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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 tréinirig (HIIT) and continuous aerobic training (CA) coupled with|

INMES enhance the changes in the eccentric/concentric muicle coatraction patterns of hamstring and quadriceps.

METHODS: Forty-five healthy sedentary male participaiits performed cycling training 3 times per week for 8 weeks combined

with/without NMES performed at a load equivalent tc.65% and 120% of 1 VOomax (intensity associated with the achievement off

imaximal oxygen uptake). Anthropometrics, blood=!astate measurements, 1 VOamax, TLim VO2max (time-to-exhaustion) and isoki-

netic strength parameters were measured at baseline /ind post-training using a randomized controlled trial.

RESULTS: The conventional hamstring-to-g idiiceps-ratio (HQR: Hcon/Qcon) at 60°/s and the Dynamic Control Ratio (DCR:

Hecc/Qcon) at 180°/s significantly increzsed 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 ; VOamax (r =
.94, p = 0.005) and the DCR at 1.29%/s.4nd Trim VOamax (r = 0.90, p = 0.015), respectively.

(CONCLUSIONS: The increases n the eccentric muscle contraction and DCR following HIIT + NMES seem to improve fatigue

tolerance, cause less fatigue, ai'd oxidative stress on the lower limb during pedaling at high intensities.

Keywords: Blood lactate coirgentration, conventional and functional H:Q ratio, isokinetic strength, time to exhaustion, maximum|
oxXygen consumption

1. Introduction reported 4 times greater (16.5% vs. 4.1%) in athletes
with HQR (cut-off point 0.60 and lower) and DCR|
(cut-off point 1.40 and lower) asymmetries resulted
from an antagonist-agonist strength discrepancy com-
pared to those have symmetrical muscle strength [1].
As a relevant data point, it can be observed that when
- - - - - - using the HQR (Hcon:Qcon at 60 and 240°/s), more
Corresponding author: Gokhan Umutlu, Final International Uni- than 30% (55% and 38%) of the imbalances that were

versity, School of Physical Education and Sports Department, . X .
Toroslar Avenue, No:6, 99370, Catalkoy, Kyrenia, Northern Cyprus. manifested while using the DCR went undetected [2].
il: gokha d o date, the effect of the peak moment ratio o ee

Muscle injuries are the most common sports-related
injuries and the rate of in-season injury incidence was
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flexors and extensors on the risk of injury in the lower
limbs has been extensively discussed in the litera-
ture [3—7]. Nevertheless, no reports to date have inves-
tigated whether the changes in eccentric and concentric
muscle contraction patterns of hamstring and quadri-
ceps muscle groups following HIIT and CA coupled
with high-and-low-frequency NMES affect ;VO;nax
and time to exhaustion tolerance during this intense ex-
ercise.

Muscle recruitment patterns and the modulation of
musculotendinous architecture in the lower extrem-
ity have an essential role to enhance movement co-
ordination in cycling [8]. In terms of delayed on-
set of increased local muscular fatigue during cy-
cling, an improved bioenergetics capacity and op-
timization of quadriceps and hamstring muscle re-
cruitment are desirable for producing power at the
pedal to maintain high mechanical propulsive effi-
ciency [9,10]. Understanding the relationship between
the distribution of muscular strength and aerobic ca-
pacity is important, as such information can advance
training methods and thus improve endurance cy-
cling efficiency. However, the effectiveness and neces-
sity of strength training for endurance athletes specif-
ically in cycling has been an ongoing debate for
many years among athletes, coaches, and sports sai-
entists [11]. Whereas, strength discrepancies in t'ie
lower extremity may be transferable to the mefZimsi=
ics of endurance cycling. Therefore, the incicase”in
exercise load that accompanies endurande ¢ycling
causes muscle damage, fatigue and mufeie) pain and
increased local muscular fatigue neay, also lead to
a decreased mechanical efficiency, “poor technique
and/or imbalance of force genesaiion [12]. More-
over, it was reported that a=12% reduction in maxi-
mal voluntary contraction, inoment of the knee exten-
sors was accompanied Uy 2 reduction in voluntary ac-
tivation of 13—16% following 30 min cycling exercise
performed at an intensity corresponding to 80% of the
maximal aerobic power although this depended on the
rate of pedaling [13-15].

NMES, a complementary tool in sports medicine,
has been utilized for the maintenance of muscle mass
and strength [16]. It has been shown to improve lower
limb muscle strength and cardiorespiratory exercise
capacity simultaneously in sedentary healthy indivi-
duals [17]. It was also reported that NMES simulta-
neously improve the indices of cardiovascular exercise
capacity with an increase of 10% in maximum aerobic
capacity (VO;pax) following daily stimulation (rhyth-
mical continuous contraction at a frequency of 4 Hz

for 1-hr) over a 6 to 8 week period seen in sedentary|
populations [18]. However, the combined application
of NMES and volitional contractions suggested being
more effective for muscle strengthening than NMES or]
volitional contractions alone [19].

Cycling exercise is one of the most common aer-
obic exercise intervention to improve exercise capa-
city or physical fitness [21-24]. However, the effects
of cycling exercise on muscle strengthening has not
been demonstrated [25] while cycling exercise has
also been reported to improve muscle strength of the
lower extremity [26]. In our study, cycling exercise
performed at an intensity corresponding to 65% and
120% of the maximal aerobic power involves interac-
tions of neuromuscular, aerGuic and anaerobic com-
ponents. However, whethen Cycling exercise combined
with high-and-low-frequency NMES improve neuro-
muscular performafieeyor the acute changes in HQR
and DCR resulted, from these adaptations improve|
VOonmax and ¢tiiel'to exhaustion performance is un-
known,, To%he best of our knowledge, this is the first
report 6, HQR and DCR applied to functional tasks
using anjadditional high-and-low-frequency NMES in-
tefvontion (;VOomax and TrimVOomax) that are spe-
cific’to sport (cycling). Therefore, the purpose of this
study was two-fold. (a) First, to determine whether 8-
weeks of HIIT and CA performed at 120% and 65%
of ;VOymax coupled with NMES on a cycle ergome-
ter induce different adaptations on neuromuscular per-
formance, 1 VOymax and TpLim VOomax compared to HIIT
and CA training alone (b) Second, to examine time to
exhaustion tolerance at which ; VOs.« and its relation-
ship to differences in the eccentric/concentric muscle|
contraction patterns of hamstring and quadriceps mus-
cle groups among the 4 trained states.

2. Methods
2.1. Farticipants

A total of 45 healthy male individuals with no his-
tory of physical disorders and physiological disease
that developed in the last 2 years or any discomfort
associated with the circulatory system, with at least
3 years of sports history, voluntarily participated in|
this study (age: 22.34 + 1.27 years, height: 178.91 +
5.67 cm, weight: 73.79 £ 7.61 kg, lean mass: 65.62,
+ 7.34 kg, percent body fat: 14.15 4= 4.77%), respec-
tively.

The participants were recruited based on the follow-
ing inclusion criteria: having run (a) must be a studen
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in physical education and sports department at the time
of the study, and (b) who had participated in physical
activities at least 2 times per week over the last 3 years.
Students who have any musculoskeletal injury or ham-
string and/or quadriceps injury in the past 6 months;
overt metabolic, endocrine, cardiovascular, neurolog-
ical, or metabolic diseases; consumption of medica-
tions or using any drugs that may influence the energy
metabolism system were excluded from the study. Be-
fore participation, all the participants were informed
about the experimental procedures, and the possible
risks and discomforts associated with the study. All
participants gave written informed consent before par-
ticipating in the study approved by the Mersin Uni-
versity Institutional Review Board (Protocol number:
2018/22; Date of approval: 11/01/2018) in compliance
with the ethical standards of the Helsinki Declaration.

2.2. Study design

A randomized controlled trial with a parallel-group
study design was used. Participants were randomly as-
signed to either the experimental group or the control
eroup. The Control group did not receive the treatment.
The experimental group underwent one of HIIT and
CA training groups without NMES or HIIT + NMES
and CA + NMES with simultaneous NMES to investi-
gate the effects of the NMES stimulus combined with
HIIT and CA training on oxygen kinetics, time {0,&X-
haustion, isokinetic peak moment parameters

2.3. Procedures

The training sessions were condusted three times
per week throughout 8 weeks wsith a’one-day interval.
All trainings started 1-2 days,after the pre-test session.
For each participant the training intensity was set indi-
vidually and all were irstrusted to maintain their usual
food intake, hydration, and physical activity. No addi-
tional strength training was allowed during the study
period.

2.4. Anthropometric measures

The anthropometric parameters were assessed us-
ing bioelectrical impedance analysis (Tanita 418-MA
Japan) before Cybex isokinetic sessions. Height was
measured through a stadiometer in the standing posi-
tion (Holtain Ltd. U.K.).

2.5. Isokinetic strength measurements

Participants were tested on Humac Norm CSMI Cy-

bex isokinetic dynamometer in the supine position and
were encouraged throughout the test. Gravity correc-
tion was performed before the test. Before the assess-
ment of isokinetic strength parameters of D and ND
legs, the participants were seated in the upright posi-
tion with the hips flexed at an angle of 90° and a series
of 10 sub-maximal repetitions both during knee flex-
ion and extension at 180°/s followed by 5 maximal bi-
lateral knee extension repetitions, from 90° of flexion|
to full extension (0°), at both 60°/s and 180°/s. The D
leg was chosen as the leg used to kick a ball. Grav-
ity correction was made before all test sessions. The
measurements of eccentric and concentric muscle per-
formance under isokinetic conditions were performed
with a range of motion in tetnee joint of 90° (from
90° to 0°).

Conventional and_dynasiic control ratios were cal-
culated for all traipiisg nhodalities. We used 60°/s angu-
lar velocity to as32s8 HQR, i.e. Heons0/Qcon6o, Since this
speed best illusteates the failure of power production|
in the rhusciesand possible power deficits are best no-
ticed 2t léw concentric mode speed. On the other hand,
no L\ sirle effects were reported when the power of
tHe (Jand H were measured concentrically at the same
speed (60°/s and 180°/s) [27]. However, it was sug-
gested that the reliability of concentric and eccentric
results at 60°/s may not be valid due to the coefficients
of variation (8.1 vs 17.4%) between these muscle con-
tractions [28]. On the other hand, we the DCR was de-
rived from the higher speed i.e. Hecc180/Qeonigo @s this
speed better reflects the actual agonist-antagonist mus-
cle interaction specifically at high angular velocities.
Aagaard et al. have observed that the higher the an-
gular speed of the knee extension, the closer the DCR|
approximates unity [29]. Similarly, in another study,
DCR was found to have a higher value at 120°/s (0.87)
compared to at 60°/s (0.81) [30]. To screen the differ-
ences from baseline to follow-up measurements among
all groups mean and standard deviation of the HQR and
DCR were expressed in percentage (%) for both D and
ND limb.

2.6. Assessment of VO2uax, 1VO21max, and time to
exhaustion

VOomax, 1VOomax, and Ti;, were measured in a
preliminary test session using Ergoline Ergoselect
100/200 cycle ergometer over a one-week interval. In
the first visit, a progressive cycle ergometer test was
used to determine VOjyax and ;VOon,y. Participants
started to pedal at 50 Watt and were asked to pedal be-
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tween 95-100 rpm. Each stage consisted of 2 min and
load was increased 50 Watt with the completion of ev-
ery stage until a plateau in VO, despite an increase in
cycling intensity, a respiratory exchange ratio (RER)
above 1.1, and 90% of the predicted maximal HR. If
the stage of 2 min could not be completed, the load of
the previous stage was recorded as ; VOpmax. The load
that VO, elicit was recorded as ;VOonax and was
used to determine 71, and individual training inten-
sity used during HIIT and CA training. Throughout the
test, the Borg scale was used in the assessment of per-
ceived exertion during exercise.

In the following session, Ty, at ;VOomax test was
carried out at a constant load until volitional exhaus-
tion. Following a 10-min warm-up period at 60% of
71 VOomax, the load was immediately increased (in less
than 20 s) up to ; VOonax and the participants were en-
couraged to pedal at a constant speed of 100 rpm to
their volitional exhaustion. Oy was measured breath
by breath (CareFusion MasterScreen CPX, Germany)
and subsequently averaged over 15-second intervals.
Before each test, the automated gas analyzer was cal-
ibrated according to the manufacturer’s recommen-
dations. Heart rate was also monitored and recorded
throughout VO,,.x and Ty, test sessions using 12-
lead ECG. Individual training intensity was determined
using baseline ;VO;nx parameters. VOo parameters
of each participant were measured during each sess:own
throughout 8 weeks of training.

2.7. Collection of blood samples

In each ; VO, testing sessionAprovpost) and at the
end of every 2min interval dupitighsOomax test blood
samples were collected frem“eacrlobe using Lactate
Pro 2 handheld analyzera(1T-1730, Arkray Inc, Kyo-
to, Japan). Blood samplus yvere also taken before T,
and 2 min after the intervention to determine blood
lactate concentrations. All participants were also in-
structed to maintain their usual nutrition throughout
the study period. No nutrition supplements were al-
lowed during the study period and all participants’ nu-
trition on the test days was recorded.

2.8. Neuromuscular electrical stimulation protocol

NMES protocol was conducted using a ‘COMPEX
SP4.0 (Medicompex SA, Ecublens, Switzerland) 4
channel electric muscle stimulator. Biphasic symmet-
ric rectangular pulsed currents (150 Hz) lasting 400 us
were used. COMPEX_ self-adhesive electrodes were

used during muscle stimulation with COMPEX device.
Positive snap electrodes (5 cm x 5 cm) that stimulate
a 25 cm? area of the muscle surface which also has a
membrane depolarization feature were placed on the
proximal insertion of vastus medialis and vastus lat-
eralis. The other negative electrode (10 cm X 5 cm),
measuring 50 cm? was placed over the femoral trian-
gle, 1-3 cm below the inguinal ligament.

2.9. Training regimen

Each HIIT session consisted of a 5-min warm-up
(65% 1VOomax) followed by 1-min exercise at 120%
of the ;VOymax followed by 1-min “loadless” cycling.
This interval was repeated<$ times on training days 1
and 2 and progressed tq¢” I, repeated intervals by the
eighth session. Participaiits were given strong verbal
encouragement agd*asiled to maintain pedal cadence
at 100 rpm thropghout the test session. Participants
assigned to FIZL/+ NMES training group continued
the sanfe tratiring protocol using an additional NMES
protogal (Duration: 12 seconds “On” 8 seconds “Off”
Intensity: 45-60 Hz, Current: 300 us, Wave: Square
svavelorm) throughout the 8 weeks. CA training was
performed with the work rate set individually based on
che participant’s pre-training ;VOopax for 30—48 min,
The duration of training was determined at 30 min for|
the first 2 weeks of training, 36 min for weeks 34,
42 min for weeks 5-6, and 48 min for weeks 7-8. Par-
ticipants were asked to maintain the cadence rate a
80 rpm throughout the test. Participants assigned to
CA 4 NMES training group continued the same train-
ing protocol using an additional NMES protocol (Du-
ration: 20 seconds “On” 20 seconds “Off”, Warm-up
frequency: 3 Hz, Training Intensity: 20 Hz, Current:
300 ps, Wave: Square waveform) throughout 8 weeks.

2.10. Statistical analyses

The Shapiro Wilk-W test analysis of normality,
of distribution was followed by a two-way mixed
ANOVA with repeated measures to analyze the re-
sults obtained for the subgroups before and after treat-
ment (groups vs. pre/post-treatment). To analyze the
results obtained for all groups before and after treat-
ment; the Wilcoxon test for paired, Mann-Whitney U
test for non-paired and, to compare the results overtime
a Kruskal-Wallis test with Bonferroni correction were
performed for non-paired data. Correlations were as-
sessed using the Pearson product-moment correlation|
coefficient. Intraclass Coefficient (ICC) and Intraclass
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Table 1
Comparison of pre-to-post-test anthropometric and physiological parameters among groups
Variable Control HIIT HIIT + NMES CA CA + NMES
n=29) n=29) n=29) n=29) n=29)

Body mass (kg)

Before 76.21 £7.35 7831 £7.12 75.20 £ 3.75 69.11 £9.24 74.31 £7.85

After 7712 £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
1VO2max (mlkg.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*
Tiim VO2max (mlkg.min—1)

Before 39.11 £3.12 40.90 +4.21 43.67 £4.23 43.10 44,02 41.77 £ 3.24

After 39.53 £2.37 44.00 £ 3.81 52.12 £+ 2.95* 47.44 -3,2.05 46.44 + 3.26*
BLC (mmol/L)

Before 9.60 4+ 3.33 9.82 +2.22 11.61 £2.71 AT+ 475 9.90 + 1.79

After 7.45 + 2.56 10.45 £ 2.56 13.90 £+ 4.25* ™.20 £2.19 11.35 £4.35
HR (beat/min)

Before 183.33 +9.80 178.28 + 6.49 185.56 4 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 18.6 /%t 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 exurtion. Pre- and post-training parameters for all groups (values
lare mean & SD). Asterisks (*) significant change from pre- to post-training'widaix the same group (p < 0.05).

Coefficient Confidence Intervals (ICC CI 95%) wete
determined to represent the proportion of variance il a
set of scores that is attributable to the true score yari-
ance. All results were presented as the meazn % SD.
GraphPad Software GraphPad Prism 6 wasused for
graphical expression. G Power (3.1.9.2)"wrogram was
used in sample size calculation. The <tfcst size was de-
termined as d = 1.9811. Type I ¢rrértevel (a — error
level) was set at 0.05 and Typd LI £xfor (5) set at 0.20.
The sample size was calcyfated=as at least 5 partici-
pants for each group.

3. Results
3.1. Physical and physiological components

Data on the physical and physiological characteris-
tics of participants are outlined in Table 1. No signif-
icant difference was traced in ;VOjp,x among groups
in baseline measurements (p = 0.42). However, there
was a significant improvement in ;VOyp, in HIIT +
INMES (41.55 + 5.01 vs. 52.24 + 2.88 mlL.kg.min~?,
p = 0.025) and CA 4+ NMES (39.67 + 2.17 vs. 46.65
+ 5.45 mlLkg.min~! p = 0.028) groups. T1imVO2max
increased by 17.64% in HIIT + NMES and 10.59%

in CA + NMES group. Significant difference (p =
0.004) was observed in 71, VOomax between HIIT
+ NMES (52.12 + 2.95 mlkg.min~!) and CA H
NMES (46.44 + 3.26 ml.kg.min~') group in follow-
up measurements. Peak blood lactate concentration
was significantly different subsequent to ; VO, and
TLimVOomax in CA + NMES and HIIT + NMES
groups compared to the control group in follow-up
measurements (Table 1).

We found no statistically significant differences be-
tween baseline and post-test VOppax levels in Con-
trol (— 5.21%) and HIIT (14.08%) groups while HIIT]
+ NMES (25.73%), CA (19.88%) and CA + NMES
(17.60%) groups showed significant improvements
in VOppax in this study. However, HIIT + NMES
(19.35%) and CA + NMES (11.18%) training groups
also showed significant increases in time to exhaustion|
performance at their ; VO« after 8 weeks of training.

3.2. The peak moments

The baseline and post-test values of the PM in all
groups are outlined in Table 2. No inter-group differ-
ences were noted in any of the baseline values. Both
D and ND extension and flexion PMs were signifi-

cantly higher in HIIT + NMES group at 60 and 180°/g
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Table 2
Comparison of baseline and post-test isokinetic peak moment parameters among groups
Variable Control HIIT HIIT + NMES CA CA 4+ NMES
(n=9) (n=9) (n=9) (n=9) (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 4 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 4 23.76 288.67 1+ 34.61 233.50 4 26.21 243.77 £+ 18.27
Post 240.53 £35.82  260.43 4+ 22.76 299.55 4+ 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 4+ 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 4+ 15.35 124.11 +21.42 141.20 4+ 21.80
Post 154.53 £17.89  158.50 £ 45.23 176.13 +21.40*  127.23 £015/38 139.27 + 11.48
%Dif. —0.41 0.44 4.51 2.54 —1.37

180°/s isokinetic knee extension (con) and flexion (ecc) peak moment strexgtii parameters (Nm)

D Ext. (Nm)
Pre 160.83 +26.12  163.10 & 30.21 157.17 £+ 24.67 148.35 4+ 22.35 158.86 = 11.42
Post 159.10 £ 11.75  166.43 £+ 31.17 178.81 4 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 £5.41 138.36 4 20.09 153.12 4+ 20.21
Post 139.23 £21.75 168.10 &+ 17.15 17428 £21.10%  150.13 £ 12.57 171.18 £ 13.11*
%Dif. —7.25 4.05 122238 8.51 11.79

D Flex. (Nm)
Pre 90.47 £+ 11.63 93.52 + 15.42 1017 £ 17.52 89.66 £ 11.18 88.67 £ 11.78
Post 90.07 £ 12.35 96.81 + 15.76 120.12 4+ 11.26* 9145+ 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, 1831135 101.32 £ 11.08 80.01 £ 20.76 81.00 £ 11.15
Post 85.27 £ 12.88 98.:14 4. 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: flexign. ¥ Significant value (p < 0.05). %Dif. stands for the percent increase between the
baseline and follow-up measuraniznts for the same variable.

group while CA + NMES _training group displayed
significant PM increases at\188°/s, whereas no differ-
ences were noted in HI'T wnd CA training alone (Ta-
ble 2). Significant increases in the extension PM of the
D (3.86%) and ND leg (3.77%) at 60°/s were observed
from baseline to follow-up in HIIT + NMES group
(Table 2). Significant increases in extension PM were
also measured at 180°/s in the D leg (13.77%) and ND
leg (12.28%) following the same intervention.

3.3. HOR and DCR

There were no significant differences in the HQR
at 60°/s and the DCR at 180°/s for both the D (Ta-
ble 3) and ND limb (Table 4) among groups at baseline.
This changed into significant differences for both ra-
tios, in both limbs in HIIT + NMES group. Addition-

ally, DCR was found significantly increased for the D
limb in CA 4+ NMES group. Despite no statistical sig-
nificance, ND DCR was higher compared to baseline
measures in the CA + NMES group.

3.4. The correlations between the isokinetic ratios
and VOzqx parameters

The individual changes in D HQR were correlated
with both the change in ;VOynx (r = 0.94, p =
0.005) and the change in Ty, at VOopax (r = 0.81,
p = 0.050). The results of correlation analysis also
showed a positive significant correlation between the
DCR, ;VOymax and Tijm at VOopax (r = 0.87, p =
0.019; r = 0.90, p = 0.015) respectively. ND ratios
were also positively correlated with 1 VO;ax and 11 iy,
at VOo,ax (Table 5)
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Table 3
Baseline and post test mean and standard deviation of the DCR and HQR in D limb, expressed in %
HQReo DCRisgo
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 54890 +£7.39 0.83 58.93 + 7.00 0.81 0.12 59.33 £12.08 090 58.17£15.18 0.84 0.92
HIT + NMES  58.76 9.89  0.90 63.12 +10.86  0.92 0.03* 67554+ 1536 091 70.53 +7.88 0.91 0.05*
CA 57.61 =898 0.89 62.47 +4.80 0.94 0.26 60.44 £ 8.38 093  60.56 £ 4.02 0.90 0.69
CA + NMES 57.14 £857 0.85 59.73 £+ 6.81 0.90 0.23 5582 +£12.44 0.89 57.01 +8.80 0.85 0.04*

stimulation; ICC: Intraclass coefficient.

Note. * Significant value (p < 0.05). HIIT: High intensity interval training; CA: Continuous aerobic training; NMES: Neuromuscular electrical

in the 60 and 180°/s angular velocities

Table 4
Baseline and post test mean and standard deviation of the DCR and HQR in ND limb, expressed in %
HQReo DCRisgo
Pre H:Q ICC Post H:Q IcC p Pre H:Q 1cC Post H:Q ICcC p
Control 62.27 +9.83 0.89 60.09 £+ 3.01 0.90 0.12 57354+ 1477 0.85 €l1.24:+6.10 0.88 0.35
HIT 6225+ 12.61 0.83 60.86 + 16.82  0.88 0.40 55.78 £19.20 0.87/79&28 £20.92 0.83 0.79
HIT + NMES 57.64 £8.71 0.90 64.25 +£9.18 0.89 0.01*  60.67 £ 11.99 0420%,.65.30+ 1691 0.89 0.02*
CA 53.15 £9.67 0.78 56.17 £+ 8.56 0.80 0.29 57.83 £13.92 fuL9% 58.18 £ 7.80 091 0.29
CA + NMES 57.92 £7.15 0.85 56.81 +9.93 0.78 0.60 52.90 +7.31 027 5440+ 1326 0.89 0.60
Note. * Significant value (p < 0.05). ICC: Intraclass coefficient.
Table 5

Correlation values between post-test 71y at VOomasmnerformance and H:Q ratios

Variable 1VO2max-7 (p) T1Lim VO2max 7 (P)

Pre Post. Pre Post
D HQRgon 0.32 (0.174) 0.94 (C.005)**  0.38(0.271)  0.81 (0.050)*
ND HQRgo 0.42 (0.065) 028 (0.0:8)* 0.26 (0.258)  0.78 (0.015)*
D DCR1gp 0.44 (0.100) ).870.019)* 0.32(0.174)  0.90 (0.015)*
ND DCRj189  0.39 (0.186) .85 (0.011)* 0.32(0.168)  0.87 (0.014)*

3.5. Isokinetic peak moment strengthyat dijferent
angular velocities

Intra-group comparisons_of\post-test values of the
PMs revealed that HIIT + TIMES group displayed sig-
nificantly higher extensionjand flexion PM at both an-
gular velocities compared to other groups. Intra-group
comparisons revealed that HIIT + NMES group had
significantly higher extension PM at 60°/s in the D leg
compared to Control, CA, and CA + NMES groups.
60°/s extension PM in the ND leg was also signifi-
cantly higher compared to CA and CA + NMES
groups. Additionally, both D and ND leg extension and
flexion PMs at 180°/s was found significantly greater
compared to other groups (Table 6).

3.6. The associations between the isokinetic ratios
and extension and flexion peak moments

The results of the Pearson product-moment corre-

lation coefficient analysis revealed significant positive

Note. * Significant value£n % U.05); ** Significant value (p < 0.001). 1 VOzmax:
Intensity at VOomax; 111 VQomax: Time to exhaustion at 1 VOomax.-

correlations between DCR and knee flexion moment aft|
both D (r = 0.65, p = 0.021) and ND limb (r = 0.65,
p = 0.033). Additionally, there was a negative signifi-
cant correlation between DCR and knee extension mo-
ment at both 60°/s (r = —0.49, p = 0.025) and 180°/s
(r = —0.62, p = 0.015), respectively (Table 7).

4. Discussion

The tendency to a limb dominance or preference
associated with a functional movement repetitiveness
in many sports stimulates muscular imbalances of]
strength [31]. During cycling, the proportion of power
acquired by the activation of quadriceps muscle ac-
tivity has been described as typically more dominant
than hamstring muscles [32,33]. In this regard, a rela-
tive overuse of the quadriceps muscle-tendon unit has
been reported to lead an increase in compressive forces
at the anterior knee and, the hamstrings play a more)
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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 4= 36.88 vs. 248.77 = 27.73  0.003**
HIIT 4+ NMES vs. CA + NMES  310.21 + 36.88 vs. 259.03 4+ 21.59  0.006**
HIIT + NMES vs. CA 310.21 4 36.88 vs. 231.69 =+ 27.59 0.016*
ND Extension (Nm)
HIIT 4+ NMES vs. CA + NMES  299.55 4 28.54 vs. 245.13 £+ 21.38 0.010*
HIIT + NMES vs. CA 299.55 4 28.54 vs. 226.50 + 36.86 0.025*
Eccentric mode 180°/sec
D Extension (Nm)
HIIT 4+ NMES vs. CA 178.81 4+ 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 4+ 21.10 vs. 139.23 £+ 21.75 0.06"
HIIT + NMES vs. CA 174.23 + 21.10 vs. 150.13 £ 12.57  0.004**
HIIT 4+ NMES vs. CA +~ NMES  174.23 +21.10 vs. 171.18 £ 13.14 0.025*
D Flexion (Nm)
HIIT 4+ NMES vs. Control 126.12 £ 11.26 vs. 90.07 + 12.25 0.002**
HIIT + NMES vs. HIIT 126.12 + 11.26 vs. 96.81 £ 13,76 0.003**
HIIT 4+ NMES vs. CA 126.12 £ 11.26 vs. 91.45(+711.26 0.002**
HIIT 4+ NMES vs. CA + NMES 126.12 4+ 11.26 vs. 93.13 2243.20 0.001**
ND Flexion (Nm)
HIIT 4+ NMES vs. Control 125.67 + 10.17 v5,85.27 + 12.88 0.010**
HIIT + NMES vs. CA 125.67 £ 10.[7 vi, 87.35 = 11.86 0.005**
HIIT 4+ NMES vs. CA 4+ NMES 125.67 4483 7. 93.13 £ 18.20 0.010*

Note. Asteriks (*) and (**) indicate statistic?lly%significant difference between two
groups at a significance level of p < 0.05 aid"p <€ 0.001 level between two groups.

Table 7
Correlations among knes=gxvansion and flexion PMs, DCR and HQR
Variable L olrr (p) HQR 7 (p)
Pie Post Pre Post

60°/s D Extension (Nm) —(210.181) —0.25(0.212) —0.33(0.203)  —0.49 (0.025)*
180 °/s D Extension (Nm)4! —240 (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 (ANmi) 0.32 (0.105) 0.65 (0.033)* 0.41 (0.147) 0.46 (0.151)

Note. *Significart valu€(p < 0.05). PMs: Peak moment strength, DCR: Dynamic control ratio, HQR:
Hamstring/Qpadrieaps ratio.
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coordinative role duringyosdal stroke [34] if repeated
muscle activations are performed for long periods with
high intensity.

Since cycling involves the interactions of neuromus-
cular, aerobic and anaerobic components, it is essential
to understand the determinants underlying endurance
cycling performance. It has been reported in a recent
study that eccentric training (with or without NMES)
did not affect concentric peak moment and vastus lat-
eralis pennation angle but improved eccentric (13%)
peak moment [35]. In the current study, we found sig-
nificant increases in strength parameters both in HIIT
+ NMES and CA + NMES training groups but not
in HIIT and CA training alone (Table 2). Our results
showed that contrary to HIIT 4+ NMES training group

neither CA with/without NMES nor variable power
HIIT cycling training without NMES have resulted
in a significant increase of peak moment strength of
the knee extensor muscles at 60°/s. Similarly, another
study reported that the strength loss in knee extensor|
muscles resulted from central and peripheral mecha-
nisms after cycling was similar for the constant and
the variable power output protocols [36]. An interest-
ing finding in our study is that the highest eccentric and
concentric strength increases were only seen in HIIT]
+ NMES group at both velocities which was also the|
only group that showed significant improvements in D
(Table 3) and ND (Table 4) DCR and HQR from base-
line to post-test measurements. When the changes in
the muscle contraction patterns of the lower extrem-
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ity muscles in all groups are taken into consideration,
the highest eccentric muscle strength gain was also
found in HIIT + NMES group at 60°/s (7.42%) and
180°/s (24.3%) (Table 2). In the current study, to in-
vestigate the effect of NMES on muscular activity dur-
ing VOonax testing, correlation analysis was performed
between the HQR and DCR of the same muscle. Sig-
nificant correlations were found among Ty i, VOomax,
1VO2max, HQR and, DCR following 8 weeks of train-
ing (Table 5). However, correlations between the DCR
and Tpin VOomax Were found to be superior both in D
and ND limb compared to those that occurred between
the HQR and Tpi, VOomax. These results suggest that
the low-energy expenditure may partly be related to the
higher DCRs of the subjects’ hamstring muscles but
not to the absolute strength. Additionally, the results of
the current study showed a positive significant corre-
lation between the DCR and knee flexion strength of
both D and ND limb (r = 0.65), and negative signifi-
cant correlation between the DCR and isokinetic knee
extension strength at 60°/s (r = —0.49) and 180°/s
(r = —0.62), respectively (Table 7). These results sug-
gest that it is essential to enhance eccentric hamstring
muscle strength more than quadriceps to increase DCR
and the evaluation of the DCR may yield useful infor-
mation to screen the actual muscular performance of
lower limbs during cycling VOyy,.x testing compana
to the HQR.

To date, only one study reported that the comuined
application of aerobic cycling exercise and(res{stance
through an electrically stimulated antagcdoist could re-
sult in increased VO2 by about 20%¢with a linear re-
lationship to workload in compazison, to aerobic cy-
cling exercise alone [37]. The=ropsrted results were
in accordance with the reszltswel our study in terms
of VO, increases. We found,an increase in VO, para-
meters by about 25.75% Jollowing HIIT + NMES
training. Additionally, the highest increase in time to
exhaustion performed at maximal individual fatigue in-
tolerance point was also seen in HIIT 4 NMES group.
Also, peak blood lactate concentration was found sig-
nificantly increased in HIIT 4+ NMES (19.72%) com-
pared to other groups in our study (Table 1). Previ-
ous studies on the thigh muscles during cycling have
shown that the force generation has been attributed pre-
dominantly to the mono-articular muscles such as bi-
ceps femoris, vastus lateralis and vastus medialis dur-
ing the propulsion phase while bi-articular muscles
such as rectus femoris, SemM, and SemT assist in di-
recting the pedal forces and redistributing net moments
over the joints during pedal cycle [38]. Also, noted that

the co-activation between knee extensors and flexors
during the propulsion phase of pedaling has been sug-
gested to regulate the net joint moments responsible for]
force transfer to the pedal [39]. Thus, the application
of NMES stimuli on these specific muscle groups cou-
pled with HIIT in the current study appears to increase
neuromuscular performance, and energy expenditure
attributed by both aerobic and anaerobic metabolism|
since HIIT training is performed at a very high respi-
ratory quotient. The previous data noted that NMES
increases localized blood flow [40,41]. Thus, although
direct blood flow was not measured in our study, sig-
nificant improvements in time to exhaustion perfor-
mance in HIIT + NMES group indicate that NMES
may have affected localized bigod flow of quadriceps
muscles and increased gnetavolite removal from the
fatigued muscles. Or, i tguld have increased the ef-
flux of contraction-widiuced metabolites from the sti-
mulated muscleyniass owing to its role on muscle-
pump, analgésit.erfects on muscle soreness and lym-
phatic @raindge to the stimulated area. Similar to our
findings,the NMES implementation has been reported
to_etharice a significant improvement in the max-
iraal Jvoluntary contraction of the quadriceps mus-
ole [42] since the contractions of leg muscles stimu-
iates leg muscle venous pump activity, increasing ve-
nous return, stroke volume, and cardiac output dur-
ing high-intensity exercises. The significant improve-
ments observed both in neuromuscular and cardiores-
piratory components in HIIT + NMES in the cur-
rent study suggest that NMES proportionally increases
aero-metabolic capacity, prevention of muscle atrophy,
and increases resistance to fatigue during intense exer-
cises increasing capillary density, mitochondrial con-
centrations, and oxidative enzyme levels, associated
with the transformation of muscle fibers. Additionally,
the increases in eccentric muscle contraction and DCR|
following HIIT 4 NMES seem to improve fatigue tol-
erance, cause less fatigue and oxidative stress on the
lower limb during pedaling at high intensities.

Despite the differences in muscle contraction pat-
terns between cycling and running, another study re-
ported that DCR at 180°/s was significantly correlated
with sub-maximal VO, at 201.2 m'min~!, suggest-
ing that strong knee flexion may be important for run-
ning at low oxygen cost [33]. However, neither abso-
lute knee extensor nor knee flexor moment was found
to be significantly correlated with the running eco-
nomy. Nevertheless, since the medial hamstring mus-
cles were reported to recruit together with quadriceps
muscles, and all these muscles became a synergistic

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543



544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

587

588

589

590

591

Galley Proof 27/03/2020; 14:22

File: ies—1-ies202111.tex; BOKCTP/ljl p. 10

group during pedaling [43] storage of elastic energy
in the contracted muscle during eccentric muscle ac-
tions is an important mediator to increase the total
work output during muscle contractions. It was indi-
cated in another study that the higher DCR values in
highly trained runners could be explained by their in-
creased eccentric strength due to the larger elasticity
and stiffness which affected the eccentric hamstring
moment [44]. In terms of limitations of this study,
the small sample size, the exclusive gender set-up and
only two angular velocities may restrict its generaliz-
ability. In particular, the DCR was derived from the
same angular speed 180°/s, unlike in some previous
studies. This latter factor in conjunction with the non-
compatibility of certain isokinetic dynamometers re-
quire extra caution in interpretation of the findings. Fu-
ture studies may consider variations on these parame-
ters, most importantly, the inclusion of women.

5. Conclusion

This study highlights the influences of NMES on
muscular, aerobic and, anaerobic cycling exercise per-
formance, and also indicates that NMES may serve as
a complementary training tool to improve aerobic and
anaerobic cycling performance. In the lights of theSe
findings, it is important to improve strength valugshe=
tween agonist and antagonist muscles symmetricaiiy’to
modulate functionality and the articular bioine¢hanics
of the knee during these repetitive move(nents. It may
also be speculated that compared te concentric con-
tractions the presence of an eccepitic ‘tomponent may
be more beneficial, more efficient $som the neuromus-
cular point of view and lesg=metaoolically demanding
during endurance cycling, To this end, early empha-
sis should be on hamstiings and coaches and athletes
may focus on eccentric hamstring muscle actions to in-
crease DCR. Additionally, DCR provides a good es-
timation of the co-activation of the flexors and exten-
sors. It can also help to identify potential muscular im-
balances which are crucial for endurance cycling per-
formance. Besides, conventional HQR may not yield
useful information to precisely evaluate the break-
ing function of the hamstrings during an extension
of maximal quadriceps strength. On the other hand,
if the athletes have quadriceps hypertrophy or a uni-
lateral strength discrepancy between quadriceps and
hamstring muscles (attributable to a greater inhibitory
effect on the ability to co-activate knee flexors dur-
ing high-intensity cycling), the ratio of hamstring to

quadriceps strength might have a negative impact on
all-out cycling performance if this discrepancy is not
rectified.
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