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Aging is associated with structural changes in skeletal muscles. One such change is loss of 

muscle mass. Muscle fiber atrophy is another structural transformation. Muscle fiber atrophy is 

selective to type II muscle fibers. The reduced mass of aging muscles has functional 

consequences like reduced performance of daily activities. Although exercise can be used to 

hypertrophy type II muscle fibers, it requires high intensity training that may not be feasible for 

elderly people. Due to the ability of neuromuscular electrical stimulation (NMES) to activate 

type II muscle fiber at relatively low intensity compared to voluntary exercises, NMES might be 

an alternative method to train type II muscle fibers in the elderly population.  

 The purpose is to test the effectiveness of NMES compared to exercise that is performed 

at the same intensity in inducing structural changes in quadriceps muscle of elderly subjects. The 

aims are to 1) compare changes in muscle hypertrophy, 2) compare changes in quadriceps 

muscle power output, and 3) Compare changes in the performance-based functional power tests 

in subjects who receive NMES and those who receive isometric strengthening exercise at the 

same intensity level. 

Twenty subjects (71.2 +/- 4.41) were randomized to receive NMES or exercise. 

Computed tomography (CT), and muscle biopsy were performed to assess changes in cross 

sectional area (CSA) and fiber types of the quadriceps. Isokinetic quadriceps muscle power and 
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performance based functional power were measured to assess changes in quadriceps strength and 

performance based physical function. 

The patterns of change from pre to post training on total quadriceps CSA, lean quadriceps 

CSA, and type IIA CSA were significantly higher for the NMES group. There was no difference 

between the groups in isokinetic quadriceps muscle power. The change in ramp power test from 

pre to post training was significantly higher for the NMES group.   

NMES might be an alternative to exercises in inducing type II fiber hypertrophy in older 

adults. NMES training induced improvements in performance based functional power tests 

compared to voluntary isometric exercise. There were no differences between the groups in the 

change in isokinetic quadriceps muscle power test scores. 
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1.0  CHAPTER ONE: INTRODUCTION  

1.1 SPECIFIC AIMS AND HYPOTHESES 

1.1.1 Specific Aim 1 

This study will compare changes in muscle hypertrophy in subjects who receive NMES and 

those who receive isometric strengthening exercise at comparable torque output levels. 

1.1.1.1 Hypothesis 1.1 

Subjects who receive NMES will demonstrate larger increases in the cross sectional area of lean 

quadriceps muscle mass compared to subjects who receive isometric strengthening exercise, as 

measured by CT-scanning. 

1.1.1.2 Hypothesis 1.2 

Subjects who received NMES will demonstrate larger increases in cross sectional area of type II 

muscle fibers compared to subjects who received isometric strengthening exercise, based on 

muscle biopsies.  
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1.1.2 Specific aim 2 

This study will compare changes in quadriceps muscle power output in subjects who received 

NMES and those who received isometric strengthening exercise.  

1.1.2.1 Hypothesis 2.1 

Subjects who received NMES will show greater increases in quadriceps muscle power output 

compared to the subjects who received isometric strengthening exercise, based on measures of 

power output at different contraction velocities using an isokinetic dynamometer. 

1.1.3 Specific Aim 3 

This study will compare changes in the performance-based functional power tests in subjects 

who receive NMES and those who receive isometric strengthening exercise. 

1.1.3.1 Hypothesis 3.1 

Subjects who received NMES will demonstrate greater increases in power output scores during 

the timed stair climb power test and the ramp power test, compared to subjects that receive 

isometric strengthening exercise. 
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1.2 BACKGROUND AND SIGNIFICANCE  

1.2.1 Skeletal Muscle Structure and Function 

Declines in whole skeletal muscle strength and size are features commonly associated with aging 

(29). Aging reduces the number of fibers in whole muscle, which primarily explains the loss of 

muscle mass (1). Frontera et al (3) studied muscle strength, cross sectional area, and contractile 

properties of skinned parts of single fibers of the quadriceps muscle. They found that the strength 

and the whole muscle cross sectional area of knee extensors were significantly greater in younger 

men compared to older men, but there were no differences between old and young subjects when 

whole muscle strength was adjusted to the whole muscle cross sectional area (specific tension). 

They also found that muscle fibers from young men were stronger than muscle fibers from old 

men expressing the same myosin heavy chain isoform even after adjusting for size. Therefore 

Frontera et al (3) concluded that abnormality in the quantity and/or function of the contractile or 

regulatory proteins could explain the reduction in the ability of muscle fibers to generate force. 

Moreover Morse et al (51) studied 19 elderly (mean age = 73.83) and 12 young men 

(mean age = 25.30) to determine whether a decrease in the fascicle force (Ff) could be accounted 

for by muscle atrophy. The lateral head of the gastrocnemius (GL) muscle was assessed in this 

study. The volume of the GL muscle and the Achilles tendon moment arm length were evaluated 

using magnetic resonance imaging (MRI). The fiber fascicle length (Lf) and the pennation angle 

were measured using B-mode ultrasonography during isometric voluntary contraction of planter 

flexors. The physiological cross-sectional area (PCSA) was measured in vivo as GL volume/Lf. 

GL Ff was computed by dividing Achilles tendon force by the cosine of the pennation angle. The 

Achilles tendon force was measured by dividing the planter flexors torque by the Achilles tendon 
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moment arm. The results of this study showed that planter flexors isometric torque was 47% 

lower in older compared to younger men. The moment arm of the Achilles tendon was the same 

in both groups; accordingly the difference in the Achilles tendon torque is due to difference in 

Achilles tendon force. After accounting for both the agonist and antagonist muscle activity, the 

Achilles tendon force was 37% lower in the elderly group compared to young group. The 

pennation angle was 12% lower in the older men compared to younger men. Decreased 

pennation angle means greater value of cosine the pennation angle; consequently GL Ff 

(Achilles tendon force/cosine the pennation angle) will be smaller. After accounting for both the 

agonist and antagonist muscle activity, GL Ff was 38% lower in the older compared to younger 

men. GL volume and PCSA were lower in older compared to younger men by 28% and 16% 

respectively. Differences in the GL Ff between older and younger men could be explained by the 

differences in PCSA of the GL between both groups. The next question is, if the groups have 

equal PCSA do they have equal GL Ff? In order to answer this question, specific force was 

computed which is equal to the force generated divided by the cross sectional area. The specific 

force will be explained as the amount of force generated per one unit area. Morse et al found that 

GL specific force (Ff/PCSA) was 30% smaller in older compared to younger men. The results of 

this study suggest that additional factors, other than reduced PCSA, contribute to the reduction in 

fascicle force in older adults. 

In addition to the loss of muscle fibers, atrophy of the fibers also has been attributed to 

the aging process. This atrophy has been found to be selective to type II muscle fibers (5, 8). 

Lexell et al (5) found in a study done on the cross sections of the whole vastus lateralis muscle 

from 20 men (19-84 years of age) that the mean cross sectional area (CSA) of type II fibers from 

muscles of older individuals was on average 35 % smaller than those of younger individuals. In 
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contrast the mean CSA of type I muscle fibers in older subjects was only 6 % smaller than that of 

young individuals. Larsson et al (52) studied muscle fibers distribution and cross sectional area 

in 51 male subjects aged 20-65. The results indicate that with aging there is lower percentage of 

type II muscle fibers and a corresponding increase in the percentage of type I muscle fibers. 

Average cross sectional area of type II muscle fibers was decreased with aging while there was 

no significant change in type I muscle fiber cross sectional areas.  

Loss of skeletal muscle mass, strength and quality has functional consequences. 

Weakness of the lower extremities has been associated with difficulties in rising from a chair and 

ascending and descending stairs (53). Schiller et al (53) studied 82 healthy community dwelling 

women aged 20-78 years (37 Caucasians, 45 Hispanic). The hypothesis underlining this study 

was that Hispanic women may undergo greater age-related reduction in physical functional 

capacity compared with Caucasian women, and a greater rate of reduction in muscle strength 

with aging could contribute to this reduction in physical function.  Quadriceps muscle strength 

was measured using a 1 Repetition Maximum test (1RM). Functional performance was 

determined by three timed tests; 10 m walking, repetitive chair stands and stair ascending and 

descending. Both groups had similar rates of age-related decline in quadriceps muscle strength, 

and there was no difference between the groups in the mean absolute quadriceps muscle strength. 

There were also age-related increases in the time to perform functional performance tasks with 

no differences between the groups. Moreover there was an inverse relationship between 

quadriceps muscle strength and each measure of functional performance in both groups except 

for 10 m walking for Caucasians. A stepwise multiple regression model was performed to predict 

the age-related reduction in functional performance. Quadriceps muscle strength, normalized for 

fat free mass, was the primary predictor in both groups; accounting for 40% of variance in age-
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related reduction in functional performance. Age was the secondary predictor for both groups, 

accounting for an additional 12% and 9% in the variance for Caucasians and Hispanic, 

respectively.  

Alexander et al (54) measured the maximum knee extension torques from 22 healthy 

young (mean age 22) and 23 healthy older adults (mean age 71) while rising from a chair under 

eight different conditions: 1) from raised seat that allowed 45 degrees knee flexion, 2) 100% of 

floor to knee height (KH), 3) 80% KH, 4) 65% KH, 5) seat kept at 100% KH with fast rising, 6) 

seat at 100% KH with slow rising, 7) at comfortable rate and seat at 100% KH while keeping the 

feet on 12 cm wide beam (wide beam condition) and 8) at a comfortable rate with seat at 100% 

of KH while keeping the feet on a beam ¼ of their foot length (narrow beam condition). The 

joint torques used during these tasks did not differ substantially between young and old adults. 

Greater knee torques were needed during lower seat height and during fast rises. However the 

maximum voluntary isokinetic knee extensor strength at 120 degrees/sec was greater for the 

younger compared to older adults (p<0.001). Accordingly the percentage of maximum available 

knee strength used for each task was greater in older compared to younger adults (p<0.001). 

Alexander et al concluded that older adults have more difficulty rising from a chair than younger 

adults. Therefore when rising from a low chair, the strength required may exceed the capacity 

available in older adults making them unable to rise successfully. 

Hurley et al (55) compared quadriceps muscle strength, activation pattern, proprioceptive 

activity, postural stability, and functional performance in 20 young (mean age 23), 10 middle 

aged (mean age 56) and 15 old (mean age 72) adults. All subjects were healthy and living 

independently. Isometric quadriceps muscle strength was measured at 90 degrees of knee 

flexion. Quadriceps activation was measured by superimposing percutaneous electrical 
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stimulation on isometric quadriceps MVC. Proprioceptive activity was measured by the joint 

position sense; the subjects were blindfolded and asked to slowly extend their knees to random 

angles measured by electro-goniometer. Subjects were then allowed to see their knee positions, 

and were instructed to reproduce the test angles from when they were blindfolded. The mean 

error between the test and reproduced angles was calculated. Postural stability was also measured 

using a sway meter under three different tasks; bipedal stance with eyes open, bipedal stance 

with eyes closed and one leg stance with eyes open. Measures of functional performance 

included 50 feet walking speed, Get Up and Go Test, and stair ascent and descent. The results 

indicated that the older subjects were weaker compared to younger and middle aged subjects and 

quadriceps muscle strength was negatively correlated with age (r = -.511), which means that it 

decreased with aging. There was no difference between the groups in quadriceps activation and it 

was not associated with age. Joint position sense was worse in older adults group compared to 

the other groups, and it was associated negatively with age (r = -.603), which means it became 

worse with aging. The three groups were similar in postural stability during bipedal stance with 

eyes open. But with eyes closed, the middle aged and older subjects were less stable than 

younger subjects. During one leg stance, the older and middle-aged subjects were not able to 

maintain stance for 15 seconds, therefore data for those groups were collected for 7 seconds. 

Older subjects were less stable than the young and middle aged subjects. Older subjects also 

were slower in all measures of functional performance than the young and middle aged subjects. 

The aggregate functional performance time was calculated for all individual functional 

performance tests and it was used to determine its association with age, quadriceps muscle 

strength, and joint position sense. As subjects became older, they needed longer aggregate time 
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to perform all functional tests. Moreover, longer aggregate functional performance time was 

associated with weak quadriceps muscle strength and poor joint position sense. 

According to the above evidence, there are age-related structural changes in the 

quadriceps muscle and decline in quadriceps muscle strength. These impairments are associated 

with slow gait speed (33, 55), and also associated with slow performance of physical functional 

tasks such as chair rise (53, 54), stair ascending and descending (53, 55). These functional 

impairments can lead to loss of physical functional independence (35).  

1.2.2 The Effects of Strength Training on Skeletal Muscles in Elderly Subjects 

Maintaining muscle strength and size with aging has become a significant issue for elderly 

people who are trying to maintain independent living and good quality of life (30). Several 

studies on elderly men and women have reported on the effect of resistance exercises in 

reversing sarcopenia related problems (30, 56). 

Trappe et al (30) studied the effect of high intensity resistance exercises performed once 

per week for maintaining skeletal muscle strength and size in a group of older men who 

completed a resistance-training regimen. Ten elderly men participated in the study. Quadriceps 

muscle strength and cross sectional area were measured at the beginning of the study (T1) by 

using one repetition maximum (1RM) and CT scans respectively. All subjects performed a 12 

week training program to strengthen the quadriceps muscle. Bilateral isotonic leg extension at 

80% of 1RM was used as the strengthening exercise. There were 3 training sessions per week; 

each session was consisted of 2 sets of 10 repetitions and a third set until failure.  Following the 

12 week program (T2), subjects were divided into 2 groups; a maintenance program group which 

performed resistance exercises (3 sets of 10 repetitions at 80 % of 1 RM) once per week for 6 
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months (T3), and the other group returned to their normal free-living life style. From T1 to T2 

there were increases in the quadriceps muscle strength by 45% for the maintenance group and 

53% for the other group. From T2 to T3 the maintenance group maintained their quadriceps 

muscle strength over 6 months of strength training once per week; however quadriceps muscle 

strength decreased by 11% in the other group over the 6 months period following the training 

program. Moreover after the 12 week training program, the maintenance group and the other 

group had 7.4% and 6.5% increases in the quadriceps muscle cross sectional area, respectively. 

From T2 to T3 the maintenance group had no change in the muscle area; however the other 

group had a 5% decreases in muscle size. 

Sipila et al (56) also investigated the effects of exercises on muscle mass and strength in 

42 elderly women. Subjects were randomized to strength (n=16), endurance (n=15), and control 

(n=11) groups. The duration of the training program for both experimental groups was 18 weeks. 

The strength group was trained by using the leg press, leg extension curl, leg flexion curl in 

standing and heel raise exercises. The intensity of exercises was gradually increased from 60-

75% of 1 RM during the 18-week period. The endurance group was trained by progressive track 

walking twice a week and step aerobics once a week. The controls were told to continue their 

normal life. The results of this study showed no significant interaction of groups by time on cross 

sectional area of type I and type IIA muscle fibers. When comparing baseline to 18 months for 

the separate groups, the strength group showed a significant increase in the cross sectional area 

of type I muscle fibers.  

Frontera and colleges (4) studied the effect of strength conditioning at 80 % of 1 RM of 

knee flexors and extensors in 12 healthy untrained volunteers aged 60-72 years. The training 

program consisted of 3 sets of eight repetitions, 3 times / week for 12 weeks. The results of this 
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study showed weekly increments of 1 RM strength for both knee extensors and flexors. 

Isokinetic peak torque of knee extensors and flexors was significantly increased at 60 and 240 

degrees/second. He found that the area of type I fibers had significantly increased by 33.5% and 

the area of type II fibers by 27.6%. Under this high intensity exercise one could expect type II 

fibers to be most affected because they are responsible for producing high amounts of tension. 

However, in Frontera’s study, the cross sectional areas of both fiber types increased and type I 

showed greater hypertrophy. Based on these findings, if elderly subjects are capable of 

exercising at intensities equivalent to 80% of their maximum effort, then voluntary exercises 

could be helpful for inducing hypertrophy of either type I and type II muscle fibers.  

Larson et al (16) studied 18 male subjects 22-65 years of age to determine the effect of 

physical training on muscle morphology and strength in different age groups. The training 

program was of low intensity (body weight and light weight), and large numbers of repetitions 

(20-30 repetitions), but it was considered a high volume-training program; it lasted for 60-80 

minutes. The program consisted of a 10 minutes warm up, followed by a circuit strength training 

program. The circuit training consisted of 10 different exercise stations, with exercises including 

knee extensors every second station. Subjects ran 20 m twice at maximal speed. A 1 min rest was 

given between each station. Larson and colleges found that for the old age group (56-65 years); 

the cross sectional areas of type I and type II muscle fibers of the vastus lateralis muscle had 

significantly increased. 

Taaffe et al (57) investigated the effect of exercise intensity on the musculoskeletal 

system of elderly women aged 65-79 years. Women were randomly assigned to 3 groups; 

control, high and low intensity resistance training groups. The resistance exercises included leg 

press, knee extension and knee flexion. The exercise groups performed 3 sets of each exercise, 3 
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days per week. The low intensity group trained at 40% of 1RM for 14 repetitions in each set. The 

high intensity group trained at 40% of 1RM for 14 repetitions in the first set, and then they 

performed 2 sets of 7 repetitions at 80% of 1RM. Leg press, knee extensors and knee flexors 

strength increased in both exercise groups following 52 weeks of training. There was neither 

interaction effect nor group effect across time points (0, 3, 6, 9, and 12 months) for each 

exercise, which means no difference between the training regimens. However there was time 

effect: knee extensors strength gain from baseline to 3 month was significantly greater for the 

high intensity group compared to low intensity group. Muscle biopsies were performed pre and 

post the 52 week training program to measure cross sectional areas of muscle fibers. Type I 

muscle fiber areas increased by 27.5% (significantly) in the high intensity group and by 9.7% 

(not significantly) in the low intensity group compared to baseline. However, compared to 

baseline, type II muscle fiber areas increased, but not significantly, by 22.1% in the high 

intensity group and by 18.3 % in the low intensity group.  

Furthermore Trappe et al (58) investigated the effect of resistance training on single 

muscle fiber contractile function in elderly women. Seven women (mean age = 74 years) 

performed a 12-week progressive resistance-training program to strengthen the quadriceps 

muscle. The program consisted of bilateral isotonic leg extensions at 80% of 1RM. The subjects 

performed the program 3 times per week. During each session, subjects performed 2 sets of 10 

repetitions and a third set until failure. The 1RM was reevaluated every 2 week to ensure that the 

intensity of the training was maintained at 80% of 1RM. The number of single muscle fibers that 

were analyzed was 160 pre-training and 153 post-training. The diameter of the type I muscle 

fibers increased by 24% form baseline, however there was no significant change in the diameter 

of type IIA muscle fibers. At baseline, type I muscle fibers were 8% larger compared to type IIa 
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muscle fibers. After the training program, type I muscle fibers were 27% larger compared to type 

IIA muscle fibers. Single muscle fiber peak tension increased significantly by 33% and 14% in 

type I and type IIA muscle fibers, respectively, compared to baseline. Before training, there was 

no difference in peak tension between type I and type IIA muscle fibers. However after the 

training, type I muscle fibers peak tension was 22% greater compared to type IIA muscle fibers. 

The single muscle fiber specific tension (peak tension/CSA) was not different form pre to post 

training. Type I muscle fibers specific tension decreased 18% after the training but this change 

was not statistically significant. There was no difference in specific tension at baseline between 

muscle fibers type I and type IIA. However, type IIA muscle fibers specific tension was 25% 

greater compared to type I muscle fibers after the training program. Single muscle fiber unloaded 

shortening velocity did not change in both muscle fiber types from pre to post training, however, 

type IIA muscle fibers unloaded shortening velocity was three times faster compared to type I 

muscle fibers at both pre and post training. Absolute peak power developed by type I muscle 

fiber increased significantly by 50%, compared to 25% for type IIA muscle fibers after the 

training program. On average, type IIA muscle fibers had 5 times greater peak power than type I 

muscle fibers. When peak power was normalized for cell size, there was no difference from pre 

to post training in power output for both types of muscle fibers.  

Trappe et al (59) also studied the effect of the same resistance training protocol on single 

muscle fibers in older men. For type I muscle fibers, elderly men and women had similar 

improvements in the percent change of fiber size, peak tension, and specific tension (peak 

tension/ CSA). However, type I muscle fibers in elderly men had greater improvements in 

shortening velocity, absolute power, and normalized power output compared to elderly women. 

For type IIA muscle fibers, elderly men and women had similar improvements in fiber size, peak 
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tension, specific tension, and absolute power. However elderly men had greater improvements in 

type IIA muscle fiber shortening velocity and normalized power output. There was significant 

difference between elderly men and women at baseline in single muscle fiber contractile 

properties. Type I muscle fibers from elderly women were larger, stronger, faster and more 

powerful compared to type I muscle fibers from elderly men. Type IIA muscle fibers were 

similar in elderly men and women in size and peak tension. However, type IIA muscle fibers in 

elderly women were faster and produced more peak power than type IIA muscle fibers in elderly 

men. 

In summary according to these studies, quadriceps muscle strengthening exercises at 80% 

of 1RM, performed 3 times per week for 3 months, are able to increase the strength and the size 

of the muscle as a whole in elderly people. Frontera et al (4) found that at this level of intensity, 

type I and type II muscle fibers could be increased (4). However, Trappe et al (58, 59) showed 

that type I single muscle fibers’ cross sectional area increased after training at 80% of 1RM but 

not type II single muscle fiber. Traaffe et al (57) also found that training at high intensity (80% 

of 1RM) for 1 year increased the cross sectional area of type I but not type II muscle fibers. 

Training at 60-75% of 1RM for 18 weeks produced a significant increase in type I muscle fiber 

cross sectional area (56). In contrast, with low resistance exercises, there was no change in type 

II muscle fibers’ area (57), unless the exercise was very intense and done with a large number of 

repetitions (16).    
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1.2.3 The Role of Neuromuscular Electrical Stimulation in Improving Skeletal Muscle 

Strength 

The use of neuromuscular electrical stimulation is well documented for improving quadriceps 

femoris muscle torque output. Delitto et al (60) compared the effectiveness of electrical 

stimulation vs. voluntary exercise training protocols in strengthening quadriceps and hamstring 

muscles in patients with anterior cruciate ligament (ACL) injury. Twenty subjects whom 

undergone ACL reconstruction surgery participated in the study. Subjects in the electrical 

stimulation group were treated 5 times a week for 3 weeks. The treatment consisted of 15 

electrically induced quadriceps and hamstring muscles co-contractions. Subjects in the voluntary 

exercise group were instructed to perform 15 maximal co-contractions of their thigh muscles 5 

times a week for 3 weeks. Gravity corrected quadriceps and hamstring muscles strength 

percentages of the involved relative to the uninvolved knees were calculated. After training, the 

electrical stimulation group had higher quadriceps and hamstring muscles strength percentages 

(78.8%, 94.1% respectively) compared to the voluntary exercise group (51.7%, 70% 

respectively). Snyder Mackler et al (61) also studied the effectiveness of NMES for 

strengthening the quadriceps muscle as an adjunct to ongoing intensive rehabilitation in the early 

postoperative phase after ACL reconstruction. Subjects were randomly assigned to 4 treatment 

groups; high intensity NMES, high-level voluntary exercise, low intensity NMES, and combined 

low and high intensity NMES groups. All subjects received the intensive rehabilitation program 

3 times per week from the first to the sixth postoperative week. Subjects in the high intensity 

NMES group were treated 3 times a week throughout the entire treatment period. The treatment 

consisted of 15 electrically elicited contractions of the quadriceps muscle at 65 degrees of knee 

flexion. The amplitude of the current was set to the maximal tolerable level of each subject. 
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Subjects in the high-level voluntary exercise group were asked to perform 3 sets of 15 maximal 

quadriceps muscle contractions 3 times a week for the entire treatment period. The low intensity 

NMES group self-administered the NMES using a portable device designed for home use. These 

subjects were asked to apply the stimulation on their quadriceps muscle for 15 minutes 4 times a 

day, 5 days a week. Isometric quadriceps muscle strength of the involved knee was measured 

and expressed as percentage of the isometric quadriceps muscle strength of the uninvolved side. 

Quadriceps muscle strength was at least 70% of the strength of the uninvolved knee in the groups 

that were treated with high intensity NMES, 57% of the uninvolved side in the group treated 

with high-level voluntary exercise, and 51% in the low intensity NMES group. Moreover, 

Fitzgerald et al (62) studied the effectiveness of a modified NMES training program as additional 

treatment to improve quadriceps muscle strength following ACL reconstruction. Forty-three 

subjects with ACL reconstruction were randomly assigned to either the NMES + rehabilitation 

group or the rehabilitation only group. The results of this study showed greater quadriceps 

muscle strength (effect size= .48) at 12 weeks of rehabilitation for the NMES group compared to 

the rehabilitation only group. Subjects in the NMES group reported better levels on the knee 

function measures at both 12 (effect size= .72) and 16 (effect size= .65) weeks of rehabilitation 

compared to the rehabilitation only group.  

During voluntary muscle contraction, small motor units, type I muscle fibers, are 

recruited first to meet the required force to accomplish the task, and as the required force of 

contraction increases, larger motor units (type II muscle fibers) are recruited to meet the demand 

of increasing force. However the Henneman principle of motor units’ recruitment does not apply 

during electrically induced muscle contraction. Stephens et al (63) found that cutaneous 
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stimulation of the first dorsal interosseous muscle would reverse the pattern of recruitment of 

muscle fibers; type II first then type I.  

The theory of reversal of recruitment pattern has since been adopted in electrical 

stimulation research. For example, Kubiak et al (64) compared isometric and isokinetic strength 

in 3 groups; isometric exercise, electrical stimulation and control groups. The outcome 

measurements were: 1) isometric quadriceps muscle strength at 60 degrees of knee flexion, 2) 

isokinetic quadriceps and 3) isokinetic hamstring muscles strength at 60 degrees/sec using a 

CYBEX II device. The exercise group performed 10 maximum voluntary isometric contractions 

(MVIC) while seated on the CYBEX II device with their knees maintained at 60 degrees of 

flexion.  Each contraction lasted for 10 sec, and rest between contractions was 50 sec. Subjects in 

the electrical stimulation group were positioned in the same way as the subjects in the exercise 

group. The quadriceps muscle was stimulated by using the Electrostem-180. Each contraction 

lasted for 10 sec again; 50 sec of rest was given between contractions. This protocol sought to 

evoke muscle contraction of at least 45% of the MVIC. There were 15 training sessions for the 

exercise and the electrical stimulation groups. The duration of the study was 5 weeks. Subjects in 

the electrical stimulation group took 9 sessions to attain strength of contractions equal to 45% of 

their MVIC. By the end of the study, subjects in the electrical stimulation group tolerated 

intensity that produced a contraction of at least 75% of their MVIC.  

There was no difference between the groups on isokinetic quadriceps and hamstring 

muscles strength after the training program. Similarly there was no difference between the 

electrical stimulation and the isometric exercise groups on isometric quadriceps muscle strength 

after the training program, although the isometric exercise group showed a trend of a greater 

percentage of change in strength. However, both groups had significantly greater strength 
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compared to the control group. Kubiak et al (64) explained the trend of more gain in isometric 

strength in the exercise group as the reversal of the recruitment pattern with electrical 

stimulation. Kubiak et al (64) also discussed that stressing muscle fibers within the motor units 

are required to increase their strength. They further explained that electrical stimulation would 

first recruit type II muscle fibers because their axons are large in diameter. However type I 

muscle fibers might not be recruited unless the intensity of electrical stimulation is very high that 

could produce a contraction at least equal to MVIC. Subsequently, not all type I muscle fibers 

would be recruited; and therefore not stressed. Furthermore, voluntary isometric strengthening 

exercise and the pre and post training measurement of isometric quadriceps muscle strength 

would follow the Henneman principle of motor unit recruitment. In this case type I muscle fibers 

would be recruited first and used most. According to Kubaik’s point of view, stressing type I 

muscle fibers in isometric exercise but not in electrical stimulation might explain the trend in 

isometric strength difference between the training groups. 

 Sinacore et al (20) also found that electrical stimulation selectively activated type II 

muscle fibers in a single case study to determine the pattern of activation of muscle fibers. The 

subject’s quadriceps muscle was stimulated at 80 % of his maximum voluntary contraction. A 

modified glycogen depletion method was used to determine the activation of muscle fibers; pre 

stimulation muscle biopsy showed uniform staining with Periodic Acid Schiff (PAS) positive in 

all muscle fibers. Immediately after stimulation, muscle biopsy showed glycogen depletion from 

type II muscle fibers.  

Recent research on the effect of constant and variable frequency train of electrical 

stimulation in augmenting torque output in fatigued skeletal muscle has changed the belief that 

electrical stimulation preferentially activates type II muscle fibers (65, 66). Variable frequency 
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train (VFT) is a method to counteract force loss during electrical stimulation due to fatigue (65, 

66). VFT is a variable pattern of electrical stimulation, in which few high frequency pulses are 

followed by several lower constant frequency pulses within a train of stimulation administered to 

counter fatigue (66).  

Slade et al (66) studied the effect of VFT compared to constant frequency train (CFT) in 

augmenting torque output in fatigued quadriceps muscles at 2 different stimulation amplitudes. 

Six subjects participated in the study. Maximum voluntary contractions were performed and the 

peak MVC was recorded. Then the current intensity necessary to produce 25% or 50% of MVC 

was determined for a moderate or high amplitude protocol. Then the quadriceps muscle was 

potentiated with six pulse CFTs (200-μs square wave pluses, 70 ms interpulse interval) that were 

delivered every 5 sec until force leveled. When the muscle was potentiated, a CFT and a VFT 

were delivered. Then the muscle was fatigued by using 180 six pulse CFTs delivered at a 50% 

duty cycle. After fatigue, a CFT and a VFT were delivered randomly. Moderate and high 

amplitude protocols were performed more than 3 weeks apart. The mean MVC was 204 N.m. 

Peak torque produced by moderate and high amplitude electrical stimulation protocols, before 

fatigue, were 27 and 51 N.m, respectively.  

During the fatigue protocol, peak torque decreased 60% and 65% in the moderate and 

high amplitude protocols, respectively. If reversal of muscle fibers recruitment occurred during 

electrical stimulation, type I muscle fibers would be recruited as the intensity of electrical 

stimulation increases from moderate to high. Because type I muscle fibers are fatigue resistant, 

peak torque produced by high amplitude CFT would be decreased to a lesser degree compared to 

moderate amplitude CFT during fatigue protocol. However peak torques associated with both 

moderate and high amplitude protocols decreased similarly during fatigue protocol. Slade et al 
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(66) compared the difference between VFT and CFT in the time from 20% to 80% (T20-80) of 

peak torque induced by moderate and high amplitude electrical stimulation. There was 

significant difference between VFT and CFT in T20-80; VFT had a faster rise in torque (form 

20% - 80% of peak torque) compared to CFT. However there was no difference between 

moderate and high amplitude in the T20-80. If reversal of muscle fibers recruitment occurred 

during electrical stimulation, the T20-80 of peak torque produced by high amplitude electrical 

stimulation would be greater compared to T20-80 of peak torque produced by moderate 

amplitude electrical stimulation. Because type I muscle fibers are slow twitch fibers; the time to 

reach their peak force is longer compared to type II muscle fibers. Therefore as type I muscle 

fibers are recruited after type II in high amplitude electrical stimulation, the time needed to reach 

peak torque induced by high amplitude electrical stimulation would be longer compared to the 

time needed to reach peak torque induced by moderate amplitude electrical stimulation. 

However, both times were the same both before and after fatigue, which also suggests that there 

is no preferential recruitment of type II muscle fibers during electrical stimulation. 

 Bickel et al (65) also studied the effect of VFT compared to CFT in augmenting torque 

output from tibialis anterior and quadriceps femoris muscles. The experimental procedure was 

similar to the one used in Slade et al (66). However just the current necessary to produce 25% of 

MVIC was used in the study. Tibialis anterior muscle has 50% more type I muscle fibers 

compared to quadriceps muscle. Therefore, it was hypothesized that VFT and CFT would have 

different effects on muscles that have different muscle fibers composition. The stimulation 

before fatigue resulted in similar peak torques relative to the MVIC; 27% of MVIC for 

quadriceps muscle and 28% of MVIC for the tibialis anterior muscle. Torque output declined 

during the fatigue protocol similarly in both muscles; peak torque declined 57% and 55% for the 
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quadriceps and tibialis anterior muscles, respectively. The time from 20% - 80% (T20-80) of 

MVIC was shorter for the VFT compared to CFT for both muscles. The T20-80 for the tibialis 

anterior was longer compared to quadriceps muscle. Bickel et al explained that it is unlikely that 

current intensity that produces 25% of MVIC could activate more than 50% of the mass on both 

muscles. Therefore, if reversal of recruitment occurred, type II muscle fibers would be recruited 

in both muscles and accordingly the T20-80 would be expected to be the same. However the 

T20-80 was longer for the tibialis anterior muscle compared to the T20-80 for the quadriceps 

muscle, which suggested that a random pattern of recruitment had occurred. Furthermore, the 

similarity in peak torque decline during the fatigue protocol in both muscles also suggests that 

random pattern of recruitment had occurred.  

According to the above evidence, NMES is an effective method of strengthening skeletal 

muscles. NMES is able to activate both types of muscle fibers randomly, and it may be more 

likely to activate type II muscle fibers at relatively low force levels compared to voluntary 

exercise (6, 21). If this is found to be true, then we may have an alternative treatment to improve 

muscle size and strength for elderly individuals who cannot perform high intensity exercises to 

achieve these same benefits. This alternative approach might result in improved overall physical 

function for these individuals because there is an association between strengthening exercises 

and improvements in functional abilities (33).  

In chapter two, the effect of NMES compared to an isometric strengthening exercise in 

inducing structural changes within the quadriceps muscle of elderly subjects will be investigated. 

Chapter two represents a sub study that is devoted to specific aim 1 in this project. In this sub 

study we will investigate the ability of NMES to create hypertrophy of the quadriceps muscle of 

elderly subjects at both the macro and microscopic levels.  
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1.2.4 Assessment of Muscle Hypertrophy 

1.2.4.1 Whole Muscle  

CT Images have been used to quantify areas of skeletal muscle and adipose tissues (41 42 44). 

Mitsiopoulos et al (45) used MRI and CT acquisition and image analysis methods to compare 

arm and leg adipose tissue free skeletal muscles (ATFSM) cross-sectional area estimates with 

cadaver estimates. They found that the cross-sectional areas of ATFSM measured by MRI, CT 

scans, and cadaver analyses were not different from each other. Furthermore, they found that 

both MRI and CT estimates of ATFSM were highly correlated with the corresponding cadaver 

values. The findings of this study strongly support that MRI and CT scans are accurate methods 

for quantifying areas of skeletal muscles in vivo.  

Computed tomography has the ability to objectively quantify muscle composition in vivo 

(40 - 45), and can differentiate tissues in vivo based on their attenuation characteristics (40). The 

CT image is composed of a 512 X 512 matrix of pixels, and each pixel has a specific number that 

indicates a specific location within the patient (40). The numeric value of each pixel in the CT 

image matches to a specific level of gray within the image (40). These values are called 

Hounsfield Units (HU), which correspond to the linear attenuation coefficient that is associated 

with the physical properties of the tissues (40). Different tissues have different attenuation value 

ranges: fat tissues have negative attenuation values (-190 to -30 HU), and muscles have positive 

attenuation values (0 to 100 HU) (40 47). 

CT scans can supply spatial maps of attenuation coefficients within tissues, which can be 

used to compute tissue areas within a specific range of attenuation values which can be used to 

calculate mean tissue attenuation values (40). Several studies have taken the advantage of this 

quantitative ability of the CT scans to calculate muscle sections of the limb without the adipose 
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tissue intermingled in and around muscles (41-47). Overend et al (46) used CT scans to quantify 

components of the thigh muscles in young and old men. Cross sectional areas of total thigh, total 

muscle plus bone, quadriceps compartment, hamstring compartment, bone, and non-muscle 

tissue within muscle compartments were measured. The results indicated that there was no 

difference between young and old men on total thigh cross sectional area. However old men had 

smaller total muscle plus bone, quadriceps, and hamstring muscle areas. By using the attenuation 

coefficient characteristics in the CT images, old men had greater cross sectional areas of non-

muscle tissue within the muscle compartments. This study demonstrated the ability of CT scans 

to quantify different tissues within the thigh and show differences between young and old men 

regarding thigh composition.  

Goodpaster et al (47) studied the effect of weight loss on regional adiposity and its 

relation to insulin sensitivity. Thirty-eight obese men and women participated in the study along 

with 15 men and women who served as controls. One of the regions studied was the thigh. 

Computer tomography was used to measure the cross sectional area of the thigh muscles, bone, 

and adipose tissue, and to determine the muscles attenuation characteristics. Muscle area was 

divided into two parts; normal density muscle which has HU range from 31-100, and low-density 

muscle which has HU range from 0-30. These measurements were taken before and after caloric 

restriction induced weight loss. Their results indicate that after the weight loss program, the total 

adipose tissue was decreased in the obese people. At baseline, obese subjects had greater thigh 

skeletal muscle area compared to controls. They also had different muscle composition in terms 

of lower muscle mean attenuation values, and more low density muscle area than controls. 

However they had similar normal density muscle area as controls. After the weight loss program, 

there was no change in the normal density muscle area, but there was reduction in low density 
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muscle area. This study demonstrates the ability of CT images to detect changes in muscle 

composition as a result of clinical intervention (40). 

In summary, CT scans provide a quantitative method of measuring cross sectional areas 

of skeletal muscles, and its composition. It can detect changes in the area of skeletal muscles and 

its composition as results of clinical intervention. 

1.2.4.2 Muscle Fibers 

Histochemical analysis of muscle biopsies has been widely used to identify muscle fibers. It can 

differentiate muscle fiber types based on ATPase activity. This procedure allows scientists to 

measure cross sectional areas of muscle fibers. D’Antona et al (48) studied the structure and 

function of skeletal muscle fibers in male body builders and active untrained male subjects. 

Muscle biopsies were taken from the vastus lateralis muscle, and fibers have been classified 

based on the Myosin Heavy Chain (MHC) isoform composition. Their results regarding cross 

sectional area of muscle fibers indicated that untrained subjects had larger cross sectional areas 

(CSA) of type I muscle fibers than type IIAX and type IIX fibers. However body builders had 

smaller CSA of type I than type IIA IIAX and IIX muscle fibers. Type II muscle fibers were 

larger in body builders than untrained subjects, but type I muscle fibers were not different 

between the groups. This study demonstrated how muscle biopsy techniques could be used to 

identify muscle fibers and study their structure; it also can detect individual differences on CSA 

of different muscle fiber types. 

 Chilibeck et al (49) studied the effect of strengthening exercises on mitochondrial 

distribution within muscle fibers in young individuals. Muscle biopsies were taken from the 

quadriceps muscles pre and post 12 week strength training. Along with mitochondrial 

distribution, CSA of muscle fibers were also measured in the exercise and control groups. The 
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results indicated that fiber areas in the strengthening exercise group increased by 26% and 28% 

in type I and type II muscle fibers respectively, but muscle fiber areas in the control group did 

not change. This study also demonstrated how muscle biopsy techniques could detect changes in 

CSA of muscle fibers due to clinical intervention. 

1.2.5 Power Measurement to Quantify Changes in Type II Muscle Fibers 

Type II muscle fibers are fast-twitch and are responsible for generating strength at higher 

contraction speeds (50). Power varies as a function of both the force exerted and the velocity at 

which it is produced (50). As a measure of the rate of doing work, power may best represent type 

II fibers activity because these fibers are the ones that produce greater tension per unit time (50). 

Rothstein et al (50) compared isokinetic measures of peak torque and power in patients 

with rheumatic diseases, who were on long-term corticosteroid therapy, to healthy control 

subjects to examine if isokinetic measures could reflect the deficits that accompany the atrophy 

of type II muscle fibers in people with rheumatic diseases. Because long term corticosteroid use 

is associated with atrophy of type II muscle fibers, and type II muscle fibers are responsible for 

higher contraction speeds and higher tension production, it was hypothesized that there would be 

consistently lower power output as the speed of contraction increased during isokinetic testing 

for the rheumatoid subjects compared to the controls (50). An isokinetic dynamometer was used 

to measure peak torque and power output from the left quadriceps muscle at 4 different velocities 

of contraction; 30, 60, 90, and 120 degrees per second. Peak torque and power values for each 

velocity, and the slopes of the peak torque-velocity and power-velocity regression lines were 

compared between the diseased group and the control group.  
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The results of Rothstein’s study indicated that the mean peak torque was higher for the 

control group at all velocities of contractions, but they were statistically significant only at 30 

and 120 degrees per second. The slopes for the peak torque-velocity regression lines for both 

groups were identical, which means that the lines were parallel. The power outputs for the 

control group were significantly higher at all velocities of contractions, and the slopes for the 

power velocity regression line for both groups were significantly different from each other.  

According to Rothstein’s results (50), the parallel regression lines for the peak torque-

velocity relationship could not be used for describing the functional deficits in the diseased 

group. However, the divergent regression lines for power-velocity relationship for both groups 

seemed to be a differentiating measure for both groups. The diseased group had a clear deficit in 

power output that became more prominent at higher velocities of contraction. This deficit in 

power output may be due to the atrophy of type II muscle fibers that is associated with long term 

corticosteroid use, because those fibers are responsible for generating higher tension at higher 

velocities of contraction. The power output is a function of both muscle torque output and 

velocity of contraction. Therefore atrophy of type II muscle fibers will be manifested in less 

force generated at higher contraction speeds and accordingly less power output.   

Based on Rothstein’s study (50), it seems reasonable that we should examine differences 

in power output between subjects who receive NMES and those that perform voluntary exercise 

in this study. If the NMES intervention is likely to activate a greater proportion of type II muscle 

fibers at lower contraction intensities compared to voluntary exercise, then the changes in power 

from pre to post treatment should be higher at faster speeds of contractions for subjects receiving 

NMES compared to those who received voluntary exercise at comparable torque output levels. 
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The effect of NMES compared to a voluntary isometric strengthening exercise in 

improving the isokinetic quadriceps muscle power and the performance based functional power 

will be examined in chapter 3. Chapter 3 represents the second sub study for this project and it 

covers specific aims 2 and 3. In this sub study, we will investigate whether the probable NMES 

induced structural changes within the quadriceps muscles of the elderly could translate in 

improvements in quadriceps muscle power and the performance based functional power.   
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2.0  CHAPTER TWO: NMES INDUCED STRUCTURAL CHANGES IN 

QUADRICEPS MUSCLE OF ELDERLY SUBJECTS: A RANDOMIZED TRIAL 

2.1 BACKGROUND AND SIGNIFICANCE 

Aging is associated with structural changes within the skeletal muscles. One of these structural 

changes is the loss of muscle mass, which could be attributed to the reduction in the number of 

muscle fibers within the aging muscle (1). Therefore the abnormality in the quantity of the 

contractile tissue could explain the reduced ability of the elderly to generate muscle forces (3). 

Atrophy of muscle fibers is another structural transformation within the aging muscle. Atrophy 

of muscle fibers has been shown to be selective to type II muscle fibers (5, 8). The reduced mass 

and size of aging muscles has functional consequences; weakness of the lower extremity muscles 

that happen with aging is associated with reduced ability to perform activities of daily living (33, 

53, 54, 55).  

The need to maintain muscle strength and size with aging has become an important issue 

for elderly people who are trying to keep independent living and good quality of life (30). 

Several studies have reported the effects of resistance exercises in reversing sarcopenia related 

problems (30, 56). Trappe et al (30) studied the effect of quadriceps muscle strengthening 

program that is performed at 80% of 1 repetition maximum (1 RM), 3 times per week for 12 

weeks, then training 1 time per week at 80 % of 1 RM for 6 months. Thigh muscle cross 
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sectional area (CSA) was increased by 7.4% for the first 12 weeks of training, and this effect did 

not change for the next 6 months of training. Sipila et al (56) found that performing 

strengthening exercises, at gradually increasing intensities from 60-75% of 1 RM for 18 weeks, 

increased the CSA of type I muscle fibers significantly. Frontera et al (4), found that a knee 

extension and flexion strengthening program at 80% of 1 RM, 3 times per week for 12 weeks, 

was able to improve the CSA of type I and type II muscle fibers. Taaffe et al (57) studied the 

effect of high and low intensities of resistance training for 52 weeks on elderly women. This 

study showed that the high intensity exercise program improved type I muscle fibers’ area 

significantly, but the area of type II muscle fibers did not improve significantly. The low 

intensity exercise program did not increase the area of either fiber types. Larson et al (16) studied 

the effect of low intensity, but high volume training program on muscle morphology at different 

age groups. The older subjects had significant increase in both types of muscle fibers. 

Accordingly in order to induce structural changes within the aging muscles, it appears that the 

elderly will need to either tolerate performing strengthening exercises at high levels of intensity 

or execute low intensity but high volume strengthening.  

Electrical stimulation has also been used to strengthen muscles (17, 18). The use of 

neuromuscular electrical stimulation (NMES) is well documented for improving quadriceps 

femoris muscle torque output (60, 61, 62). During voluntary muscle contraction, small motor 

units (type I muscle fibers) are recruited first to meet the required force to accomplish the task, 

and as the required force of contraction increases, larger motor units (type II muscle fibers) are 

recruited to meet the demand of increasing force. However the pattern of recruitment of muscle 

fibers during NMES induced muscle contraction has been found to be different than that during 

the voluntary muscle contraction. Recent research on the effect of constant and variable 
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frequency train of electrical stimulation have found that both types of muscle fibers have equal 

chance of being activated (6, 19, 20). Furthermore, compared to voluntary exercise, NMES is 

more likely to activate type II muscle fibers at relatively low force levels (6, 21). Therefore, 

NMES could be an alternative method to train type II muscle fibers in elderly people without 

requiring them to exert 80% of their effort or participate in a low intensity but high volume-

strengthening regime. 

The purpose of this project is to test the effectiveness of NMES that produces 40 % of 

maximum voluntary contraction (MVC) compared to an exercise that is performed at the same 

level of intensity in inducing hypertrophy at the macroscopic and the microscopic levels of the 

quadriceps muscle of elderly population. We hypothesized that subjects who receive NMES will 

demonstrate larger increase in the cross sectional area (CSA) of the quadriceps muscle and the 

CSA of type II muscle fibers compared to subjects who receive isometric strengthening exercise. 

2.2 METHODOLOGY  

2.2.1 Study Sample 

Subjects were enrolled in this study if they met the inclusion and exclusion criteria, which 

included an age between 65-80 years and walking independently without the use of assistive 

devices. The study exclusion criteria included uncontrolled hypertension, history of 

cardiovascular disease, history of neurological disease, history of chronic and significant 

respiratory disease, inflammatory arthritis, muscle disease, the use of anticoagulant and platelet 

inhibitors, history of quadriceps tendon rupture or patellar fracture, corticosteroid injection to the 
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quadriceps muscle or patellar tendon within one year or long-term use of corticosteroid 

medication, and current participation in a regular strengthening exercise program. The 

Institutional Review Board (IRB) of the University of Pittsburgh approved all study procedures 

and all subjects signed an informed consent form before participating in the study. 

2.2.2 Examination Procedures  

2.2.2.1 CT Scan 

Axial CT image of the mid-thigh was obtained to quantify changes in the total CSA of the 

quadriceps femoris muscle and the CSA of fat free portion of the quadriceps muscle mass, which 

is called normal density muscle (NDM) (40). Subjects were imaged in the supine position with 

the legs extended flat on the table. An anterior posterior scout image of the entire femur was used 

to determine the femoral midpoint. The femoral length was measured from the most lateral part 

of the greater trochanter to the most lateral part of the lateral femoral condyle. A single, 10 mm 

thick axial image slice was obtained at the femoral midpoint. Scanning parameters of the image 

are 120kVp and 200-250mA. Total quadriceps muscle CSA was calculated from the CT images 

using commercially available software (Slice-O-Matic, Tomovision, Montreal, Canada). Areas 

of skeletal muscle are measured electronically by selecting regions of interest defined by 

attenuation values: (Hounsfield Units) 0 to 100 HU for the total muscle, and 35 to 100 HU for 

NDM (40, 73). Quadriceps muscles were distinguished from the Hamstrings by manual tracing. 

The coefficient of variation for test retest reliability of the mid-thigh attenuation was 0.51% (43). 
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2.2.2.2 Muscle Biopsy 

A physician performed the muscle biopsy procedure on the vastus lateralis muscle of the 

dominant leg. Using 2% lidocaine as an anesthetic, a small ¼ inch incision was made in the skin 

and fascia to place the needle, obtaining approximately 100-150mg of tissue. The incision was 

closed with sterile adhesive strips, and a pressure bandage was applied for a period of 24 hours. 

Specimens were mounted in OCT mounting-medium (Miles, Inc., Elkhart, IN), and frozen in 

Isopentane cooled at -160ºC by liquid nitrogen and stored at -80ºC for histochemical analysis. 

Histochemical analysis was performed on light-microscopic micrographs of 10 μm thick 

transverse cryostat sections at -29ºC. Initial sections from each frozen muscle block were 

inspected without stain to ensure that proper cross-sectional cuts were being obtained. Pre and 

post intervention muscle cryosections for each participant were placed on the same microscope 

slide so that histochemical staining and image analysis be performed under identical conditions 

for each participant, eliminating potentially confounding inter- assay variations in the treatment 

effect. Images were obtained for analysis using a Leica DM 4000b light microscope (Leica 

Microsystems GmbH, Wetzlar, Germany). The cross sectional area of type I and type IIA muscle 

fibers were computed using manual planimetry to outline of each muscle fiber using Northern 

Exposure imaging software (MVIA Inc, Monaca, PA). Intra-assay variability for this method 

was < 5% (73). 
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2.2.3 General Training Procedures 

2.2.3.1 Training Volume 

The training program for both the NMES group and the isometric strengthening group consisted 

of quadriceps muscle isometric contractions. Subjects in both groups were asked to come for 

training 3 times per week for 12 weeks. 

2.2.3.2 Training Intensity  

Maximum voluntary contraction (MVC) was used to set the intensity of training for both the 

NMES group and isometric strengthening exercise group. The MVC was measured at the 

beginning of the first session and after every 2 weeks of training using a maximum isometric 

quadriceps torque test. This test was performed on an isokinetic dynamometer (Biodex System 3 

Pro, Shirley NY). Subjects were seated on the isokinetic dynamometer with their hips flexed to 

90 degrees. Straps were secured on the trunk to prevent confounding the quadriceps torque 

output. Then subjects were positioned so that the lateral femoral epicondyle of the knee joint is 

aligned with the rotational axis of the dynamometer. The force-sensing arm secured to the ankle. 

The subjects’ limb was weighted for gravity correction. The knee being tested was positioned in 

70° of flexion. Subjects were asked to exert as much force as possible while trying to extend the 

knee against the force-sensing arm of the dynamometer. The subjects performed 2 warm up 

submaximal voluntary isometric contractions and then 2 maximum voluntary isometric 

contractions on each leg and the greatest peak torque from the 2 contractions was used to set the 

intensity of training. Each contraction was held for 5 seconds and there was a 30 second rest 

between repeated contractions. 
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2.2.4 NMES Training Procedure  

Subjects in this group were prepared on the isokinetic dynamometer in the same manner as 

described before for the MVC testing. Portable stimulator (infinity plus, embi company, St. Paul, 

Minnesota) was used to stimulate the quadriceps muscle. Two electrodes were placed on the 

quadriceps muscle; one proximally on the vastus lateralis muscle and the other was placed 

distally on the vastus medialis muscle (figure 2-1). Markers of 40% +/- 5% of MVC were 

displayed on a monitor as a target intensity of training (figure 2-2). Then NMES was turned on 

and its amplitude was gradually increased to produce a torque curve that was maintained at the 

target intensity. The NMES parameters include a pulse rate of 75 pulses per second and a pulse 

duration 250 microseconds (26). Subjects had 10 electrically induced quadriceps contractions on 

each limb. Each contraction lasted for 14 seconds; 4 seconds ramp up to reach the required 

intensity (40 % of MVC), 6-second stimulation at the required intensity, and 4 seconds of ramp 

down to zero intensity. There was 50 seconds rest between contractions. 

2.2.5 Isometric Exercise Training Procedures  

Subjects in this group were prepared in the same manner as those in the NMES group. Subjects 

were asked to voluntarily perform isometric quadriceps muscle contractions until the torque 

output, displayed on the monitor screen of the dynamometer, reaches the window of 40% +/- 5% 

of the torque produced during subject’s maximum voluntary contraction. They were asked to 

hold their muscle contraction for 6 seconds, and then relax slowly to zero torque level. Rest 

between contractions was 50 seconds. They repeated the same process 10 times for each side.  
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2.2.6 Data Analysis  

Statistical analyses were performed using SPSS version 19 for Mac (IBM, SPSS statistics). 

Average quadriceps CSA, average quadriceps NDM CSA, type I and type IIA muscle fibers’ 

CSA were analyzed using mixed ANOVA (group X time) model. The probability of error was 

set at 5% for all the analyses. 

2.3 RESULTS  

Baseline characteristics of study sample are shown in Table 2-1. Our study sample was 

comparable to the participants who were included in a sub study of the Health ABC study cohort 

(40) in terms of age, height, weight and quadriceps muscle CSA. However, our sample was 

healthier that the study sample that participated in the ancillary project to the LIFE-P Study (70) 

based on the short physical performance battery (SPPB). Twenty-three subjects were enrolled in 

this study. Three subjects withdrew from participation after signing the informed consent form 

due to inability to dedicate time for the training sessions. Twenty subjects (mean age +/- SD = 

71.2 +/- 4.41, 13 women) completed the baseline visits then were randomized using sealed 

envelopes to either the exercise group or NMES group. Nine subjects were randomized to the 

exercise group, and 11 subjects were randomized to the NMES group. One subject from the 

exercise group was lost to follow up due to unwillingness to continue with the study. One subject 

from the NMES group was not able to perform follow up muscle biopsy due to medical reasons. 

One subject’s muscle sample from the NMES group has freezing effect and we were not able to 

extract data from it. Follow up muscle biopsy procedure was not successful in 2 subjects, one in 
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each group, due to the inability to get muscle tissue from the samples. Therefore, complete CT 

scan data was extracted from 19 subjects, and complete muscle biopsy data was extracted from 

15 subjects (Figure 2-3). There were 3 subjects in the NMES group who were not complaint with 

the training procedures: 1 subject was not able to tolerate NMES to produce 40% of MVC, 2 

subjects were not able to attend more than 7 training sessions.  

Mean Changes and confidence intervals of the outcome measures are presented in Table 

2-2. Statistical significance and effect sizes for the main and interaction effects are presented in 

table 2-3. There was no difference between the groups on the quadriceps muscle CSA averaged 

across time. Also there was no difference from pre to post training on quadriceps muscle CSA 

averaged across group. However the NMES group had a significant increase in the average 

quadriceps muscle CSA from pre to post training (partial η² = .665, p= .001) while the exercise 

group had no change in the average quadriceps muscle CSA during this time frame (partial η² = 

.133, p= .375). Therefore there was an interaction effect between groups over time (Figure 4). 

The change in the average quadriceps muscle CSA from pre to post training was significantly 

larger among the NMES group than that for the exercise group (mean change= -1.36, SD= 3.76).  

There was no difference between the groups on the quadriceps NDM CSA averaged 

across time. Also there was no difference from pre to post training on the quadriceps NDM CSA 

averaged across groups. However the NMES group had a significant increase in the average 

quadriceps NDM CSA from pre to post training (partial η² = .475, p= .013) while the exercise 

group had no change in average quadriceps NDM CSA during this time frame (partial η² = .461, 

p= .064). Therefore there was an interaction effect on the average quadriceps NDM CSA 

between the groups from pre to post training (Figure 5). The change in the average quadriceps 
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NDM CSA from pre to post training was significantly larger for the NMES group (mean 

change= 2.41, SD= 2.66) than that for the exercise group (mean change= -2.15, SD= 2.51). 

At the microscopic level, the minimum and the maximum number of type I muscle fibers 

that were analyzed was 35 to 352 fibers pre training and 20 to 332 fibers post training. The range 

of type IIA muscle fibers that were analyzed pre training was 25 to 288 and for post training the 

range was 32 to 345 fibers. There was no difference between the groups on type I muscle fibers 

CSA averaged across time. Muscle fibers type I CSA was significantly different from pre to post 

training averaged across group. Follow up analysis was performed to test how the CSA of type I 

muscle fibers changed from pre to post training for each group. Muscle fibers type I CSA was 

significantly smaller post training than pre training among subjects in the exercise group (partial 

η² = .694, p= .010). However there was no change in the CSA of type I muscle fibers among 

subjects in the NMES group (partial η² = .069, p= .493). The interaction effect on the type I 

muscle fibers CSA between groups from pre to post training was not statistically significant 

(Figure 6) 

There was no difference between the groups on type IIA muscle fiber CSA averaged 

across time. There was no difference on type IIA muscle fibers CSA from pre to post training 

averaged across groups. There was an interaction effect on the CSA of type IIA muscle fibers 

between the groups from pre to post training (Figure 7). The change in muscle fibers type IIA 

CSA from pre to post training was significantly larger for the NMES group (mean change= 

567.37, SD= 767.19) than that for the exercise group (mean change= -690.13, SD= -692.13).  
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2.4 DISCUSSION  

This study showed that NMES is able to induce structural improvements within the quadriceps 

muscles of elderly subjects using a dosage of 40 % MVC. Quadriceps muscle isometric 

contractions induced by using NMES significantly increased the muscle’s CSA and the NDM 

CSA by 2.61 cm² (5.8%) and 2.41 cm² (6.27%) respectively. However performing voluntary 

quadriceps muscle isometric contractions at the same torque level was not able to change the 

CSA of the quadriceps muscle (-1.36 cm²) or the quadriceps muscle NDM (-2.15 cm²). The 

change in quadriceps muscle CSA that occurred with NMES training at 40% of MVC was 

comparable with the reported changes by other investigators during strength training with 

voluntary muscle contractions at higher percentages of MVC. Sipila et al (71), found that elderly 

women who performed strength training for 18 weeks at 60-75% of the 1 RM was able to 

increase the quadriceps muscle CSA and lean tissue CSA by 2 cm² (4.9%) and 2.3 cm² (6.1%) 

respectively. Frontera et al (4) reported 9.3% increase in the quadriceps muscle CSA after 12 

weeks of training at 80% of 1 RM. Grimby et al (72) reported 3% increase in quadriceps muscle 

CSA in elderly men who performed 8 weeks of strength training.  

To further examine whether the improvements in the quadriceps muscle CSA could lead 

to improvements in the quality of the quadriceps muscle of the elderly subjects, quadriceps 

muscle specific torque was calculated. Specific torque provides information about the amount of 

torque generated per unit area of the contracted muscle. Quadriceps muscle torque was 

calculated at 3 different isokinetic quadriceps muscle contractions (60, 150 and 240 

degrees/second) using isokinetic dynamometer. Quadriceps muscle specific torques was 

significantly smaller post training than pre training within the NMES group at all speeds of 

isokinetic contractions (Table 2-4). However, quadriceps muscle specific torque did not change 
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from pre to post training within the isometric exercise group (Table 2-4). Since the specific 

torque is inversely related with the CSA of the muscle, the decrease in the quadriceps muscle 

specific torque within the NMES group could be explained by the significant increase in the 

CSA of the quadriceps muscle that happened with the NMES training. On the contrary, there was 

no change in the CSA of the quadriceps muscle within the isometric exercise group, which may 

explain the unchanged specific torque among subjects in this group. 

At the cell level, by looking at figure 6, it seems that the decrease in type I muscle fibers 

CSA was larger in one group than the other. The exercise group had significant decrease in the 

CSA of type I muscle fibers by -1221.8 µm² (-28%). But in the NMES group, type I muscle 

fibers’ CSA decreased by -253.7 µm² (-.87%), which is not significant. However, this interaction 

between the groups from pre to post training on type I muscle fibers CSA failed to reach 

statistical significance (p= .068), likely due to lack of statistical power. In contrast, the 

interaction effect on muscle fibers type IIA CSA between the groups from pre to post training 

was significant (figure 7). The change in type IIA CSA was higher in the NMES group compared 

to the exercise group. The CSA of type IIA muscle fibers post training appeared to be larger than 

pre training (change= 567.38 µm², 21.46%) among the NMES groups. In the exercise group the 

CSA of type IIA appeared to be smaller than pre training (change = -692.13 µm², -18.66%) yet 

neither the increase in the CSA of type IIA among the NMES group nor the decrease in type IIA 

CSA among the exercise group reached statistical significance, p values = .075, .088 

respectively. Possibly again, the lack of statistical power was the reason for the statistical 

insignificance.  

Sipila et al (56) reported a significant increase in type I muscle fibers CSA (1146 µm² 

(34%) after 18 weeks of strength training in elderly women. However there was an insignificant 
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increase in type IIA muscle fibers CSA (change =142 µm², 7%). Frontera et al (4) found that the 

CSA of type I and type II muscle fibers increased by 33.5% and 27.6% respectively after training 

at 80% of 1RM for 12 weeks. Trappe et al (58) found that training at 80 % of 1 RM for 12 weeks 

was able to increase the diameter of type I muscle fibers significantly by 24%, but did not 

significantly change the diameter of type IIA fibers (6%) in elderly women. Taaffe et al (57) 

found that the CSA of type I muscle fibers significantly increased by 27.5% after high intensity 

exercises for 52 weeks, however the change in CSA of type II muscle fibers (22.1%) was not 

significant. Furthermore, the changes in type I and type II muscle fibers CSA (9.7% and 18.3% 

respectively) was not significant after low intensity exercise. Accordingly, in this study NMES 

performed at an intensity of percent MVC that was considerably less than what has been used in 

previous studies on strength training with voluntary exercise was able to achieve comparable 

changes in CSA of the quadriceps muscle as a whole and the CSA of the muscle fiber.  

High intensity exercises would be able to increase type I muscle fibers CSA, however 

there is a debate on its effectiveness on type IIA muscle fibers. On the other hand, low intensity 

exercises might not be able to induce changes in both fiber types. In this study, the NMES group 

had significant change in type IIA muscle fibers CSA compared to the exercise group. Even 

though the percent increase in type IIA muscle fibers CSA compared to baseline was not 

statistically significant, it was equivalent to the increase that is reported with high intensity 

exercises. Furthermore NMES was able to maintain type I muscle fibers CSA from pre to post 

training. In contrast, there was a significant decrease in type I muscle fibers CSA in the voluntary 

exercise group. This result underscores the finding that NMES may be able to minimize atrophy 

of type I muscle fibers at considerably lower dosages of training than what would be required 

using voluntary muscle contraction.  
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These different results could be explained by the pattern of activation of muscle fibers 

during both voluntary and NMES induced muscle contractions. According to the Henneman 

principle of motor units’ recruitment; during voluntary muscle contraction, small motor units, 

type I muscle fibers, are recruited first and as the required force of contraction increases, larger 

motor units, type II muscle fibers, are recruited to meet the demand of increasing force (6). 

Therefore during low intensity isometric contractions, the need to activate type II muscle fibers 

becomes less relevant. Furthermore, the level of resistance might not be enough to challenge the 

muscle and activate structural changes in type I muscle fibers and consequently might not able to 

maintain its cross sectional area. Some investigators have demonstrated maintenance of type I 

and IIA CSA using moderate resistance voluntary muscle contractions, however the exercise 

programs incorporated a variety of exercises (leg press, knee extensions, etc.) and relatively large 

volumes of exercise (more repetitions and sets). These programs were more intensive than the 

one used in the current study, which only included 10 isometric contractions at 40% of MVC per 

session. Yet we were able to demonstrate comparable improvements in CSA of type IIA fibers 

and maintenance of type I muscle fibers using NMES at considerably less intensity and volume 

of exercise. Therefore, we believe the results of our study supports our original premise that 

NMES is able to induce structural changes in the quadriceps muscle at lower levels of MVC that 

normally would not happen with exercise.  

The pattern of activation of muscle fibers is quite different with NMES. Kubiak et al (64) 

and Sinacore et al (20) proposed the reversal of recruitment pattern with NMES in which type II 

muscle fibers are recruited first and followed by the recruitment of type I muscle fibers as the 

intensity of NMES increases. However, the research that has been done on the constant and 

variable frequency train of electrical stimulation (65, 66) supported the theory of nonselective 
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pattern of muscle fibers recruitment. Therefore type II muscle fibers could be activated even with 

small levels of torque development. In this study, the NMES group had larger change in the CSA 

of type IIA muscle fibers than that for the exercise group. Furthermore, NMES was able to 

maintain the CSA of type I muscle fibers from pre to post training contrary to the exercise group 

who had significant decrease in the CSA of type I muscle fibers. Our findings seem to be 

consistent with a non-selective pattern of muscle fibers recruitment for NMES.  

Table 2-5 represents a comparison between the subjects in the NMES group who were 

compliant with the NMES training procedures and those who were not. Subjects are considered 

compliant if they attended 80% of the proposed training sessions and tolerated NMES that 

produced 40% of quadriceps muscle MVC. There were larger increases in the quadriceps muscle 

CSA and the quadriceps NDS CSA among the compliant subjects than the non-compliant ones. 

The increases in type I and type IIA muscle fibers CSA were larger among the subject who was 

not able to tolerate NMES to produce 40 % of MVC than the compliant ones. Therefore, in order 

to induce improvements in the quadriceps muscle CSA, elderly subjects will need to perform 

larger number of NMES training session that produce 40% of MVC. However improvements in 

the muscle fibers CSA could be induced with less than 40% of MVC using larger number of 

training sessions. 

2.5 CONCLUSION 

The results of the present study indicate that NMES plays an important role in inducing 

structural changes at the macroscopic and microscopic levels of the quadriceps muscle of elderly 

subjects. NMES might serve as an alternative training tool to exercises in inducing hypertrophy 
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of type II muscle fibers for older adults who might not be able to tolerate high intensity 

exercises. Further research should be done to explore the effect of NMES in comparison to high 

intensity strength training programs, or investigate the effect of combining NMES with exercises 

compared to exercises only in inducing structural changes of the muscle fibers in elderly 

subjects. Further research should be done to explore whether the NMES induced structural 

changes in skeletal muscles translates into improved functional performance of daily activities 

for the elderly. 
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Figure 2-1 Electrodes placement on the quadriceps muscle 
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Figure 2-2 A screenshot of the view on the monitor that the subjects see during administration of 

the training procedures. The 2 yellow lines represent the target intensity window and they are set 

at 35% and 45% of the MVC 
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Figure 2-3 Study Flow Diagram 
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Table 2-1 Baseline characteristics of study sample 

              NMES               Exercise 

Number 11 9 

Age, years, mean (SD) 71.18 (4.38) 71.22 (4.71) 

Gender, female / male 7 / 4 6 / 3 

Weight, kg, mean (SD) 75.69 (10.04) 81.81 (20.96) 

Height, m, mean (SD) 1.68 (.07) 1.66 (.12) 

Timed up and go test, min, 

(SD) 

7.87 (2.41) 7.53 (.91) 

SPPB (SD) 10.64 (1.43) 11 (1.32) 

Quadriceps Muscle CSA 

cm² (SD) 

48.27 (9.60) 48.79 (16.5) 

Type I CSA µm² (SD) 3755.22 (1690.23) 4831.52 (1523.53) 

Type IIA CSA µm² (SD) 3088.65 (905.28) 3709.31 (1166.44) 
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Table 2-2 Mean change, confidence intervals and % change of the outcome measures 

 NMES Exercise 

 Mean Change Confidence interval % Change  Mean change Confidence interval % 

Change 

Quad CSA cm² 2.61 1.30 – 3.92 5.80 -1.36 -4.84 – 2.12 -1.52 

Quad NDM CSA cm² 2.41 .62 – 4.20 6.27 -2.15 -4.47 - .17 -4.42 

Type I CSA µm² -253.66 -1083.85 – 576.53 -.87 -1221.80 -2031.74 - -411.86 -28 

Type II CSA µm² 567.38 -74.00 – 1208.77 21.46 -692.16 -1524.83 – 140.58 -18.66 
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Table 2-3 Statistical significance and effect size on the dependent variables   

 Group Main Effect Time Main Effect Interaction Effect 

 η² p value Observed power η² p value Observed power η² p value Observed power 

Quadriceps muscle 

CSA cm² 

.004 .798 .057 .052 .365 .142 .355 .009* .795 

Quadriceps NDM 

CSA cm² 

.015 .626 .075 .003 .837 .054 .450 .002* .924 

Type I CSA µm² .004 .834 .055 .414 .010* .800 .233 .068 .453 

Type IIA CSA µm² .003 .853 .054 .006 .776 .058 .397 .012* .772 

• Significant at alpha level = .05 
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Figure 2-4 Quadriceps muscle CSA by group and time 

The interaction effect was significant, F (1, 16) = 8.804, p= .009, partial η² = .355. 
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Figure 2-5 Quadriceps Muscle NDM CSA by group and time 

The interaction effect was significant, F (1, 16) = 13.11, p= .002, partial η² = .450 
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Figure 2-6 Muscle fibers type I CSA by group and time 

Interaction effect was not significant, F (1, 13) = 3.954, p = .068, partial η² = .233. 
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Figure 2-7 Muscle fibers type IIA CSA by group and time 

The interaction effect was significant, F (1, 13) = 8.57, p= .012, partial η² = .397.
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Table 2-4 Specific torque at 60, 150 and 240 degree/ second of isokinetic contraction 

 

  Mean Change Confidence interval Percent Change Effect Size η² p value Observed power 

Specific Torque 

60  

NMES -.30 -.43 - -.18 -12.01 .737 .000 .123 

Exercise .24 -.39 - .88 15.86 .105 .396 .997 

Specific Torque 

150 

NMES -.12 -.22 - -.02 -2.29 .432 .020 .125 

Exercise .20 -.32 - .71 -1.94 .107 .391 .701 

Specific Torque 

240 

NMES -.19 -.29 - -.09 -8.86 .651 .002 .972 

Exercise .19 -.12 - .49 1.46 .230 .191 .241 
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Table 2-5 Comparison between compliant and non-compliant subjects within the NMES group on quadriceps muscle structural changes 

 

 N Change in Quad CSA 

cm² 

Change in Quad 

NDM CSA cm² 

Change in Type I 

CSA µm² 

Change in Type IIA 

CSA µm² 

Complain with 

NMES 

8 3.31 3.70 -429.75 508.95 

Non-Compliant with 

NMES Number of 

session 

2 1.92 -.65 - - 

Non-Compliant with 

NMES intensity < 

40% 

1 -1.60 -1.76 978.99 976.37 
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3.0  CHAPTER THREE: THE EFFECT OF NMES IN IMPROVING 

PERFORMANCE BASED PHYSICAL FUNCTION AND QUADRICEPS MUSCLE 

STRENGTH IN ELDERLY SUBJECTS 

3.1 BACKGROUND AND SIGNIFICANCE  

Aging is one of the major causes of reduced muscle strength and size, a condition known as 

sarcopenia (1). Aging is associated with the reduction in the number of muscle fibers in the 

muscle (3), which might explain the loss of muscle mass. In addition to reducing the number 

muscle fibers, aging is also associated with reduced size of muscle fibers (5). This atrophy of 

muscle fibers has been found to be selective to type II fibers (5, 8). Furthermore these age-related 

structural changes within muscles of the elderly are associated with less muscle force generation 

compared to young adults. Loss of skeletal muscle mass, strength and quality has functional 

consequences. Weakness of the lower extremities has been associated with difficulties in rising 

from a chair, getting out of bed (31, 32), it is related to slow gait speed (33), as well as balance 

problems and increased risk of falls (34). These functional impairments can lead to loss of 

physical functional independence (35).  

Type II muscle fibers are considered fast twitch fibers, they are responsible of generating 

force at higher contraction speeds (50).  Muscle power is defined as the rate of doing work, and it 

varies as a function of the force exerted and the velocity at which it is generated (50). Therefore 
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muscle power might be an important measure to reflect on the performance of type II muscle 

fibers (50). Rothstein et al (50) compared a group of subjects with rheumatoid arthritis disease to 

healthy subjects on the quadriceps muscle power outputs at different velocities of isokinetic 

contractions. Rothstein et al (50) studied the rheumatoid arthritis disease because of its 

association with atrophy of type II muscle fibers. Rothstein et al (50) found that at all speeds of 

isokinetic contractions, quadriceps muscle power was significantly lower among the rheumatoid 

arthritis groups than the healthy group. Furthermore, the slope for power velocity relationship 

among the rheumatoid arthritis group was lower than that for the healthy group. Therefore 

isokinetic muscle power was able to discriminate a group that may have deficits in type II muscle 

fibers from a healthy group. Based on Rothstein’s study, if we can target type II muscle fibers in 

strengthening exercises, improvements in type II muscle fibers could be detected by 

improvements in isokinetic muscle power output at higher contraction speeds.   

Several studies have reported the effects of resistance exercises on muscle fibers. 

Frontera et al (4) found that quadriceps muscle strengthening exercises at 80% of 1RM, 

performed 3 times per week for 3 months is able to increase type I and type II muscle fibers’ 

cross sectional area (4). However, Trappe et al (58, 59) demonstrated increases in cross sectional 

area of single type I muscle fibers but not in single type II muscle fibers after training at 80% of 

1RM. Traaffe et al (57) also found that training at high intensity (80% of 1RM) for 1 year 

increased the cross sectional area of type I but not type II muscle fibers. Training at 60-75% of 

1RM for 18 weeks produced a significant increase in type I muscle fiber cross sectional area 

(56). In contrast, with low resistance exercises, there was no change in the area of both types of 

muscle fibers (57). Larson et al (16) studied the effect of low intensity, but high volume training 

program on muscle morphology at different age groups. The older subjects had significant 
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increases in the area of both types of muscle fibers. Accordingly, in order to induce structural 

changes in type II muscle fibers within the aging muscles, the alternatives would be to use high 

intensity exercises, or low intensity exercise with high volume, provided that the elderly subjects 

were able to tolerate these exercise programs.  

Electrical stimulation is an effective method of strengthening skeletal muscles (17, 18). 

Neuromuscular electrical stimulation (NMES) is well documented for improving quadriceps 

femoris muscle torque output (60, 61, 62). The pattern of recruitment of muscle fibers during 

NMES induced muscle contraction has been found to be different than that during the voluntary 

muscle contraction. Kubiak et al (64) and Sinacore et al (20) adopted the theory of reversal of 

recruitment of muscle fibers during electrically induced muscle contraction. However, recent 

research on the effect of constant and variable frequency train of electrical stimulation have 

found that both types of muscle fibers have equal chance of being activated (6, 19, 20). 

Moreover, compared to voluntary exercise, NMES is more likely to activate type II muscle fibers 

at relatively low force levels (6, 21). Furthermore, in the experiment described in chapter 2 above 

we found that subjects in the NMES group had higher change (567.38 µm²) in the CSA of type 

IIA muscle fibers than that for the subjects in the exercise group (-692.13 µm²). Therefore, 

NMES could be an alternative method to train type II muscle fibers in elderly people without 

requiring them to exert 80% of their effort or participate in a low intensity but high volume-

strengthening regime. We would also expect that if NMES increased the CSA of type IIA fibers, 

then this would translate into improvements in muscle power output and functional power. 

The purpose of this study is to test the effectiveness of NMES that produces 40 % of 

maximum voluntary contraction (MVC) compared to an exercise that is performed at the same 

level of intensity in improving isokinetic quadriceps muscle power and performance based 
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functional power. We hypothesized that subjects who receive NMES will show greater increase 

in isokinetic quadriceps muscle power output at higher isokinetic contraction speeds and also 

will demonstrate larger increase in the performance based functional power compared to subjects 

who receive isometric strengthening exercise. 

3.2 METHODS 

3.2.1 Study Sample 

Subjects were enrolled in this study if they were between 65-80 years of age and walking 

independently without the use of assistive devices. Subjects were excluded if they had 

uncontrolled hypertension, history of cardiovascular disease, history of neurological disease, 

history of chronic and significant respiratory disease, inflammatory arthritis, muscle disease, the 

use of anticoagulant and platelet inhibitors, history of quadriceps tendon rupture or patellar 

fracture, corticosteroid injection to the quadriceps muscle or patellar tendon within one year or 

long-term use of corticosteroid medication, and current participation in a regular strengthening 

exercise program. The Institutional Review Board (IRB) of the University of Pittsburgh 

approved all study procedures and all subjects signed an informed consent form before 

participating in the study. 
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3.2.2 Examination Procedures  

3.2.2.1 Isokinetic Quadriceps Muscle Power 

Isokinetic quadriceps muscle power from the dominant limb was measured using Isokinetic 

dynamometer (Biodex System 3 Pro, Shirley NY), at 3 contraction velocities; 60, 150, 240 

degrees per second. Subjects were seated on the isokinetic dynamometer with the force-sensing 

arm secured to the ankle. Subjects were asked to exert as much force as possible while extending 

the knee against the force-sensing arm of the dynamometer through the range from 90 to 0 

degrees of flexion. Estimates of intra-tester reliability for measuring isokinetic quadriceps 

muscle power at 60, 150 and 240 degrees per second has been done in our laboratory and they 

were high (ICC = .987, .978, .979 for 60, 150 and 240 degrees per second respectively). The 

subjects performed 4 maximum voluntary contractions at each speed (60, 150, 240 degrees per 

second) and the mean value of power output for each velocity condition was used in the analysis. 

During the eccentric phase data were not collected and the subjects were asked to relax their 

muscles to allow the dynamometer to return the subjects’ knees back to 90 degrees of flexion. 

The value of the isokinetic power at each speed of contraction was extracted from the isokinetic 

dynamometer during the extension range from 90 to 0 degrees of flexion. 

3.2.2.2 Timed Stair Climb Power Test 

The timed stair climb test was used as a measure of functional power (67, 68). Subjects were 

instructed to climb a flight of stairs consisting of 11 steps; each step is 17 cm in height, as fast as 

they can. The time it took the subject to climb the flight of stairs was recorded. Stair climbing 

power output was calculated using the formula described by Henwood, et al (68) which is as 

follows: 
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Power  = Weight (kg) x Acceleration of Gravity (9.8 m/s2) x step height (.17m) x number of steps (11) 

Time (sec) 

Subjects were given 1 practice trial, followed by 2 test trials. Subjects were given a 2-

minute rest between each trial. Power was calculated for each trial as described above and the 

average of the two trials was used as the power score. Test retest reliability for this measure was 

high (R= 0.99) (67).  

3.2.2.3 The Ramp Power Test 

The ramp power test was used as a measure of functional power (69). Subjects were instructed to 

walk up, as fast as possible, a ramp with a 3.66 m run and a .32 m rise. The time it took to walk 

up the length of the ramp was recorded. The reliability of ramp power test was high (ICC= 

0.966) (69). Ramp climbing power was calculated as described by Signorile, et al (69) according 

to the following formula: 

Power  = Weight (kg) x Acceleration of Gravity (9.8 m/s2) x Vertical Distance (.32 m) 

 Time (sec) 

3.2.3 General Training Procedures 

3.2.3.1 Training Volume 

The training program for both the NMES group and the isometric strengthening group consisted 

of quadriceps muscle isometric contractions. Subjects in both groups were asked to come for 

training 3 times per week for 12 weeks. 
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3.2.3.2 Training Intensity  

Maximum voluntary contraction (MVC) was used to set the intensity of training for both the 

NMES group and isometric strengthening exercise group. The MVC was measured at the 

beginning of the first session and after every 2 weeks of training using a maximum isometric 

quadriceps torque test. This test was performed on an isokinetic dynamometer (Biodex System 3 

Pro, Shirley NY). Subjects were seated on the isokinetic dynamometer with their hips flexed to 

90 degrees. Straps were secured on the trunk to prevent confounding the quadriceps torque 

output. Then subjects were positioned so that the lateral femoral epicondyle of the knee joint is 

aligned with the rotational axis of the dynamometer. The force-sensing arm secured to the ankle. 

The subjects’ limb was weighted for gravity correction. The knee being tested was positioned in 

70° of flexion. Subjects were asked to exert as much force as possible while trying to extend the 

knee against the force-sensing arm of the dynamometer. The subjects performed 2 warm up 

submaximal voluntary isometric contractions and then 2 maximum voluntary isometric 

contractions on each leg and the greatest peak torque from the 2 contractions was used to set the 

intensity of training. Each contraction was held for 5 seconds and there was a 30 second rest 

between repeated contractions. 

3.2.3.3 NMES Training Procedure  

Subjects in this group were prepared on the isokinetic dynamometer in the same manner as 

described before for the MVC testing. Portable stimulator (Infinity Plus, Empi company, St. 

Paul, Minnesota) was used to stimulate the quadriceps muscle. Two electrodes were placed on 

the quadriceps muscle; one proximally on the vastus lateralis muscle and the other was placed 

distally on the vastus medialis muscle (figure 2-1). Markers of 40% +/- 5% of MVC were 

displayed on a monitor as a target intensity of training (figure 2-2). Then NMES was turned on 
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and its amplitude was gradually increased to produce a torque curve that was maintained at the 

target intensity. The NMES parameters include a pulse rate of 75 pulses per second and pulse 

duration 250 microseconds (26). Subjects had 10 electrically induced quadriceps contractions on 

each limb. Each contraction lasted for 14 seconds; 4 seconds ramp up to reach the required 

intensity (40 % of MVC), 6-second stimulation at the required intensity, and 4 seconds of ramp 

down to zero intensity. There was 50 seconds rest between contractions. 

3.2.3.4 Isometric Exercise Training Procedures  

Subjects in this group were prepared in the same manner as those in the NMES group. Subjects 

were asked to voluntarily perform isometric quadriceps muscle contractions until the torque 

output, displayed on the monitor screen of the dynamometer, reaches the window of 40% +/- 5% 

of the torque produced during subject’s maximum voluntary contraction. They were asked to 

hold their muscle contraction for 6 seconds, and then relax slowly to zero torque level. Rest 

between contractions was 50 seconds. They repeated the same process 10 times for each side.  

3.2.4 Data analysis  

Statistical analyses were performed using SPSS version 19 for Mac (IBM, SPSS statistics). 

Isokinetic quadriceps muscle power output was analyzed using mixed ANCOVA (group X time) 

model and baseline subject’s weight was used as a covariate. Timed stair climb power test and 

ramp power test were analyzed using mix ANOVA (group X time) model. The probability of 

error was set at 5% for all the analyses. 
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3.3 RESULTS  

Baseline characteristics of the study sample are shown in Table 2-1. Twenty-three subjects were 

enrolled in this study. Three subjects withdrew from participation after signing the informed 

consent form due to inability to dedicate time for the training sessions. Twenty subjects (mean 

age +/- SD = 71.2 +/- 4.41, 13 women) completed the baseline visits then were randomized using 

sealed envelopes to either the exercise group or NMES group. Nine subjects were randomized to 

the exercise group, and 11 subjects were randomized to the NMES group. All 20 subjects 

finished the follow up testing sessions (figure 3-1). There were 3 subjects in the NMES group 

who were not complaint with the training procedures: 1 subject was not able to tolerate NMES to 

produce 40% of MVC, 2 subjects were not able to attend more than 7 training sessions.  

Mean changes and confidence intervals of the outcome measures are presented in table 3-

1. Statistical significance and effect sizes for the main and interaction effects are presented in 

table 3-2. There was no significant difference on isokinetic quadriceps muscle power at each 

speed of contraction between the groups averaged across time after adjusting for weight as a 

covariate (table 3-2). Also there was no significant difference on isokinetic quadriceps muscle 

power at each speed of contraction from pre to post training averaged across groups after 

adjusting for weight as a covariate (table 3-2). There was no interaction between groups from pre 

to post training on isokinetic quadriceps muscle power at each speed of contraction after 

adjusting for weight as a covariate (figure 3-2, 3-3, 3-4).  

There was no significant difference on the timed stair climb power test between the 

groups averaged across time (table 3-2). Also there was no significant difference on the timed 

stair climb power test from pre to post training averaged across groups (table 3-2). The pattern of 
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change on timed stair climb power test from pre to post training was not statistically different 

between the groups (figure 3-5). 

For the ramp power test, there was no significant difference between the groups averaged 

across time (table 3-2). Also there was no significant difference on ramp power test from pre to 

post training averaged across groups (table 3-2). However, the pattern of change on ramp power 

test from pre to post training was significantly higher for the NMES group than that for the 

exercise group (figure 3-6).  

3.4 DISCUSSION  

The purpose of this study was to examine the effectiveness of the NMES in improving isokinetic 

quadriceps muscle power and performance based functional power of elderly subjects. We 

hypothesized that subjects in the NMES group will demonstrate higher scores on the isokinetic 

quadriceps muscle power and performance based functional power. The basis for our hypothesis 

is the ability of the NMES to activate type II muscle fibers at relatively low MVC levels (6, 21). 

Type II muscle fibers are responsible of generating high force at short period of time (50) which 

encompass the 2 components of the power measure. Therefore power measures may represent 

the status of type II muscle fibers. The results of this study showed that isokinetic quadriceps 

muscle power did not change from pre to post training for both groups at any speed of isokinetic 

contraction. Muscle power is a function of the torque generated during the muscle contraction 

multiplied by the velocity of that contraction. Since the isokinetic contractions are set at pre-

defined velocities i.e. 60, 150 and 240 degrees per second, the only variable that could determine 

the muscle power at each velocity is the torque generated. One explanation for the unchanged 
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isokinetic quadriceps muscle power output in both groups is the specificity of training. Isometric 

quadriceps muscle training by either voluntary or electrically induced contractions at 40% of 

MVC might not be enough to transform the isometric strength into improvements in isokinetic 

torque at different speeds. Although, Folland et al (75) was able to demonstrate the ability of 

isometric training using voluntary muscle contractions to improve isokinetic torques, the 

intensity of training was 75% of the maximum force measured before initiation of training, 

which was considerably higher than the intensity of training in our study. The reason for using 

low MVC level (40%) as an intensity of training in our study was so that we could test whether 

NMES could induce training effects in type II muscle fibers at lower intensity of exercise that 

would not be expected to induce training effects through voluntary exercise. 

On visual inspection of the graph of the timed stair climb power test (figure 3-6), it seems 

that the change form pre to post training for the NMES group (change = 25.57 watt, SD = 42.11) 

was higher than that for the exercise group (change = -12.16 watt, SD = 53,31). However, this 

interaction effect between the groups on the timed stair climb power test from pre to post training 

failed to reach statistical significance (p= .094), likely due to lack of statistical power. In 

contrast, the interaction effect between the groups on the ramp power test from pre to post 

training (figure 3-7) was statistically significant (p= .016). The NMES groups had statistically 

higher change from pre to post training on the ramp power test (change = 9.79 watt, SD= 13.37) 

(partial η² = .371, p= .036). However the exercise group had no change from pre to post training 

on the ramp power test (change= -4.41, SD= 9.84) (partial η² = .184, p= .216).  

Based on the results of this study, it seems that the performance based functional power 

was able to differentiate between the NMES and the exercise groups. However the isokinetic 

quadriceps muscle power was not able to show differences between the groups. Based on the 
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equations to measure power from the timed stair climb power and ramp power tests, time to 

complete the test is the main variable to determine the functional power. Therefore shorter time 

to complete the test will result in higher scores on the functional power. Performance based 

functional power tests may allow the muscle torque and the velocity of muscle contraction to 

interact to produce greater power output than the isokinetic muscle power test that maintains the 

velocity constant. Therefore functional power tests might be more valid as they permit the 

interaction of muscle torque and velocity of muscle contraction to occur more naturally. 

The inability of the isokinetic quadriceps muscle power test to differentiate between 

subjects who received NMES and those who received voluntary exercise raises doubts about the 

usefulness of the isokinetic muscle power tests to reflect on the status of type II muscle fibers in 

elderly subjects. Even though Rothstein et al (50) was able to demonstrate that isokinetic muscle 

power was able to discriminate a group with presumed type II muscle fibers atrophy from a 

healthy group, the maximum velocity that was used in Rothstein’s study was 120 degrees per 

second. Rothstein et al (50) assumed that the subjects during isokinetic testing made maximum 

effort, which means all available motor units were involved during the isokinetic testing at all 

chosen speeds of contraction. However, Barnes et al (76) found that motor-unit electrical activity 

decreases as the velocity of the elbow flexors isokinetic contraction increases from 60,120, 180, 

240 to 300 degrees per second. Therefore not all motor units would be activated as the velocity 

of isokinetic contraction increases. Rothstein’s assumption that all motor units were involved 

might have been correct in the context of his study as velocities were never higher than 120 

degrees per second. However, in the present study 2 of the 3 chosen velocities of contraction (60, 

150 and 240 degrees per second) are higher than what Rothstein et al (50) used. Since the 

electrical activity of motor units decrease as the velocity of contractions increases (76), the 
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number of type II muscle fibers that were activated may have decreased as the velocity of 

isokinetic contraction increases. Consequently isokinetic muscle power at higher contraction 

speeds might not be reflective of the status of type II muscle fibers.  

To further examine whether isokinetic quadriceps muscle power and the performance 

based functional power tests may be used to reflect the integrity of the CSA of type II muscle 

fibers, we performed post-hoc Pearson product correlation analysis to examine the relationship 

between the change in the power test scores and the changes in the CSA of type II muscle fibers. 

Scatter plot graphs and Correlation coefficients were developed between changes in the CSA of 

type IIA muscle fibers; isokinetic quadriceps muscle power at each speed of contraction and 

performance based functional power tests. Pearson product correlations coefficients are 

presented in table (3-3). Figures (3-7, 3-8, 3-9) represent the scatter plots for the change in the 

CSA of type IIA muscle fibers and the change in the isokinetic quadriceps muscle power at 60, 

150 and 240 degrees per second respectively. There was no correlation between the change in the 

CSA of type IIA muscle fibers and changes in the isokinetic quadriceps muscle power at any 

speed of contraction (table 3-3). This finding further supports our premise that isokinetic 

quadriceps muscle power might not reflect the status of type II muscle fibers.  

On the contrary, there was strong significant positive correlation between the change in 

the CSA of type IIA muscle fibers and the change in the stair climb power test (r= .634, p= .011) 

and the change in the ramp power test (r= .668, p= .006). Figures (3-10, 3-11) show how higher 

changes in the CSA of type IIA muscle fibers were associated with greater improvement in 

scores on stair climb power test and the ramp power test respectively. Therefore performance 

based functional power tests might be more valid in assessing the integrity of type II muscle 
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fibers function as they appear to be associated with changes in the CSA of type II muscle fibers 

compared to isokinetic muscle power. 

Table 3-4 represents a comparison between the subjects in the NMES group who were 

compliant with the NMES training procedures and those who were not on power measure. 

Subjects are considered compliant if they attended 80% of the proposed training sessions and 

tolerated NMES that produced 40% of quadriceps muscle MVC. There were minimal changes in 

the isokinetic quadriceps muscle power and larger increases in the performance based functional 

power among the compliant subjects than the non-compliant ones.  

3.5 CONCLUSION 

The results of this study indicate that subjects who received NMES training had improvements in 

the functional power tests while those in the voluntary exercise group had no change or declined 

in the performance on the functional power tests. There were no differences between the groups 

in the change in isokinetic quadriceps muscle power test scores. Post hoc analyses indicated 

there was a significant positive association between changes in the CSA of type IIA muscle 

fibers and changes in the performance based functional power test but not with changes in the 

performance on the isokinetic power test. Therefore the ease of administering the functional 

performance power tests along with their association with changes in the CSA of type II muscle 

fibers of elderly subjects make them more valid for assessing muscle power output than the 

isokinetic muscle power test, which requires special and expensive equipment. However, further 

research is needed to validate the use of the performance based functional power test to predict 

improvements in cross sectional area of type II muscle fibers in the elderly.  
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Figure 3-1 Study Flow Diagram
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Table 3-1 Mean change, confidence interval and percent change of power outcome measures 

 NMES Exercise 

 Mean Change Confidence Interval % Change Mean Change Confidence Interval % 

Change 

Power 60 Watt -8.95 -20.00 – 2.11 -11.64 -5.73 -13.64 – 2.19 -7.05 

Power 150 Watt -4.93 -13.64 – 3.78 -7.11 -2.56 -25.57 – 20.45 -1.33 

Power 240 Watt -3.06 -19.14 – 13.02 -1.18 9.34 -22.41 – 41.10 17.08 

Timed Stair climb 

power Watt 

25.57 -2.72 – 53.86 12.34 -12.16 -53.14 – 28.82 -2.42 

Ramp power Watt 9.79 .81 – 18.78 8.01 -4.41 -11.98 – 3.16 -3.20 

 



  71 

Table 3-2 Statistical significance and effect size on the dependent variables   

 Group Main Effect Time Main Effect Interaction Effect 

 η² p value Observed 

power  

η² p value Observed 

power  

η² p value Observed 

power  

Power 60 Watt .03

4 

.449 .113 .003 .830 .048 .022 .541 .091 

Power 150 Watt .04

6 

.380 .136 .001 .905 .051 .005 .784 .058 

Power 240 Watt .07

4 

.259 .197 .001 .880 .052 .034 .426 .120 

Timed Stair 

climb power 

test Watt 

.00

5 

.778 .058 .022 .537 .092 .148 .094 .388 

Ramp power 

test Watt 

.01

5 

.611 .078 .053 .329 .158 .280 .016* .707 

* Significant at alpha level = .05
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Figure 3-2 Isokinetic quadriceps muscle power at 60 degrees per second 

The interaction effect was not significant, F (1, 17) = .389, p= .541, partial η² = .022. 
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Figure 3-3 Isokinetic quadriceps muscle power at 150 degrees per second 

The interaction effect was not significant, F (1, 17) = .078, p= .784, partial η² = .005. 
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Figure 3-4 Isokinetic quadriceps muscle power at 240 degrees per second 

The interaction effect was not significant, F (1, 17) = .666, p= .426, partial η² = .038. 
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Figure 3-5 Timed stairs climb power test 

The interaction effect was not significant, F (1, 18) = 3.134, p= .094, partial η² = .148. 
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Figure 3-6 Ramp power test 

The interaction effect was significant, F (1, 18) = 7.014, p= .016, partial η² = .280.
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Table 3-3 Pearson product correlation matrix for the change of type IIA muscle fibers, change in 

isokinetic quadriceps muscle power and performance based functional power 

 Type IIA 
change 

Power 60 
change 

Power 150 
change 

Power 240 
change 

Timed stair 
climb power 
test change 

Ramp 
power test 
change 

Type IIA 
change 

r 
1 

-.259 -.063 -.409 .634* .668** 
p .351 .825 .130 .011 .006 
n 15 15 15 15 15 

Power 60 
change 

r  
1 

.731** .662** .010 .038 
p  .000 .001 .965 .874 
n  20 20 20 20 

Power 
150 
change 

r   
1 

.743** .298 .202 
p   .000 .203 .393 
n   20 20 20 

Power 
240 
change 

r    
1 

.201 .126 
p    .396 .597 
n    20 20 

Timed 
stair 
climb 
power test 
change 

r     

1 

.408 

p     .074 

n     20 

Ramp 
power test 
change 

r      
1 p      

n      
*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 
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Figure 3-7 Scatter plot of the change in the CSA of type IIA muscle fibers and the change in the 

isokinetic quadriceps muscle power at 60 degrees per second 
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Figure 3-8 Scatter plot of the change in the CSA of type IIA muscle fibers and the change in the 

isokinetic quadriceps muscle power at 150 degrees per second 
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Figure 3-9 Scatter plot of the change in the CSA of type IIA muscle fibers and the change in the 

isokinetic quadriceps muscle power at 240 degrees per second 
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Figure 3-10 Scatter plot of the change in the CSA of type IIA muscle fibers and the change in the 

stair climb power test 
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Figure 3-11 Scatter plot of the change in the CSA of type IIA muscle fibers and the change in the 

ramp power test
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Table 3-4 Comparisons between compliant and non-compliant subjects on isokinetic power and performance based functional power 

 N Change in Power 

at 60 Watt  

Change in power 

at 150 watt 

Change in Power 

at 240 Watt 

Change in timed stair 

climb power Watt 

Change in 

ramp power 

Watt 

Complain with 

NMES  

8 -7.08 4.80 -12.95 33.39 9.54 

Non Complaint with 

NMES number of 

session  

2 -15.43 -10.35 -6.19 4.92 -1.39 

Non Complaint with 

NMES intensity < 

40% 

1 -34.45 -14.92 -60.95 4.61 34.22 
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4.0  CHAPTER FOUR: SUMMARY AND FUTURE RESEARCH 

The selective atrophy of type II muscle fibers with aging (5,8) was the main topic of this project. 

The purpose of this study was to test the hypothesis that NMES training at relatively low 

percentage of MVC could induce structural changes in type II muscle fibers within the 

quadriceps muscles of elderly subjects that would not usually occur with strength training at the 

same level of MVC. Since muscle fiber activation during voluntary muscle contraction follows 

the Henneman principle of motor units recruitment (6), type II muscle fibers might not be 

activated during low intensity exercises. However, the pattern of activation of muscle fibers 

during electrically induced muscle contraction was found to be nonselective (65, 66). 

Furthermore, NMES is more likely to activate type II muscle fibers at relatively low MVC levels 

(6, 21). Therefore, the difference in muscle fibers activation between voluntary or electrically 

induced muscle contractions was the reasoning behind our hypothesis.  

In order to explore the effectiveness of NMES in inducing structural changes within the 

quadriceps muscle, CT images and muscle biopsies were obtained from the quadriceps muscles 

of elderly subjects. Furthermore, quadriceps muscle power and performance based functional 

power were measured to determine if the structural changes within the quadriceps muscle could 

translate into functional improvements of the elderly subjects.  
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The overall findings of this project were: 

1. There was an interaction effect between the groups over time on the quadriceps muscle 

CSA and the quadriceps NDM CSA.  

2. Quadriceps muscle CSA and quadriceps NDM CSA had increased significantly among 

the subjects in the NMES group, but they did not change among the subjects in the 

exercise group.  

3. Muscle fibers type I CSA was significantly smaller post training than pre training among 

subjects in the exercise group. However there was no change in the CSA of type I muscle 

fibers among subjects in the NMES group.  

4. The interaction effect on muscle fibers type IIA CSA between the groups from pre to post 

training was significant. The change in the CSA of type IIA muscle fibers was higher in 

the NMES group compared to the exercise group. The CSA of type IIA muscle fibers 

increased from pre to post training among the NMES groups. However, in the exercise 

group the CSA of type IIA muscle fibers decreased compared to pre training yet neither 

the positive change among the NMES group nor the negative change among the exercise 

group on type IIA muscle fibers reached statistical significance, p values = .075, .088 

respectively. 

5.  Isokinetic quadriceps muscle power was not different either between the groups or from 

pre to post training at each speed of isokinetic contraction after adjusting for the subjects’ 

weight as a covariate.  

6. There was an interaction effect on the ramp power test between the groups from pre to 

post training. The change in the ramp power test from pre to post training was 

significantly higher for the NMES group than that for the exercise group.  
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7. The timed stairs climb power test had a similar pattern of change as the ramp power test 

however it did not reach statistical significance (p= .094).  

The results of this study provide evidence for the effectiveness of the NMES to induce 

structural changes within the quadriceps muscle of the elderly subjects at the macro and the 

microscopic levels. This study supports what has been shown in the literature regarding the 

ability of NMES to activate muscle fibers without a specific pattern of activation. Additionally, 

the NMES induced structural changes within the quadriceps muscle of the elderly subjects were 

translated into improvements in functional performance. Performance based functional power 

might be more responsive to changes in type II muscle fibers than isokinetic muscle power 

output. Functional power tests may allow muscle torque and muscle contraction speed to interact 

with each other to produce higher power compared to isokinetic muscle power tests that hold the 

velocity constant. Therefore performance based functional power tests might be good outcome 

measures in clinics and they might be a better alternative to the expensive isokinetic 

dynamometer. 

In this study, there were significant strong positive associations between the changes in 

the performance based functional power tests and the change in the CSA of type IIA muscle 

fibers. These associations are helpful in determining how changes in the CSA of type IIA muscle 

fiber in response to training could be detected by changes in performance based functional 

power. However they would not inform us as to whether performance based functional power 

tests could identify patients with deficits in the CSA of type II muscle fibers prior to treatment. 

Therefore we further examined the correlation between the baseline functional power tests and 

the baseline CSA of type IIA muscle fibers using Pearson product correlation analysis. There 

was no association between the baseline CSA of type IIA muscle fibers and the baseline timed 
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stair climb power test (r= .049, p= .853) and the baseline ramp power test (r= .146, p= .575). 

Therefore although the performance based functional power tests might be good for assessing 

changes in type IIA muscle fibers in response to treatment, they may not be useful in identifying 

patients who have deficits in type IIA muscle fibers prior to intervention. 

Since type II muscle fibers are able to generate high force in short periods of time (50), 

the rate of torque development might reflect the performance of type IIA muscle fibers and could 

possibly be a better alternative for identifying patients with type IIA muscle fibers pathology 

prior to treatment. Further research should be done to explore the ability of the rate of torque 

development to examine the integrity of type IIA muscle fiber in elderly subjects.  

There were some limitations to our study. The small sample size did not allow us to 

examine if the effect of the NMES training would be similar between males and females. 

Another important limitation to this study is the participation of subjects who were health. Those 

subjects might not have a large margin for improvement, which may result in under estimation of 

the training effect. In spite of having those limitations, we believe that this study served as a 

good preliminary report for undergoing a larger randomized clinical trail to examine the effect of 

NMES in inducing structural changes in the quadriceps muscle of the elderly subjects.  

The results of this study have raised other questions that might be worth exploring in 

future studies. It would be interesting to examine the effect of the NMES on the composition of 

quadriceps muscle in the elderly subjects. NMES was able to increase the CSA of the quadriceps 

muscle and the fat free portion of the quadriceps muscle mass. Therefore NMES training may 

results in reduction of the fat infiltrate within the quadriceps muscle. Goodpaster et al (70) found 

that moderate physical activity was able to prevent gain of inter-muscular adipose tissue within 
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the quadriceps muscle of elderly subjects. Therefore it would be imperative to examine the effect 

of NMES on the composition of the quadriceps muscle.  

Further study in needed to determine the predictive validity of the performance based 

functional power test in detecting changes in the CSA of the type II muscle fibers in the elderly 

subjects. In this study we found an association between the change in the performance based 

functional power tests and the change in CSA of type IIA muscle fibers. However, due to the 

small sample size we were not able to quantify the amount of change in the CSA of type IIA 

muscle fibers that is associated with 1-point change in the performance based functional power 

tests. Therefore a larger scale study should be done to allow performing regression analysis to 

quantify this relationship  

In our study, NMES was compared to a voluntary isometric exercise that both produced a 

torque equivalent to 40% of MVC. This MVC level will likely not result in actual training effect 

for those involved in a voluntary exercise program. Therefore it would be important to compare 

NMES to a voluntary exercise program at higher dosages of MVC that might result in actual 

training effect or examining whether the combination of NMES with voluntary exercises would 

result in a bigger effect compared to exercise only 

Finally it would be useful to determine the effect of NMES in reversing atrophy of type II 

muscle fibers that is associated with some diseases. Aging is associated with atrophy of type II 

muscle fibers (5, 8). The results of our study have shown that NMES, compared to voluntary 

isometric training, is able to induce hypertrophy of type II muscle fibers within the quadriceps 

muscle of elderly subjects. Perhaps this intervention approach might also be beneficial in 

targeting type II muscle fiber atrophy in conditions such as rheumatoid arthritis, prolonged 
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steroid use, or muscle atrophy observed in association with some cancers. Therefore further 

research should be done to examine the potential use of NMES in patients with these diseases.  
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