat free mass (e) and (f), and leg fat mass (g) and (h). 

*p<0.05. Data are presented as mean ± SEM. Abbreviations- kg- kilograms; ns- not significant; 
RT- resistance training; RT +NMES- superimposed NMES on resistance training; pre- 

preintervention; post- postintervention. 

 

Total body fat percentage showed a decrease in the superimposed NMES on resistance training 

group with a trend for a decrease in the resistance training group (Figure 13a and 13b). Leg fat 

percentage decreased significantly in both groups with no difference between groups  (Figure 

13c and 13d). Gynoid fat percentage also decreased significantly in both groups with no 

difference between groups (Figure 13g and 13h) while android fat percentage showed no 

significant change (Figure 13e and 13f).  
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Figure 13. Regional fat percentage following 8 weeks of training. Pre- and postintervention 
bodyfat percentage expressed as total body fat (a) and (b), leg fat (c) and (d), android fat (e) and 

(f), and gynoid fat (g) and (h). *p<0.05, **p<0.01. Data are presented as mean ± SEM. 
Abbreviations- ns- not significant; RT- resistance training; RT +NMES- superimposed NMES on 

resistance training; pre- preintervention; post- postintervention. 

Circumference measurements showed that both groups similarly decreased waist circumference 

while hip circumference and the waist to hip ratio remained unchanged (Table 4). Thigh 

circumference decreased in the resistance training group while the superimposed NMES on 

resistance training group had no change. Similarly, bodyweight and BMI were also unchanged in 

either group (Table 4).  
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DISCUSSION 

The purpose of this study was to determine if there was an additive effect in 

superimposing neuromuscular electrical stimulation on resistance training for glycemic control, 

resting energy expenditure, substrate utilization, muscle mass and muscular strength in a 

population that was untrained with overweight to obesity. Our data indicates that eight weeks of 

superimposed NMES on resistance training led to greater improvements in insulin sensitivity, as 

measured by HOMA-IR, QUICKI-IS, fasting and 120-minute blood glucose, than conventional 

resistance training. Despite these improvements in insulin sensitivity, resting energy expenditure 

only increased in the resistance training group with no change in substrate utilization in either 

group. There were also similar improvements in body composition and muscular strength for 

both groups. To our knowledge this is the first comprehensive, longitudinal study comparing 

superimposed NMES on resistance training to conventional resistance training for glycemic 

control, substrate utilization and resting energy expenditure.  

While resistance training and NMES have been shown to improve glycemic control 

through a variety of assessment techniques including OGTT, HOMA-IR, fasting glucose and 

insulin levels, to our knowledge, only one study has compared the acute effects of superimposed 

NMES on resistance exercise to resistance exercise (Holzer et al., 2021). In this study they found 

that following a 20-minute bout of superimposed NMES on resistance, resistance, or aerobic 

exercise, postprandial glucose responses, glucose AUC curves, and glucose excursions were 

similar in all conditions. While there were comparable results for superimposed NMES on 

resistance and conventional resistance exercise in an acute setting, the current study found that 

following 8 weeks of superimposed NMES on resistance training, there were greater 

improvements in insulin sensitivity compared to a resistance training group. This current study is 

of clinical significance, demonstrating improved insulin sensitivity after 8 weeks of 

superimposed NMES on resistance training in a population that is at-risk, with overweight to 

obesity, and predominantly Hispanic.  
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While there are no previous studies that investigated superimposed NMES on resistance 

training, previous longitudinal studies utilizing resistance training and NMES independently, 

have demonstrated improvements in glycemic control and insulin sensitivity (Bacchi et al., 2013; 

DeFronzo & Beckles, 1979; Eikenberg et al., 2016; Galvan et al., 2022; Jiahao et al., 2021; 

Vivodtzev et al., 2013). When examining resistance training, following 12 weeks of resistance 

training, while fasting glucose was unchanged, 120-minute glucose during an OGTT was 

significantly reduced (Eikenberg et al., 2016). Our findings are in line with this as fasting 

glucose remained unchanged in both groups, but 120-minute blood glucose did show a trend for 

decreasing in the superimposed group. Similarly, in a meta-analysis, it was found that resistance 

training decreased insulin resistance measured by HOMA-IR in healthy older adults without T2D 

after an intervention of 12 or more weeks (Jiahao et al., 2021), while interventions less than 12 

weeks showed no change. While our study population was primarily young adults, it was in line 

with this finding as HOMA-IR decreased in the superimposed NMES on resistance training 

group. Contrary to the 12 or more weeks where decreased HOMA-IR was seen (Jiahao et al., 

2021), our study had similar results in 8 weeks. Like resistance training, NMES has been shown 

to decrease HOMA-IR compared to baseline following 6 weeks of NMES (Vivodtzev et al., 

2013). In patients with T2D, after 10 weeks of NMES, fasting glucose and HbA1C also 

decreased (van Buuren et al., 2015). In the current study, while there were no significant changes 

in fasting blood glucose in either group, when degree of change in fasting glucose was 

compared, our study shows a trend for greater decreased fasting glucose in the superimposed 

NMES on resistance training group. Lastly, a previous meta-analysis has demonstrated that 

NMES is effective in improving glycemic control in a variety of measures including fasting 

glucose, OGTT and HOMA-IR (Sanchez et al., 2023). In totality, our results are similar as 

demonstrated by the trends in lowering fasting glucose and 120-minute blood glucose and 

significant reduction in HOMA-IR and QUICKI-IS favoring the superimposed group.  

Studies investigating glycemic control using continuous glucose monitoring are much 

more limited. There are no longitudinal studies measuring glycemic control with CGMs, 
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however, acute effects of both resistance exercise and NMES have been investigated. When 

examining resistance exercise, in a population with type 1 diabetes, following a bout of aerobic, 

resistance, or combined exercise, resistance and combined exercise groups reduced 24-hour 

glucose, while combined exercise decreased glucose variability (glucose standard deviation and 

coefficient of variation) (Minnock et al., 2020). Similarly, in a population with impaired glucose 

tolerance, taking insulin, or glucose lowering medications, average glucose and hyperglycemia 

prevalence was reduced in the 24 hours following a bout of resistance exercise (Van Dijk et al., 

2012). When examining NMES, in a population with T2D, following a 60-minute bout of 

NMES, when tracked for 6 hours, blood glucose decreased at 2, 3, and 4 hours post stimulation 

with no change in glucose variability (coefficient of variation, standard deviation, mean 

amplitude of glycemic excursions) (Macedo et al., 2024). As mentioned previously, there are no 

longitudinal studies investigating glycemic control using CGMs following RT or NMES. Our 

results did not find any significant differences in the CGM parameters following 8 weeks of 

either superimposed or resistance training. Previously, both RT and NMES have been shown to 

improve glycemic control (Bacchi et al., 2013; Bajpeyi et al., 2020; DeFronzo & Beckles, 1979; 

Dunstan et al., 2002; Eikenberg et al., 2016; Galvan et al., 2022; Reid et al., 2010; Sigal et al., 

2007). A potential explanation for the lack of changes could be the small sample size. While 24 

total participants were included in this study, not all participants had CGM data as a total of 17 

were included in the analyses with only 7 of those being in the superimposed group. This could 

be due to participants either discarding the CGM themselves or the CGMs being misplaced 

before data was extracted. Another limitation of our study was that participants were not 

supervised while they consumed a standard diet when the CGM data were collected. While we 

provided the meals for 3 days pre and postintervention, often participants were unsupervised and 

ate outside of the lab setting. A checklist was also provided to indicate what time participants ate 

each meal and whether they finished each meal. It may have been possible that they ate extra 

food or simply did not follow the diet as instructed. While no significant changes were found 

using CGMs, this is the first study performed to compare the longitudinal effects of 
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superimposed NMES on resistance training on glycemic control in comparison to a resistance 

training group.  

 In contrast to the improvement in insulin sensitivity for the superimposed NMES on RT 

group, changes in resting energy expenditure favored the resistance training group. Following 

eight weeks of resistance training, we found increased resting energy expenditure with no change 

in substrate utilization. To our knowledge, there are no studies that compared superimposed 

NMES on resistance training to resistance training for either variable. Longitudinal studies 

investigating substrate utilization and energy expenditure with NMES are also limited and to our 

knowledge, few studies have investigated this (Galvan et al., 2022; Gorgey et al., 2021; 

Kemmler et al., 2010). Following 4 weeks of NMES performed 3 time per week, there was no 

changes found for substrate utilization or resting energy expenditure (Galvan et al., 2022). When 

performed for a longer period of 12 weeks, there were also no changes in substrate utilization or 

energy expenditure (Gorgey et al., 2021). However, resting metabolic rate which is synonymous 

with resting energy expenditure was maintained while a control group showed a decrease 

following 16 weeks of whole body NMES (Kemmler et al., 2010). While no significant increase 

in resting energy expenditure or improvements in substrate utilization have been found, 

longitudinal studies using NMES are still limited.  

In contrast to research utilizing NMES on substrate utilization and energy expenditure, 

the evidence surrounding resistance training on these measurements is more established. 

Following 16 weeks of whole-body resistance training, there were increases in resting energy 

expenditure and diet induced thermogenesis with a decrease in RQ found, indicating improved 

substrate utilization (Treuth et al., 1995). After a period of 6 months of whole-body resistance 

training, increases in both resting and 24-hour energy expenditure were found (Kirk et al., 2009; 

Lemmer et al., 2001). Similarly, when performed for a longer period of 9 months, increased fat 

oxidation and mitochondrial content have also been found (Sparks et al., 2013). Our study found 

increased resting energy expenditure in the resistance training group with no significant changes 

in substrate utilization for either group. The lack of significant change in the superimposed 
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NMES on resistance training group may be explained by the small sample size as there were 

only 10 participants with pre- and postintervention data. The increase in resting energy 

expenditure for the RT group is significant however, as resting energy expenditure accounts for 

60-70% of total energy expenditure per day (Lam & Ravussin, 2016; Poehlman, 1989). 

Increasing resting energy expenditure may reduce T2D risk as obesity, characterized by chronic 

energy imbalance with caloric intake exceeding energy expenditure (Lam & Ravussin, 2016), is 

the leading risk factor for T2D (Barnes, 2011).  

In conjunction with energy expenditure, body composition is typically measured  

(Cunningham, 1991). In contrast to resting energy expenditure, our study found improvements in 

body composition in both the superimposed NMES on resistance and resistance training groups 

using DEXA and anthropometric measurements. Previous studies have found significantly 

greater improvement in body composition/muscle mass following superimposed NMES on 

resistance training using ultrasound (Benavent-Caballer et al., 2014; Evangelista et al., 2019). To 

our knowledge, no previous study comparing superimposed NMES on RT to resistance training 

determined body composition/muscle mass via DEXA scan. When examining body fat 

percentage values, the superimposed NMES on resistance training group significantly decreased 

total bodyfat percentage while the resistance training group had a trend for reducing bodyfat 

percentage. Both groups similarly decreased leg fat and gynoid fat percentages with no 

significant changes in android fat percentage. Our results are in line with previous findings as 

when used separately, both resistance training and NMES have been shown to decrease bodyfat 

using a DEXA scan (Li et al., 2018; Lopez et al., 2022; Miyamoto et al., 2018). Despite there 

being similar increases in quadricep muscle strength, there was only a significant increase in 

both fat free mass and leg fat free mass in the resistance training group. As previously 

mentioned, our lab conducted a meta-analysis comparing the effects of superimposed training to 

conventional resistance training for the improvement of muscle mass and muscular strength. 

While there was a significantly greater increase found for both variables in favor of 

superimposed training, a sensitivity analysis revealed that very high frequency (≥ 85 Hz) NMES 
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may be necessary to facilitate these greater increases. Our NMES protocol was set to a frequency 

of 50 Hz, so it is possible that the frequency was not high enough to lead to additive effects. 

Also, in the studies showing significant differences in muscle mass in the superimposed group, 

one study had an active population (Evangelista et al., 2019) while the other did not indicate 

and/or measure physical activity levels (Benavent-Caballer et al., 2014). The included population 

of our study was sedentary, with no differences in physical activity levels between groups. It has 

been shown that active populations are able to handle higher intensities of NMES (Gondin et al., 

2011), and have a higher pain tolerance (Årnes et al., 2023; Naugle & Riley, 2014; Skogberg et 

al., 2022). Given the NMES intensity for our study was set to maximum tolerable intensity, pain 

tolerance may have limited the intensity of NMES participants could use. Lastly, while the 

DEXA scan can differentiate the body into different sections (arms, legs, trunk, etc.), it is not 

able to measure muscle groups individually. Given we only applied NMES to the quadricep 

muscles, it may be possible that differences could be found using other measurement methods 

such as ultrasound or magnetic resonance imaging that are able to measure muscle groups 

individually.  

In contrast to our findings for muscle mass, we found increased aerobic capacity in the 

superimposed NMES on resistance training group while there was no significant difference for 

the resistance training group. In previous research, NMES has been shown to increase aerobic 

capacity when done at lower frequencies in both sedentary and active populations (Banerjee et 

al., 2005; Crognale et al., 2009). It has also been shown that stimulating lower body musculature 

is sufficient in increasing aerobic capacity (Gorgey et al., 2015; Griffin et al., 2009). A potential 

explanation could be histochemical changes in the stimulated muscles as NMES has been shown 

to increase capillary bed density, mitochondrial concentrations, oxidative enzymes and shift in 

muscle fiber type (Deley et al., 2005; Dobsák et al., 2006; Nuhr et al., 2004; Sheffler & Chae, 

2007). Also, given the NMES protocol had the stimulation on for 10 seconds and off for 30 

seconds throughout the training sessions and may be on during sets and between sets, there may 

have also been less rest time like aerobic training, leading to the increased aerobic capacity.  
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LIMITATIONS 

There were limitations to be noted in this study. First this pilot study is limited by low 

sample size. It remains to be seen if there would be greater differences between groups with a 

larger sample size. Also, not all the included participants had full data due to either data not 

being measured/recorded, data not being saved and therefore lost, or data being misplaced. This 

further exacerbated the small sample size. Second, for the standard diet, while we provided all 

food to participants, they did not always eat in the laboratory. A large portion of participants 

were students, however, many worked outside of campus and were not able to come to the lab to 

eat each meal. Despite the lack of supervision, they were also provided with a checklist to 

indicate what time they ate each meal and whether they ate the entire amount. Due to this, we 

were under the assumption that they were only eating the standard diet on the days provided but 

there is no way to truly know whether they did or not. This could have played a factor in the 

glycemic control and substrate utilization results. However, most previous studies have 

investigated only one aspect of glycemic control. The strength of our study is that it 

comprehensively assessed glycemic control and insulin sensitivity through OGTT, CGM, and 

blood draws . Also, while one study has compared superimposed NMES on resistance exercise to 

resistance exercise for glycemic control, it was done in an acute setting and no studies have 

investigated substrate utilization or energy expenditure. Our study is the first to compare the 

longitudinal effects of superimposed NMES on resistance compared to resistance training for 

glycemic control, substrate utilization, and energy expenditure.  
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CONCLUSION 

Our study found there was significantly greater improvements in insulin sensitivity following 8 

weeks of superimposed NMES on resistance training compared to resistance training. Body 

composition demonstrated similar improvements while energy expenditure increased in the 

resistance training group and substrate utilization had no changes in either group. The potential 

impact of the study is that an at-risk population could improve their body composition and 

insulin sensitivity to reduce the risk of developing T2D in the future. Future directions may 

include a study of greater sample size, longer duration of intervention, and /or having a 

supervised diet potentially during the entire intervention. 
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APPENDIX 

PHONE INTERVIEW  

*Names of individuals will not be disclosed during the phone screening as informed consent has 
not yet been obtained. Rather, individuals will be provided with a participant number and will be 

identified only by this number until informed consent has been provided. 

1. Female or Male? 

a. If FEMALE, are you or is there any chance you could be pregnant? Y / N 

i. Y→ Disqualified 

2. What is your age? (between 18 and 50 years) 

a. DOB(mm/dd/yyyy): __/__/____ 

b. AGE (years): _________ 

3. How tall are you (ft/cm)? (1in= 2.54cm) 

4. How much do you weigh (lbs./kg)? (2.2lbs = 1 kg) 

a. BMI (kg/m2) (between 25 and 40):
𝑊𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)

(
𝐻𝑒𝑖𝑔ℎ𝑡  (𝑐𝑚)

100
)2

=_______  

5. What is your Race? 

6. Do you exercise regularly? Y / N 

a. How often do you exercise? How many minutes per week do you spend 

exercising? (<150min per week of structured exercise) 

b. What type of Exercises do you perform? 

c. How likely are you to stick to coming three times a week to the exercise lab? 

VERY LIKELY – MODERATLY – NOT VERY LIKELY 

7. Do you have any medical conditions or illness (Evidence of Cardiovascular Disease, 

Diabetes, High/Low Blood Pressure, Hyperlipidemia)? Y / N 

a. If Yes list→ 

 

8. Are you currently taking any medications (Such as drugs affecting your energy 

metabolism and body weight; supplements)? Y / N 

a. If so, what are they for? 

9. Do you use any alcohol, drug abuse, or smoking in excess? 
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10. Do you have any electronic implants or electrical devices (i.e. Pacemakers. metal 

implants) Y / N 

11. Do you have any leg injuries/surgeries where you weren’t allowed to use your leg for a 

period of time (greater than a month)? 

Eligible: Yes / No 

Set Up Accelerometer pick up date/time: __________ 

*Print Accelerometer Instructions, and give to participant with accelerometer 
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DAY OF ACCELEROMETER  

 

Physical Screening (Initial Each) 
_____ Height, Weight  BMI _____ (>25kg/m^2) 

 
_____ Blood Pressure (5 min. rest; 3 different trials) 
 Normal? Yes____ No____ Value____ 

 
_____ Resting Heart Rate 

 Normal? Yes____ No____ Value____ 
 
_____ Fasting Blood Glucose 

 Normal? Yes____ No____ Value____ 
 

_____ Lipid Panel 
 Normal Cholesterol? Yes____ No____ Value____ 
 Normal HDL? Yes____ No____ Value____ 

 Normal LDL? Yes____ No____ Value____ 
 Normal Triglycerides Yes____ No____ Value____ 

Cholesterol Normal 

TCL <200mg/dL 

HDL >60mg/dL 

LDL Optimal <100mg/dL 

Near Optimal 100-129 mg/dL 

Borderline High 130-159 mg/dL 

Triglyceride Optimal <100mg/dL 

Normal <150mg/dL 

Borderline High 150-199 mg/dL 

 
Initials 
 

_____ Sedentary Lifestyle Confirmed? (less than 150 minutes structured exercise per week) 
_____ Study Summary reviewed 

_____ Study consent reviewed with participant, signed and copy provided  
_____ Age confirmed to be 18-50 
_____ BMI confirmed to be 25-40 

_____ Concomitant Medications taken in the last 3 months 
 (ask specifically: cortisone injections/medications) 

 Medications: ____________________________________ 
_____ Use of alcohol, tobacco, or recreational drug use 
 Drinks per week ____ Use of tobacco per week____  

_____ Food allergies?  Yes____ No____  
 

PASS    or    FAIL: 
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