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Abstract.
BACKGROUND: Neuromuscular electrical stimulation (NMES) is a complementary tool for therapeutic exercise for muscle
strengthening and may potentially enhance exercise performance.
OBJECTIVE: To determine whether high-intensity interval training (HIIT) and continuous aerobic training (CA) coupled with
NMES enhance the changes in the eccentric/concentric muscle contraction patterns of hamstring and quadriceps.
METHODS: Forty-five healthy sedentary male participants performed cycling training 3 times per week for 8 weeks combined
with/without NMES performed at a load equivalent to 65% and 120% of IVO2max (intensity associated with the achievement of
maximal oxygen uptake). Anthropometrics, blood lactate measurements, IVO2max, TLimVO2max (time-to-exhaustion) and isoki-
netic strength parameters were measured at baseline and post-training using a randomized controlled trial.
RESULTS: The conventional hamstring-to-quadriceps-ratio (HQR: Hcon/Qcon) at 60◦/s and the Dynamic Control Ratio (DCR:
Hecc/Qcon) at 180◦/s significantly increased both in the dominant (D) and non-dominant (ND) limb in the HIIT + NMES group
(p < 0.05). There was a positive significant correlation between the individual changes in D HQR at 60◦/s and IVO2max (r =
0.94, p = 0.005) and the DCR at 180◦/s and TLimVO2max (r = 0.90, p = 0.015), respectively.
CONCLUSIONS: The increases in the eccentric muscle contraction and DCR following HIIT + NMES seem to improve fatigue
tolerance, cause less fatigue and oxidative stress on the lower limb during pedaling at high intensities.

Keywords: Blood lactate concentration, conventional and functional H:Q ratio, isokinetic strength, time to exhaustion, maximum
oxygen consumption

1. Introduction1

Muscle injuries are the most common sports-related2

injuries and the rate of in-season injury incidence was3
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reported 4 times greater (16.5% vs. 4.1%) in athletes 4

with HQR (cut-off point 0.60 and lower) and DCR 5

(cut-off point 1.40 and lower) asymmetries resulted 6

from an antagonist-agonist strength discrepancy com- 7

pared to those have symmetrical muscle strength [1]. 8

As a relevant data point, it can be observed that when 9

using the HQR (Hcon:Qcon at 60 and 240◦/s), more 10

than 30% (55% and 38%) of the imbalances that were 11

manifested while using the DCR went undetected [2]. 12

To date, the effect of the peak moment ratio of knee 13
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flexors and extensors on the risk of injury in the lower14

limbs has been extensively discussed in the litera-15

ture [3–7]. Nevertheless, no reports to date have inves-16

tigated whether the changes in eccentric and concentric17

muscle contraction patterns of hamstring and quadri-18

ceps muscle groups following HIIT and CA coupled19

with high-and-low-frequency NMES affect IVO2max20

and time to exhaustion tolerance during this intense ex-21

ercise.22

Muscle recruitment patterns and the modulation of23

musculotendinous architecture in the lower extrem-24

ity have an essential role to enhance movement co-25

ordination in cycling [8]. In terms of delayed on-26

set of increased local muscular fatigue during cy-27

cling, an improved bioenergetics capacity and op-28

timization of quadriceps and hamstring muscle re-29

cruitment are desirable for producing power at the30

pedal to maintain high mechanical propulsive effi-31

ciency [9,10]. Understanding the relationship between32

the distribution of muscular strength and aerobic ca-33

pacity is important, as such information can advance34

training methods and thus improve endurance cy-35

cling efficiency. However, the effectiveness and neces-36

sity of strength training for endurance athletes specif-37

ically in cycling has been an ongoing debate for38

many years among athletes, coaches, and sports sci-39

entists [11]. Whereas, strength discrepancies in the40

lower extremity may be transferable to the mechan-41

ics of endurance cycling. Therefore, the increase in42

exercise load that accompanies endurance cycling43

causes muscle damage, fatigue and muscle pain and44

increased local muscular fatigue may also lead to45

a decreased mechanical efficiency, poor technique46

and/or imbalance of force generation [12]. More-47

over, it was reported that a 12% reduction in maxi-48

mal voluntary contraction moment of the knee exten-49

sors was accompanied by a reduction in voluntary ac-50

tivation of 13–16% following 30 min cycling exercise51

performed at an intensity corresponding to 80% of the52

maximal aerobic power although this depended on the53

rate of pedaling [13–15].54

NMES, a complementary tool in sports medicine,55

has been utilized for the maintenance of muscle mass56

and strength [16]. It has been shown to improve lower57

limb muscle strength and cardiorespiratory exercise58

capacity simultaneously in sedentary healthy indivi-59

duals [17]. It was also reported that NMES simulta-60

neously improve the indices of cardiovascular exercise61

capacity with an increase of 10% in maximum aerobic62

capacity (VO2max) following daily stimulation (rhyth-63

mical continuous contraction at a frequency of 4 Hz64

for 1-hr) over a 6 to 8 week period seen in sedentary 65

populations [18]. However, the combined application 66

of NMES and volitional contractions suggested being 67

more effective for muscle strengthening than NMES or 68

volitional contractions alone [19]. 69

Cycling exercise is one of the most common aer- 70

obic exercise intervention to improve exercise capa- 71

city or physical fitness [21–24]. However, the effects 72

of cycling exercise on muscle strengthening has not 73

been demonstrated [25] while cycling exercise has 74

also been reported to improve muscle strength of the 75

lower extremity [26]. In our study, cycling exercise 76

performed at an intensity corresponding to 65% and 77

120% of the maximal aerobic power involves interac- 78

tions of neuromuscular, aerobic and anaerobic com- 79

ponents. However, whether cycling exercise combined 80

with high-and-low-frequency NMES improve neuro- 81

muscular performance or the acute changes in HQR 82

and DCR resulted from these adaptations improve 83

VO2max and time to exhaustion performance is un- 84

known. To the best of our knowledge, this is the first 85

report on HQR and DCR applied to functional tasks 86

using an additional high-and-low-frequency NMES in- 87

tervention (IVO2max and TLimVO2max) that are spe- 88

cific to sport (cycling). Therefore, the purpose of this 89

study was two-fold. (a) First, to determine whether 8- 90

weeks of HIIT and CA performed at 120% and 65% 91

of IVO2max coupled with NMES on a cycle ergome- 92

ter induce different adaptations on neuromuscular per- 93

formance, IVO2max and TLimVO2max compared to HIIT 94

and CA training alone (b) Second, to examine time to 95

exhaustion tolerance at which IVO2max and its relation- 96

ship to differences in the eccentric/concentric muscle 97

contraction patterns of hamstring and quadriceps mus- 98

cle groups among the 4 trained states. 99

2. Methods 100

2.1. Participants 101

A total of 45 healthy male individuals with no his- 102

tory of physical disorders and physiological disease 103

that developed in the last 2 years or any discomfort 104

associated with the circulatory system, with at least 105

3 years of sports history, voluntarily participated in 106

this study (age: 22.34 ± 1.27 years, height: 178.91 ± 107

5.67 cm, weight: 73.79 ± 7.61 kg, lean mass: 65.62 108

± 7.34 kg, percent body fat: 14.15 ± 4.77%), respec- 109

tively. 110

The participants were recruited based on the follow- 111

ing inclusion criteria: having run (a) must be a student 112
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in physical education and sports department at the time113

of the study, and (b) who had participated in physical114

activities at least 2 times per week over the last 3 years.115

Students who have any musculoskeletal injury or ham-116

string and/or quadriceps injury in the past 6 months;117

overt metabolic, endocrine, cardiovascular, neurolog-118

ical, or metabolic diseases; consumption of medica-119

tions or using any drugs that may influence the energy120

metabolism system were excluded from the study. Be-121

fore participation, all the participants were informed122

about the experimental procedures, and the possible123

risks and discomforts associated with the study. All124

participants gave written informed consent before par-125

ticipating in the study approved by the Mersin Uni-126

versity Institutional Review Board (Protocol number:127

2018/22; Date of approval: 11/01/2018) in compliance128

with the ethical standards of the Helsinki Declaration.129

2.2. Study design130

A randomized controlled trial with a parallel-group131

study design was used. Participants were randomly as-132

signed to either the experimental group or the control133

group. The Control group did not receive the treatment.134

The experimental group underwent one of HIIT and135

CA training groups without NMES or HIIT + NMES136

and CA + NMES with simultaneous NMES to investi-137

gate the effects of the NMES stimulus combined with138

HIIT and CA training on oxygen kinetics, time to ex-139

haustion, isokinetic peak moment parameters.140

2.3. Procedures141

The training sessions were conducted three times142

per week throughout 8 weeks with a one-day interval.143

All trainings started 1–2 days after the pre-test session.144

For each participant the training intensity was set indi-145

vidually and all were instructed to maintain their usual146

food intake, hydration, and physical activity. No addi-147

tional strength training was allowed during the study148

period.149

2.4. Anthropometric measures150

The anthropometric parameters were assessed us-151

ing bioelectrical impedance analysis (Tanita 418-MA152

Japan) before Cybex isokinetic sessions. Height was153

measured through a stadiometer in the standing posi-154

tion (Holtain Ltd. U.K.).155

2.5. Isokinetic strength measurements156

Participants were tested on Humac Norm CSMI Cy-157

bex isokinetic dynamometer in the supine position and 158

were encouraged throughout the test. Gravity correc- 159

tion was performed before the test. Before the assess- 160

ment of isokinetic strength parameters of D and ND 161

legs, the participants were seated in the upright posi- 162

tion with the hips flexed at an angle of 90◦ and a series 163

of 10 sub-maximal repetitions both during knee flex- 164

ion and extension at 180◦/s followed by 5 maximal bi- 165

lateral knee extension repetitions, from 90◦ of flexion 166

to full extension (0◦), at both 60◦/s and 180◦/s. The D 167

leg was chosen as the leg used to kick a ball. Grav- 168

ity correction was made before all test sessions. The 169

measurements of eccentric and concentric muscle per- 170

formance under isokinetic conditions were performed 171

with a range of motion in the knee joint of 90◦ (from 172

90◦ to 0◦). 173

Conventional and dynamic control ratios were cal- 174

culated for all training modalities. We used 60◦/s angu- 175

lar velocity to assess HQR, i.e. Hcon60/Qcon60, since this 176

speed best illustrates the failure of power production 177

in the muscle and possible power deficits are best no- 178

ticed at low concentric mode speed. On the other hand, 179

no D side effects were reported when the power of 180

the Q and H were measured concentrically at the same 181

speed (60◦/s and 180◦/s) [27]. However, it was sug- 182

gested that the reliability of concentric and eccentric 183

results at 60◦/s may not be valid due to the coefficients 184

of variation (8.1 vs 17.4%) between these muscle con- 185

tractions [28]. On the other hand, we the DCR was de- 186

rived from the higher speed i.e. Hecc180/Qcon180 as this 187

speed better reflects the actual agonist-antagonist mus- 188

cle interaction specifically at high angular velocities. 189

Aagaard et al. have observed that the higher the an- 190

gular speed of the knee extension, the closer the DCR 191

approximates unity [29]. Similarly, in another study, 192

DCR was found to have a higher value at 120◦/s (0.87) 193

compared to at 60◦/s (0.81) [30]. To screen the differ- 194

ences from baseline to follow-up measurements among 195

all groups mean and standard deviation of the HQR and 196

DCR were expressed in percentage (%) for both D and 197

ND limb. 198

2.6. Assessment of VO2max, IVO2max, and time to 199

exhaustion 200

VO2max, IVO2max, and TLim were measured in a 201

preliminary test session using Ergoline Ergoselect 202

100/200 cycle ergometer over a one-week interval. In 203

the first visit, a progressive cycle ergometer test was 204

used to determine VO2max and IVO2max. Participants 205

started to pedal at 50 Watt and were asked to pedal be- 206
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tween 95–100 rpm. Each stage consisted of 2 min and207

load was increased 50 Watt with the completion of ev-208

ery stage until a plateau in VO2 despite an increase in209

cycling intensity, a respiratory exchange ratio (RER)210

above 1.1, and 90% of the predicted maximal HR. If211

the stage of 2 min could not be completed, the load of212

the previous stage was recorded as IVO2max. The load213

that VO2max elicit was recorded as IVO2max and was214

used to determine TLim and individual training inten-215

sity used during HIIT and CA training. Throughout the216

test, the Borg scale was used in the assessment of per-217

ceived exertion during exercise.218

In the following session, TLim at IVO2max test was219

carried out at a constant load until volitional exhaus-220

tion. Following a 10-min warm-up period at 60% of221

IVO2max, the load was immediately increased (in less222

than 20 s) up to IVO2max and the participants were en-223

couraged to pedal at a constant speed of 100 rpm to224

their volitional exhaustion. O2 was measured breath225

by breath (CareFusion MasterScreen CPX, Germany)226

and subsequently averaged over 15-second intervals.227

Before each test, the automated gas analyzer was cal-228

ibrated according to the manufacturer’s recommen-229

dations. Heart rate was also monitored and recorded230

throughout VO2max and TLim test sessions using 12-231

lead ECG. Individual training intensity was determined232

using baseline IVO2max parameters. VO2 parameters233

of each participant were measured during each session234

throughout 8 weeks of training.235

2.7. Collection of blood samples236

In each IVO2max testing session (pre-post) and at the237

end of every 2min interval during IVO2max test blood238

samples were collected from earlobe using Lactate239

Pro 2 handheld analyzer (LT-1730, Arkray Inc, Kyo-240

to, Japan). Blood samples were also taken before TLim241

and 2 min after the intervention to determine blood242

lactate concentrations. All participants were also in-243

structed to maintain their usual nutrition throughout244

the study period. No nutrition supplements were al-245

lowed during the study period and all participants’ nu-246

trition on the test days was recorded.247

2.8. Neuromuscular electrical stimulation protocol248

NMES protocol was conducted using a ‘COMPEX249

SP4.0 (Medicompex SA, Ecublens, Switzerland) 4250

channel electric muscle stimulator. Biphasic symmet-251

ric rectangular pulsed currents (150 Hz) lasting 400 µs252

were used. COMPEX self-adhesive electrodes were253

used during muscle stimulation with COMPEX device. 254

Positive snap electrodes (5 cm × 5 cm) that stimulate 255

a 25 cm2 area of the muscle surface which also has a 256

membrane depolarization feature were placed on the 257

proximal insertion of vastus medialis and vastus lat- 258

eralis. The other negative electrode (10 cm × 5 cm), 259

measuring 50 cm2 was placed over the femoral trian- 260

gle, 1–3 cm below the inguinal ligament. 261

2.9. Training regimen 262

Each HIIT session consisted of a 5-min warm-up 263

(65% IVO2max) followed by 1-min exercise at 120% 264

of the IVO2max followed by 1-min “loadless" cycling. 265

This interval was repeated 8 times on training days 1 266

and 2 and progressed to 14 repeated intervals by the 267

eighth session. Participants were given strong verbal 268

encouragement and asked to maintain pedal cadence 269

at 100 rpm throughout the test session. Participants 270

assigned to HIIT + NMES training group continued 271

the same training protocol using an additional NMES 272

protocol (Duration: 12 seconds “On” 8 seconds “Off”, 273

Intensity: 45–60 Hz, Current: 300 µs, Wave: Square 274

waveform) throughout the 8 weeks. CA training was 275

performed with the work rate set individually based on 276

the participant’s pre-training IVO2max for 30–48 min. 277

The duration of training was determined at 30 min for 278

the first 2 weeks of training, 36 min for weeks 3–4, 279

42 min for weeks 5–6, and 48 min for weeks 7–8. Par- 280

ticipants were asked to maintain the cadence rate at 281

80 rpm throughout the test. Participants assigned to 282

CA + NMES training group continued the same train- 283

ing protocol using an additional NMES protocol (Du- 284

ration: 20 seconds “On” 20 seconds “Off”, Warm-up 285

frequency: 3 Hz, Training Intensity: 20 Hz, Current: 286

300 µs, Wave: Square waveform) throughout 8 weeks. 287

2.10. Statistical analyses 288

The Shapiro Wilk-W test analysis of normality 289

of distribution was followed by a two-way mixed 290

ANOVA with repeated measures to analyze the re- 291

sults obtained for the subgroups before and after treat- 292

ment (groups vs. pre/post-treatment). To analyze the 293

results obtained for all groups before and after treat- 294

ment; the Wilcoxon test for paired, Mann-Whitney U 295

test for non-paired and, to compare the results overtime 296

a Kruskal-Wallis test with Bonferroni correction were 297

performed for non-paired data. Correlations were as- 298

sessed using the Pearson product-moment correlation 299

coefficient. Intraclass Coefficient (ICC) and Intraclass 300
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Table 1
Comparison of pre-to-post-test anthropometric and physiological parameters among groups

Variable
Control
(n = 9)

HIIT
(n = 9)

HIIT + NMES
(n = 9)

CA
(n = 9)

CA + NMES
(n = 9)

Body mass (kg)
Before 76.21 ± 7.35 78.31 ± 7.12 75.20 ± 3.75 69.11 ± 9.24 74.31 ± 7.85
After 77.12 ± 7.19 77.20 ± 8.42 73.32 ± 3.41 68.42 ± 11.27 73.45 ± 6.65

Lean weight (kg)
Before 62.20 ± 3.57 65.21 ± 3.60 64.67 ± 3.77 61.87 ± 8.18 67.40 ± 4.57
After 63.91 ± 4.59 65.45 ± 3.36 65.73 ± 3.30 61.17 ± 9.21 61.35 ± 5.20

Percent body fat (%)
Before 13.62 ± 5.14 14.02 ± 6.08 13.18 ± 3.07 10.00 ± 3.19 11.53 ± 6.45
After 14.20 ± 4.55 13.55 ± 6.33 11.88 ± 2.11 9.22 ± 3.55 10.46 ± 5.63

IVO2max (ml.kg.min−1)
Before 40.33 ± 6.56 41.11 ± 2.35 41.55 ± 5.01 40.85 ± 4.13 39.67 ± 2.17
After 38.23 ± 4.35 46.90 ± 4.34 52.24 ± 2.88∗ 48.97 ± 1.72∗ 46.65 ± 5.45∗

TLimVO2max (ml.kg.min−1)
Before 39.11 ± 3.12 40.90 ± 4.21 43.67 ± 4.23 43.10 ± 4.02 41.77 ± 3.24
After 39.53 ± 2.37 44.00 ± 3.81 52.12 ± 2.95∗ 47.44 ± 2.05 46.44 ± 3.26∗

BLC (mmol/L)
Before 9.60 ± 3.33 9.82 ± 2.22 11.61 ± 2.71 9.35 ± 4.75 9.90 ± 1.79
After 7.45 ± 2.56 10.45 ± 2.56 13.90 ± 4.25∗ 10.20 ± 2.19 11.35 ± 4.35

HR (beat/min)
Before 183.33 ± 9.80 178.28 ± 6.49 185.56 ± 4.45 184.50 ± 14.00 183.17 ± 6.86
After 181.39 ± 9.16 183.11 ± 7.48 183.83 ± 5.74 181.67 ± 7.39 185.06 ± 6.39

RPE
Before 17.67 ± 1.75 18.00 ± 1.26 18.67 ± 1.37 17.33 ± 1.51 16.50 ± 1.52
After 16.83 ± 2.04 17.50 ± 1.22 18.00 ± 1.55 18.50 ± 0.84 16.67 ± 1.03

Note. BLC: blood lactate concentration; HR: heart rate; RPE: rate of perceived exertion. Pre- and post-training parameters for all groups (values
are mean ± SD). Asterisks (∗) significant change from pre- to post-training within the same group (p < 0.05).

Coefficient Confidence Intervals (ICC CI 95%) were301

determined to represent the proportion of variance in a302

set of scores that is attributable to the true score vari-303

ance. All results were presented as the mean ± SD.304

GraphPad Software GraphPad Prism 6 was used for305

graphical expression. G Power (3.1.9.2) program was306

used in sample size calculation. The effect size was de-307

termined as d = 1.9811. Type I error level (α – error308

level) was set at 0.05 and Type II error (β) set at 0.20.309

The sample size was calculated as at least 5 partici-310

pants for each group.311

3. Results312

3.1. Physical and physiological components313

Data on the physical and physiological characteris-314

tics of participants are outlined in Table 1. No signif-315

icant difference was traced in IVO2max among groups316

in baseline measurements (p = 0.42). However, there317

was a significant improvement in IVO2max in HIIT +318

NMES (41.55 ± 5.01 vs. 52.24 ± 2.88 ml.kg.min−1,319

p = 0.025) and CA + NMES (39.67 ± 2.17 vs. 46.65320

± 5.45 ml.kg.min−1 p = 0.028) groups. TLimVO2max321

increased by 17.64% in HIIT + NMES and 10.59%322

in CA + NMES group. Significant difference (p = 323

0.004) was observed in TLimVO2max between HIIT 324

+ NMES (52.12 ± 2.95 ml.kg.min−1) and CA + 325

NMES (46.44 ± 3.26 ml.kg.min−1) group in follow- 326

up measurements. Peak blood lactate concentration 327

was significantly different subsequent to IVO2max and 328

TLimVO2max in CA + NMES and HIIT + NMES 329

groups compared to the control group in follow-up 330

measurements (Table 1). 331

We found no statistically significant differences be- 332

tween baseline and post-test VO2max levels in Con- 333

trol (– 5.21%) and HIIT (14.08%) groups while HIIT 334

+ NMES (25.73%), CA (19.88%) and CA + NMES 335

(17.60%) groups showed significant improvements 336

in VO2max in this study. However, HIIT + NMES 337

(19.35%) and CA + NMES (11.18%) training groups 338

also showed significant increases in time to exhaustion 339

performance at their IVO2max after 8 weeks of training. 340

3.2. The peak moments 341

The baseline and post-test values of the PM in all 342

groups are outlined in Table 2. No inter-group differ- 343

ences were noted in any of the baseline values. Both 344

D and ND extension and flexion PMs were signifi- 345

cantly higher in HIIT + NMES group at 60 and 180◦/s 346
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Table 2
Comparison of baseline and post-test isokinetic peak moment parameters among groups

Variable
Control
(n = 9)

HIIT
(n = 9)

HIIT + NMES
(n = 9)

CA
(n = 9)

CA + NMES
(n = 9)

60◦/s isokinetic knee extension (con) and flexion (con) peak moment strength parameters (Nm)
D Ext. (Nm)

Pre 270.43 ± 26.27 279.57 ± 44.65 298.67 ± 44.11 237.83 ± 21.76 264.67 ± 25.27
Post 248.77 ± 27.73 269.23 ± 65.65 310.21 ± 36.88∗ 231.69 ± 27.59 259.03 ± 21.59
%Dif. −8.01 −3.70 3.86 −2.58 −1.88

ND Ext. (Nm)
Pre 269.17 ± 18.57 253.50 ± 23.76 288.67 ± 34.61 233.50 ± 26.21 243.77 ± 18.27
Post 240.53 ± 35.82 260.43 ± 22.76 299.55 ± 28.54∗ 226.50 ± 36.86 245.13 ± 21.38
%Dif. −10.64 2.73 3.77 −3.00 0.56

D Flex. (Nm)
Pre 164.87 ± 11.47 153.45 ± 21.74 175.50 ± 12.05 137.01 ± 21.43 151.23 ± 21.78
Post 155.57 ± 10.68 158.67 ± 45.04 188.52 ± 25.23∗ 144.73 ± 11.22 154.73 ± 11.52
%Dif. −5.64 3.40 7.42 5.63 2.31

ND Flex. (Nm)
Pre 155.16 ± 22.25 157.80 ± 21.09 168.53 ± 15.35 124.11 ± 21.43 141.20 ± 21.80
Post 154.53 ± 17.89 158.50 ± 45.23 176.13 ± 21.40∗ 127.23 ± 15.38 139.27 ± 11.48
%Dif. −0.41 0.44 4.51 2.51 −1.37

180◦/s isokinetic knee extension (con) and flexion (ecc) peak moment strength parameters (Nm)
D Ext. (Nm)

Pre 160.83 ± 26.12 163.10 ± 30.21 157.17 ± 24.67 148.35 ± 22.35 158.86 ± 11.42
Post 159.10 ± 11.75 166.43 ± 31.17 178.81 ± 17.12∗ 151.00 ± 17.74 172.21 ± 12.47∗

%Dif. −1.08 2.04 13.77 1.79 8.40
ND Ext. (Nm)

Pre 150.12 ± 11.13 161.55 ± 20.51 155.17 ± 15.41 138.36 ± 20.09 153.12 ± 20.21
Post 139.23 ± 21.75 168.10 ± 17.15 174.23 ± 21.10∗ 150.13 ± 12.57 171.18 ± 13.11∗

%Dif. −7.25 4.05 12.28 8.51 11.79
D Flex. (Nm)

Pre 90.47 ± 11.63 93.52 ± 15.48 106.17 ± 17.52 89.66 ± 11.18 88.67 ± 11.78
Post 90.07 ± 12.35 96.81 ± 15.76 126.12 ± 11.26∗ 91.45 ± 11.26 98.17 ± 7.39∗

%Dif. −0.44 3.52 18.79 2.00 10.71
ND Flex. (Nm)

Pre 86.10 ± 14.95 90.12 ± 11.35 101.32 ± 11.08 80.01 ± 20.76 81.00 ± 11.15
Post 85.27 ± 12.88 98.14 ± 13.26 125.67 ± 10.17∗ 87.35 ± 11.86 93.13 ± 18.20∗

%Dif. −0.96 8.90 24.03 9.17 14.98

Note. Ext: extension; Flex: flexion. ∗ Significant value (p < 0.05). %Dif. stands for the percent increase between the
baseline and follow-up measurements for the same variable.

group while CA + NMES training group displayed347

significant PM increases at 180◦/s, whereas no differ-348

ences were noted in HIIT and CA training alone (Ta-349

ble 2). Significant increases in the extension PM of the350

D (3.86%) and ND leg (3.77%) at 60◦/s were observed351

from baseline to follow-up in HIIT + NMES group352

(Table 2). Significant increases in extension PM were353

also measured at 180◦/s in the D leg (13.77%) and ND354

leg (12.28%) following the same intervention.355

3.3. HQR and DCR356

There were no significant differences in the HQR357

at 60◦/s and the DCR at 180◦/s for both the D (Ta-358

ble 3) and ND limb (Table 4) among groups at baseline.359

This changed into significant differences for both ra-360

tios, in both limbs in HIIT + NMES group. Addition-361

ally, DCR was found significantly increased for the D 362

limb in CA + NMES group. Despite no statistical sig- 363

nificance, ND DCR was higher compared to baseline 364

measures in the CA + NMES group. 365

3.4. The correlations between the isokinetic ratios 366

and VO2max parameters 367

The individual changes in D HQR were correlated 368

with both the change in IVO2max (r = 0.94, p = 369

0.005) and the change in TLim at VO2max (r = 0.81, 370

p = 0.050). The results of correlation analysis also 371

showed a positive significant correlation between the 372

DCR, IVO2max and TLim at VO2max (r = 0.87, p = 373

0.019; r = 0.90, p = 0.015) respectively. ND ratios 374

were also positively correlated with IVO2max and TLim 375

at VO2max (Table 5). 376
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Table 3
Baseline and post test mean and standard deviation of the DCR and HQR in D limb, expressed in %

HQR60 DCR180

Pre H:Q ICC Post H:Q ICC p Pre H:Q ICC Post H:Q ICC p

Control 60.97 ± 6.18 0.78 62.53 ± 5.08 0.81 0.92 56.25 ± 9.00 0.88 56.61 ± 7.89 0.86 0.50
HIIT 54.89 ± 7.39 0.83 58.93 ± 7.00 0.81 0.12 59.33 ± 12.08 0.90 58.17 ± 15.18 0.84 0.92
HIIT + NMES 58.76 ± 9.89 0.90 63.12 ± 10.86 0.92 0.03∗ 67.55 ± 15.36 0.91 70.53 ± 7.88 0.91 0.05∗

CA 57.61 ± 8.98 0.89 62.47 ± 4.80 0.94 0.26 60.44 ± 8.38 0.93 60.56 ± 4.02 0.90 0.69
CA + NMES 57.14 ± 8.57 0.85 59.73 ± 6.81 0.90 0.23 55.82 ± 12.44 0.89 57.01 ± 8.80 0.85 0.04∗

Note. ∗ Significant value (p < 0.05). HIIT: High intensity interval training; CA: Continuous aerobic training; NMES: Neuromuscular electrical
stimulation; ICC: Intraclass coefficient.

Table 4
Baseline and post test mean and standard deviation of the DCR and HQR in ND limb, expressed in %

HQR60 DCR180

Pre H:Q ICC Post H:Q ICC p Pre H:Q ICC Post H:Q ICC p

Control 62.27 ± 9.83 0.89 60.09 ± 3.01 0.90 0.12 57.35 ± 14.77 0.85 61.24 ± 6.10 0.88 0.35
HIIT 62.25 ± 12.61 0.83 60.86 ± 16.82 0.88 0.40 55.78 ± 19.20 0.87 58.38 ± 20.92 0.83 0.79
HIIT + NMES 57.64 ± 8.71 0.90 64.25 ± 9.18 0.89 0.01∗ 60.67 ± 11.99 0.90 65.30 ± 16.91 0.89 0.02∗

CA 53.15 ± 9.67 0.78 56.17 ± 8.56 0.80 0.29 57.83 ± 13.92 0.89 58.18 ± 7.80 0.91 0.29
CA + NMES 57.92 ± 7.15 0.85 56.81 ± 9.93 0.78 0.60 52.90 ± 7.31 0.87 54.40 ± 13.26 0.89 0.60

Note. ∗ Significant value (p < 0.05). ICC: Intraclass coefficient.

Table 5
Correlation values between post-test TLim at VO2max performance and H:Q ratios
in the 60 and 180◦/s angular velocities

Variable IVO2max-r (p) TLimVO2max r (p)
Pre Post Pre Post

D HQR60n 0.32 (0.174) 0.94 (0.005)∗∗ 0.38 (0.271) 0.81 (0.050)∗

ND HQR60 0.42 (0.065) 0.88 (0.018)∗ 0.26 (0.258) 0.78 (0.015)∗

D DCR180 0.44 (0.100) 0.87 (0.019)∗ 0.32 (0.174) 0.90 (0.015)∗

ND DCR180 0.39 (0.186) 0.85 (0.011)∗ 0.32 (0.168) 0.87 (0.014)∗

Note. ∗ Significant value (p < 0.05); ∗∗ Significant value (p < 0.001). IVO2max:
Intensity at VO2max; TLimVO2max: Time to exhaustion at IVO2max.

3.5. Isokinetic peak moment strength at different377

angular velocities378

Intra-group comparisons of post-test values of the379

PMs revealed that HIIT + NMES group displayed sig-380

nificantly higher extension and flexion PM at both an-381

gular velocities compared to other groups. Intra-group382

comparisons revealed that HIIT + NMES group had383

significantly higher extension PM at 60◦/s in the D leg384

compared to Control, CA, and CA + NMES groups.385

60◦/s extension PM in the ND leg was also signifi-386

cantly higher compared to CA and CA + NMES387

groups. Additionally, both D and ND leg extension and388

flexion PMs at 180◦/s was found significantly greater389

compared to other groups (Table 6).390

3.6. The associations between the isokinetic ratios391

and extension and flexion peak moments392

The results of the Pearson product-moment corre-393

lation coefficient analysis revealed significant positive394

correlations between DCR and knee flexion moment at 395

both D (r = 0.65, p = 0.021) and ND limb (r = 0.65, 396

p = 0.033). Additionally, there was a negative signifi- 397

cant correlation between DCR and knee extension mo- 398

ment at both 60◦/s (r = −0.49, p = 0.025) and 180◦/s 399

(r = −0.62, p = 0.015), respectively (Table 7). 400

4. Discussion 401

The tendency to a limb dominance or preference 402

associated with a functional movement repetitiveness 403

in many sports stimulates muscular imbalances of 404

strength [31]. During cycling, the proportion of power 405

acquired by the activation of quadriceps muscle ac- 406

tivity has been described as typically more dominant 407

than hamstring muscles [32,33]. In this regard, a rela- 408

tive overuse of the quadriceps muscle-tendon unit has 409

been reported to lead an increase in compressive forces 410

at the anterior knee and, the hamstrings play a more 411
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Table 6
Intra-group comparisons of post-test 60◦/s and 180 ◦/s isokinetic strength parameters
following 8 weeks of training

Groups Mean ± SD P value
Concentric mode 60◦/sec

D Extension (Nm)
HIIT + NMES vs. Control 310.21 ± 36.88 vs. 248.77 ± 27.73 0.003∗∗

HIIT + NMES vs. CA + NMES 310.21 ± 36.88 vs. 259.03 ± 21.59 0.006∗∗

HIIT + NMES vs. CA 310.21 ± 36.88 vs. 231.69 ± 27.59 0.016∗

ND Extension (Nm)
HIIT + NMES vs. CA + NMES 299.55 ± 28.54 vs. 245.13 ± 21.38 0.010∗

HIIT + NMES vs. CA 299.55 ± 28.54 vs. 226.50 ± 36.86 0.025∗

Eccentric mode 180◦/sec
D Extension (Nm)

HIIT + NMES vs. CA 178.81 ± 17.12 vs. 151.00 ± 17.74 0.008∗∗

HIIT + NMES vs. CA + NMES 178.81 ± 17.12 vs. 172.21 ± 12.47 0.037∗

ND Extension (Nm)
HIIT + NMES vs. Control 174.23 ± 21.10 vs. 139.23 ± 21.75 0.016∗

HIIT + NMES vs. CA 174.23 ± 21.10 vs. 150.13 ± 12.57 0.004∗∗

HIIT + NMES vs. CA + NMES 174.23 ± 21.10 vs. 171.18 ± 13.11 0.025∗

D Flexion (Nm)
HIIT + NMES vs. Control 126.12 ± 11.26 vs. 90.07 ± 12.35 0.002∗∗

HIIT + NMES vs. HIIT 126.12 ± 11.26 vs. 96.81 ± 15.76 0.003∗∗

HIIT + NMES vs. CA 126.12 ± 11.26 vs. 91.45 ± 11.26 0.002∗∗

HIIT + NMES vs. CA + NMES 126.12 ± 11.26 vs. 93.13 ± 18.20 0.001∗∗

ND Flexion (Nm)
HIIT + NMES vs. Control 125.67 ± 10.17 vs. 85.27 ± 12.88 0.010∗∗

HIIT + NMES vs. CA 125.67 ± 10.17 vs. 87.35 ± 11.86 0.005∗∗

HIIT + NMES vs. CA + NMES 125.67 ± 10.17 vs. 93.13 ± 18.20 0.010∗

Note. Asteriks (∗) and (∗∗) indicate statistically significant difference between two
groups at a significance level of p < 0.05 and p < 0.001 level between two groups.

Table 7
Correlations among knee extension and flexion PMs, DCR and HQR

Variable DCR-r (p) HQR r (p)
Pre Post Pre Post

60◦/s D Extension (Nm) −0.21 (0.181) −0.25 (0.212) −0.33 (0.203) −0.49 (0.025)∗

180 ◦/s D Extension (Nm) −0.30 (0.205) −0.35 (0.125) −0.40 (0.155) −0.62 (0.015)∗

180 ◦/s D Flexion (Nm) 0.28 (0.121) 0.65 (0.021)∗ 0.43 (0.161) 0.44 (0.135)
180 ◦/s ND Flexion (Nm) 0.32 (0.105) 0.65 (0.033)∗ 0.41 (0.147) 0.46 (0.151)

Note. ∗Significant value (p < 0.05). PMs: Peak moment strength, DCR: Dynamic control ratio, HQR:
Hamstring/Quadriceps ratio.

coordinative role during pedal stroke [34] if repeated412

muscle activations are performed for long periods with413

high intensity.414

Since cycling involves the interactions of neuromus-415

cular, aerobic and anaerobic components, it is essential416

to understand the determinants underlying endurance417

cycling performance. It has been reported in a recent418

study that eccentric training (with or without NMES)419

did not affect concentric peak moment and vastus lat-420

eralis pennation angle but improved eccentric (13%)421

peak moment [35]. In the current study, we found sig-422

nificant increases in strength parameters both in HIIT423

+ NMES and CA + NMES training groups but not424

in HIIT and CA training alone (Table 2). Our results425

showed that contrary to HIIT + NMES training group,426

neither CA with/without NMES nor variable power 427

HIIT cycling training without NMES have resulted 428

in a significant increase of peak moment strength of 429

the knee extensor muscles at 60◦/s. Similarly, another 430

study reported that the strength loss in knee extensor 431

muscles resulted from central and peripheral mecha- 432

nisms after cycling was similar for the constant and 433

the variable power output protocols [36]. An interest- 434

ing finding in our study is that the highest eccentric and 435

concentric strength increases were only seen in HIIT 436

+ NMES group at both velocities which was also the 437

only group that showed significant improvements in D 438

(Table 3) and ND (Table 4) DCR and HQR from base- 439

line to post-test measurements. When the changes in 440

the muscle contraction patterns of the lower extrem- 441
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ity muscles in all groups are taken into consideration,442

the highest eccentric muscle strength gain was also443

found in HIIT + NMES group at 60◦/s (7.42%) and444

180◦/s (24.3%) (Table 2). In the current study, to in-445

vestigate the effect of NMES on muscular activity dur-446

ing VO2max testing, correlation analysis was performed447

between the HQR and DCR of the same muscle. Sig-448

nificant correlations were found among TLimVO2max,449

IVO2max, HQR and, DCR following 8 weeks of train-450

ing (Table 5). However, correlations between the DCR451

and TLimVO2max were found to be superior both in D452

and ND limb compared to those that occurred between453

the HQR and TLimVO2max. These results suggest that454

the low-energy expenditure may partly be related to the455

higher DCRs of the subjects’ hamstring muscles but456

not to the absolute strength. Additionally, the results of457

the current study showed a positive significant corre-458

lation between the DCR and knee flexion strength of459

both D and ND limb (r = 0.65), and negative signifi-460

cant correlation between the DCR and isokinetic knee461

extension strength at 60◦/s (r = −0.49) and 180◦/s462

(r = −0.62), respectively (Table 7). These results sug-463

gest that it is essential to enhance eccentric hamstring464

muscle strength more than quadriceps to increase DCR465

and the evaluation of the DCR may yield useful infor-466

mation to screen the actual muscular performance of467

lower limbs during cycling VO2max testing compared468

to the HQR.469

To date, only one study reported that the combined470

application of aerobic cycling exercise and resistance471

through an electrically stimulated antagonist could re-472

sult in increased VO2 by about 20% with a linear re-473

lationship to workload in comparison to aerobic cy-474

cling exercise alone [37]. The reported results were475

in accordance with the results of our study in terms476

of VO2 increases. We found an increase in VO2 para-477

meters by about 25.73% following HIIT + NMES478

training. Additionally, the highest increase in time to479

exhaustion performed at maximal individual fatigue in-480

tolerance point was also seen in HIIT + NMES group.481

Also, peak blood lactate concentration was found sig-482

nificantly increased in HIIT + NMES (19.72%) com-483

pared to other groups in our study (Table 1). Previ-484

ous studies on the thigh muscles during cycling have485

shown that the force generation has been attributed pre-486

dominantly to the mono-articular muscles such as bi-487

ceps femoris, vastus lateralis and vastus medialis dur-488

ing the propulsion phase while bi-articular muscles489

such as rectus femoris, SemM, and SemT assist in di-490

recting the pedal forces and redistributing net moments491

over the joints during pedal cycle [38]. Also, noted that492

the co-activation between knee extensors and flexors 493

during the propulsion phase of pedaling has been sug- 494

gested to regulate the net joint moments responsible for 495

force transfer to the pedal [39]. Thus, the application 496

of NMES stimuli on these specific muscle groups cou- 497

pled with HIIT in the current study appears to increase 498

neuromuscular performance, and energy expenditure 499

attributed by both aerobic and anaerobic metabolism 500

since HIIT training is performed at a very high respi- 501

ratory quotient. The previous data noted that NMES 502

increases localized blood flow [40,41]. Thus, although 503

direct blood flow was not measured in our study, sig- 504

nificant improvements in time to exhaustion perfor- 505

mance in HIIT + NMES group indicate that NMES 506

may have affected localized blood flow of quadriceps 507

muscles and increased metabolite removal from the 508

fatigued muscles. Or, it could have increased the ef- 509

flux of contraction-induced metabolites from the sti- 510

mulated muscle mass owing to its role on muscle- 511

pump, analgesic effects on muscle soreness and lym- 512

phatic drainage to the stimulated area. Similar to our 513

findings, the NMES implementation has been reported 514

to enhance a significant improvement in the max- 515

imal voluntary contraction of the quadriceps mus- 516

cle [42] since the contractions of leg muscles stimu- 517

lates leg muscle venous pump activity, increasing ve- 518

nous return, stroke volume, and cardiac output dur- 519

ing high-intensity exercises. The significant improve- 520

ments observed both in neuromuscular and cardiores- 521

piratory components in HIIT + NMES in the cur- 522

rent study suggest that NMES proportionally increases 523

aero-metabolic capacity, prevention of muscle atrophy, 524

and increases resistance to fatigue during intense exer- 525

cises increasing capillary density, mitochondrial con- 526

centrations, and oxidative enzyme levels, associated 527

with the transformation of muscle fibers. Additionally, 528

the increases in eccentric muscle contraction and DCR 529

following HIIT + NMES seem to improve fatigue tol- 530

erance, cause less fatigue and oxidative stress on the 531

lower limb during pedaling at high intensities. 532

Despite the differences in muscle contraction pat- 533

terns between cycling and running, another study re- 534

ported that DCR at 180◦/s was significantly correlated 535

with sub-maximal VO2 at 201.2 m.min−1, suggest- 536

ing that strong knee flexion may be important for run- 537

ning at low oxygen cost [33]. However, neither abso- 538

lute knee extensor nor knee flexor moment was found 539

to be significantly correlated with the running eco- 540

nomy. Nevertheless, since the medial hamstring mus- 541

cles were reported to recruit together with quadriceps 542

muscles, and all these muscles became a synergistic 543
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group during pedaling [43] storage of elastic energy544

in the contracted muscle during eccentric muscle ac-545

tions is an important mediator to increase the total546

work output during muscle contractions. It was indi-547

cated in another study that the higher DCR values in548

highly trained runners could be explained by their in-549

creased eccentric strength due to the larger elasticity550

and stiffness which affected the eccentric hamstring551

moment [44]. In terms of limitations of this study,552

the small sample size, the exclusive gender set-up and553

only two angular velocities may restrict its generaliz-554

ability. In particular, the DCR was derived from the555

same angular speed 180◦/s, unlike in some previous556

studies. This latter factor in conjunction with the non-557

compatibility of certain isokinetic dynamometers re-558

quire extra caution in interpretation of the findings. Fu-559

ture studies may consider variations on these parame-560

ters, most importantly, the inclusion of women.561

5. Conclusion562

This study highlights the influences of NMES on563

muscular, aerobic and, anaerobic cycling exercise per-564

formance, and also indicates that NMES may serve as565

a complementary training tool to improve aerobic and566

anaerobic cycling performance. In the lights of these567

findings, it is important to improve strength values be-568

tween agonist and antagonist muscles symmetrically to569

modulate functionality and the articular biomechanics570

of the knee during these repetitive movements. It may571

also be speculated that compared to concentric con-572

tractions the presence of an eccentric component may573

be more beneficial, more efficient from the neuromus-574

cular point of view and less metabolically demanding575

during endurance cycling. To this end, early empha-576

sis should be on hamstrings and coaches and athletes577

may focus on eccentric hamstring muscle actions to in-578

crease DCR. Additionally, DCR provides a good es-579

timation of the co-activation of the flexors and exten-580

sors. It can also help to identify potential muscular im-581

balances which are crucial for endurance cycling per-582

formance. Besides, conventional HQR may not yield583

useful information to precisely evaluate the break-584

ing function of the hamstrings during an extension585

of maximal quadriceps strength. On the other hand,586

if the athletes have quadriceps hypertrophy or a uni-587

lateral strength discrepancy between quadriceps and588

hamstring muscles (attributable to a greater inhibitory589

effect on the ability to co-activate knee flexors dur-590

ing high-intensity cycling), the ratio of hamstring to591

quadriceps strength might have a negative impact on 592

all-out cycling performance if this discrepancy is not 593

rectified. 594
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