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Abstract

High-intensity interval training (HIIT) is an effective alternative to moderate intensity continuous training for improvements
in body composition and aerobic capacity; however, there is little work comparing different modalities of HIIT. The purpose of
this study was to compare the effects of plyometric- (PLYO) and cycle-oriented (CYC) HIIT on body composition, aerobic capacity,
and skeletal muscle size, quality, and function in recreationally trained females. Young (21.7 + 3.1 yrs), recreationally active
females were quasi-randomized (1:1 ratio) to 8 weeks of twice weekly PLYO (n = 15) or CYC (n = 15) HIIT. Body composition
(four-compartment model), VOypear, cOuntermovement jump performance, muscle size, and echo intensity (muscle quality),
as well as strength and power of the knee extensors and plantar flexors were measured before and after training. Both groups
showed a similar decrease in body fat percentage (p < 0.001; nf,: 0.409) and echo intensity (p < 0.001; 7712, = 0.558), and an in-
crease in fat-free mass (p < 0.001; 7/12): 0.367) and VOypear (p = 0.001; ;7121 = 0.318). Muscle size was unaffected (p > 0.05), whereas
peak torque was reduced similarly in both groups (p = 0.017; '712, = 0.188) and rapid torque capacity was diminished only for
the knee extensors after CYC (p = 0.022; d = —0.67). These results suggest that PLYO and CYC HIIT are similarly effective for im-
proving body composition, aerobic capacity, and muscle quality, whereas muscle function may express moderate decrements
in recreationally active females. ClinicalTrials.gov (NCT05821504)

Key words: high-intensity interval training, muscle quality, maximal oxygen consumption, strength, plantar flexors, knee
extensors

Introduction
American College of Sports Medicine recommended phys-

Participation in high-intensity interval training (HIIT) is ap-
pealing due to its time-efficient nature (<30 min), and similar
body composition and aerobic capacity benefits compared to
moderate intensity continuous training (Gibala and McGee
2008; Gibala et al. 2012). An abundance of HIIT research has
been conducted in overweight and obese individuals, yield-
ing strong evidence of reduced body fat percentage (BF%) and
increased aerobic capacity, indicative of improving cardiovas-
cular health (Martins et al. 2016; Racil et al. 2016; Turk et al.
2017). Similarly, positive adaptations for body mass, triglyc-
eride levels, blood pressure, lean body mass, lower-body
strength, and aerobic capacity have been shown in healthy,
recreationally active (i.e., meeting or exceeding the current

ical activity guidelines) individuals (Gottschall et al. 2014;
Petersen et al. 2016). While several studies have compared
the benefits of HIIT to moderate intensity continuous train-
ing (Wisloff et al. 2009; Bartlett et al. 2011; Jung et al. 2015;
Milanovic et al. 2015), little evidence exists comparing dif-
ferent modalities of HIIT, such as plyometrics versus cycling.
HIIT can be performed via weight bearing or non-weight bear-
ing activities, though concerns about high-impact exercise
may limit options for some individuals, so it is important to
identify modality-specific adaptations. Body weight training
has been consistently popular over recent years (Thompson
2018, 2022), thus the study of HIIT performed with no equip-
ment is relevant. Nonetheless, despite this trend, the ma-
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jority of studies on HIIT use highly controlled, laboratory-
based protocols that poorly reflect the exercise environment
in home or gym settings. Field-based HIIT research is needed
to determine if the typically reported benefits of HIIT can be
expected from a real-world exercise setting.

Previous HIIT literature has predominantly focused on
metabolic and body composition adaptations. Human
growth hormone (GH) has a critical role in the regulation of
fat metabolism (McMurray and Hackney 2005), and its release
is typically greater at higher intensities of exercise (Luger et
al. 1992). Training-induced changes in GH levels have been
well studied, but little work has specifically examined if
adaptations differ between weight bearing and non-weight
bearing HIIT. Compared to metabolic and body composition
adaptations, there is substantially less known about changes
in skeletal muscle morphology and function (Callahan et
al. 2021). HIIT is typically not conducive to adaptations in
muscle strength or power in young, healthy individuals
(Astorino et al. 2012; de Oliveira et al. 2016; Vera-Ibafiez et al.
2017; Clark et al. 2019); however, these findings have been
primarily derived from studies utilizing cycling exercise. The
stimuli from weight-bearing HIIT (e.g., running, jumping)
may be sufficient for increasing muscle strength and power.
Furthermore, increased strength and power of the lower
body may lead to improved functional performance, which
has been less frequently reported in the HIIT literature.

There is limited evidence for HIIT-induced skeletal muscle
hypertrophy in young individuals (Estes et al. 2017). How-
ever, muscle quality as determined by echo intensity (EI),
an ultrasound-derived quantitative gray-scale analysis of fat
or fibrous tissue infiltration of muscle (Reimers et al. 1993;
Pillen et al. 2009), is another increasingly popular skeletal
muscle parameter. Evidence for the influence of HIIT on mus-
cle quality is equivocal, but two studies showing no effect in-
volved a short training period (<4 weeks) (Blue et al. 2018;
Moghaddam et al. 2020), while 8 weeks of training improved
muscle quality (Hirsch et al. 2021). It is possible that muscle-
specific adaptations occur for the knee extensors (KEs) and
plantar flexors (PFs) after cycling and weight-bearing HIIT due
to their unique roles during these activities. The assessment
of skeletal muscle properties and function of the KEs and PFs
is necessary to reveal unique adaptations between these mus-
cle groups.

The purpose of this study was to compare the effects of
plyometric- (PLYO) and cycle-oriented (CYC) HIIT on body
composition, aerobic capacity, and skeletal muscle size, qual-
ity, and function in recreationally trained females. We hy-
pothesized that body composition and aerobic capacity adap-
tations would be similar between interventions, but changes
in muscle size and quality would differ and be muscle-
specific.

Materials and methods

Participants

Thirty females between the ages of 18 and 28 years par-
ticipated in this study (Fig. 1). An a priori analysis using
G*Power software (version 3.1.9.4) estimated that a total sam-

ple size of 24 would be needed to detect a medium effect
size (2 = 0.25) with a power level of 0.80 and p < 0.05 for
a three-way repeated measures Analysis of variance (ANOVA).
Participants were recreationally active in both resistance and
aerobic training (2-4 days-week~! for at least 30-75 min
for the past 6 months) but were not engaging in more
than 30 min of high-intensity exercise per week. Partici-
pants reported no history of cardiovascular, renal, or pul-
monary disease, orthopedic limitation, or any other condi-
tions that would contraindicate maximal exercise testing or
high-intensity training. All participants reported a regular
menstrual cycle except for four and three participants re-
porting Amenorrhea in CYC and PLYO, respectively. Twelve
participants reported using birth control and three indi-
cated no birth control in CYC. Eleven participants reported
using birth control and four indicated no birth control in
PLYO. This study was approved by the Kennesaw State Uni-
versity Institutional Review Board prior to data collection.
Oral and written consent was provided prior to beginning the
study.

Experimental design

This field-based study involved participants being quasi-
randomized (1:1 ratio) to 8 weeks of PLYO (n = 15) or CYC
(n = 15) HIIT and included three laboratory visits for famil-
iarization and testing (Fig. 2). Testing consisted of 2 separate
days prior to the intervention and 1 day following the inter-
vention. The pre-testing days occurred a minimum of 24 h
apart but no more than 7 days. The post-testing day occurred
within 48-72 h following the intervention. Participants were
asked to refrain from strenuous exercise for 48 h and any ex-
ercise 24 h before testing. Additionally, participants were in-
structed to avoid caffeine, alcohol, and food 8 h prior to test-
ing, and to consume similar meals 24 h prior to pre- and post-
testing. The first testing visit consisted of body composition
analysis, ultrasonography, and familiarization with all per-
formance tests. For the second testing visit, all participants
arrived fasted for blood collection and were given the option
to have a light snack (i.e., peanut butter crackers) prior to per-
formance testing. Participants adhered to the same dietary
routine (i.e., fasted or fed) during post-testing performance
testing, which was performed at a similar time of day (42 h)
as pre-testing.

The two exercise protocols consisted of a 30 min high
intensity, pre-choreographed group fitness class performed
twice per week for 8 weeks. The plyometric-oriented Les
Mills BODYATTACK™ program was used for the PLYO group,
whereas Les Mills SPRINT™, which exclusively involves sta-
tionary cycling, represented the CYC group. Instruction for
both classes was given by one of two certified instructors
(°Les Mills International) each with over 3 years of experi-
ence. Exercise sessions were also supervised by at least one
other member of the research team to ensure participants
completed all aspects of each workout. All training sessions,
separated by at least 24 h, took place at the university’s stu-
dent recreational center. Both protocols involved alternat-
ing high-intensity and recovery intervals, and participants
were consistently instructed to give maximal effort during
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Fig. 1. CONSORT flow diagram.
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[ Enrollment ]

Assessed for eligibility (n=41)

Excluded (n=11)

+ Not meeting inclusion criteria (n=11)
+ Declined to participate (n=0)

+ Other reasons (n=0)

\ 4

Randomized (n=30)

HIIT = High-intensity interval training

the “work” periods. Both protocols began with a 5 min warm-
up and 5 min cooldown. The average and maximal exercise
heart rate was recorded for each exercise session and the
weekly average was calculated for each of these measures to
characterize intensity for both PLYO and CYC. Heart rate was
obtained using a chest strap monitor (Polar H10, Polar Elec-
tro Inc., Woodbury, NY, USA) that was paired via Bluetooth to
Polar A370 fitness trackers. Participants reported their rating
of perceived exertion (RPE) using the Borg 6-20 scale at the
end of each session prior to cooldown.

Plyometric (PLYO) exercise

The 30 min PLYO HIIT included four blocks of high-
intensity exercise intervals. The “work” portions consisted of
the following exercises: high-knee runs, plyometric lunges,
jumping jacks, squat jumps, burpees, and speed-agility pat-
terns. The recovery periods consisted of complete rest (tran-

Y [ Allocation } v
Allocated to cycling-oriented HIIT (n=15) Allocated to plyometric-oriented HIIT (n=15)
+ Received allocated intervention (n=15) + Received allocated intervention (n=15)
+ Did not receive allocated intervention (give «+ Did not receive allocated intervention (give
reasons) (n=0) reasons) (n=0)
v [ Follow-Up J v
Lost to follow-up (give reasons) (n=0) Lost to follow-up (give reasons) (n=0)
Discontinued intervention (give reasons) (n=0) Discontinued intervention (give reasons) (n=0)
v [ Analysis ] v
Analyzed (n=15) Analyzed (n=15)
+ Excluded from analysis (give reasons) (n=0) + Excluded from analysis (give reasons) (n=0)

sitioning between exercises), a light jog, or a low-impact step-
ping motion. On average, participants were instructed to give
maximal effort for 1-2 min, with recovery intervals of 15—
45 s. Four separate routines of plyometric exercises were used
throughout the duration of the study with one routine being
used per week before alternating to another routine. Partici-
pants completed each routine a total of 4 times within a ses-
sion.

Cycling (CYC) exercise

The 30 min cycling HIIT was performed on upright sta-
tionary bikes (Schwinn, AC Performance, Chicago, IL, USA).
Protocols involved “work” ranging from 20-80 s with recov-
ery intervals between 10 and 60 s. Recovery intervals con-
sisted of complete rest on bike or particularly slow cycling.
Resistance and cycling speed were relatively variable across
sessions, with some intervals of higher resistance and lower
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Fig. 2. Study design overview.
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speed and others involving lower resistance and higher speed
(e.g., >120 RPMs). For example, participants were instructed
to use a “heavy resistance” during 20 s high-intensity work
periods, whereas “moderate resistance” was the prompt for
longer work periods (e.g., 60 s). The same four workouts were
used throughout the duration of the study alternating each
week.

Dietary monitoring

At the start of each testing day, participants completed a 24
h food recall. Over the 8-week training period, participants
were instructed to record their dietary intake 3 days for each
week (i.e., 2 days during the week and 1 day on the weekend).
Dietary logs were analyzed (MyFitnessPal application, Version
20.7.0.29453) for total calories and protein consumption for
the first and last week of the training period.

Blood collection

Blood samples from the antecubital space were obtained
prior to any performance testing, and at 15 and 30 min af-
ter aerobic capacity testing to examine the acute exercise-
induced response of GH. The samples were analyzed using
an enzyme-linked immunosorbent assay (ELISA) kit in du-
plicate to determine serum concentrations of GH (ELISA Kit
KAQ1081, Invitrogen Corporation). Concentrations were de-
termined using a plate reader (SpectraMax M3 Multi-Mode
Microplate Reader, Molecular Devices) according to manufac-
turer’s instructions.

Body composition

Participants wore a sports bra, compression shorts, and
swim cap for anthropometric and body composition assess-
ments. Anthropometric assessments consisted of an initial

measurement of body mass and height, followed by mea-
surements of body composition. A four-compartment model
(Wang et al. 2002) was used to estimate BF% based upon
body mass, bone mineral content via dual-energy X-ray ab-
sorptiometry (GE Lunar iDXA, Chicago, IL, USA), body vol-
ume via air displacement plethysmography (Cosmed Bod-
Pod, Chicago, IL, USA), and total body water via bioelectri-
cal impedance (InBody 770, Cerritos, CA, USA). Segmental fat-
free mass was determined from the bioelectrical impedance
analysis for the arms, trunk, and legs. All equipment under-
went daily calibration prior to use per manufacturer guide-
lines.

Aerobic capacity

Participants underwent an individualized VO;peac (peak
rate of oxygen uptake) protocol, following a 10 min warm-up
consisting of self-selected cycling and standardized dynamic
stretches of the lower body. This method of VO, testing is a
validated, graded maximal treadmill exercise test (Sperlich
et al. 2015). Briefly, participants identified their comfortable
running speed and grade was increased by 1% every minute.
Oxygen consumption was recorded using a metabolic cart
(Parvo Medics TrueOne 2400, Sandy, UT, USA), calibrated ac-
cording to manufacturer guidelines, and VO, was recorded
as relative VO, in mL-kg~!-min~. In addition, respiratory ex-
change ratio and heart rate via chest monitor (Polar Electro
Inc., Woodbury, NY, USA) was continuously recorded. VOpeax
was defined as the peak VO, (mL-kg~!-min~'), which was de-
termined using 11-breath averaging (Astorino et al. 2000).
All subjects fulfilled the following three criteria for VOypeax
achievement: (1) respiratory exchange ratio greater than 1.1;
(2) peak HR (pHRy(y) at least equal to 90% of the age-predicted
maximum; and (3) an RPE of 18 or greater. The same stages,
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Fig. 3. Panoramic ultrasound images of the lateral (A) and medial (B) gastrocnemius muscles. The discontinuous line surrounds
the area for which cross-sectional area and echo-intensity were calculated, while the vertical line represents subcutaneous fat

thickness.

including speed, were used during post-testing. If partici-
pants were able to surpass their previous grade during the
final stage, the incline was increased until participants ended
the test.

Ultrasonography

Panoramic images of the medial and lateral gastrocnemius
(Fig. 3), and vastus lateralis (VL) were obtained using ultra-
sound (LOGIQ S7, General Electric Company, Milwaukee, WI,
USA). Three transverse images of each muscle group were ac-
quired with a multifrequency linear-array probe (ML6-15 L;
5-MHz; 50 mm field of view; General Electric Company, Mil-
waukee, WI, USA) using the LogicVIEW function. Participants
rested in a supine position for 5-10 min prior to the images
being captured. The investigator slowly moved the probe in
the transverse plane while applying minimal and consistent
pressure. Thick, double-sided tape was placed over each mus-
cle in the transverse plane to ensure the probe was moved
perpendicular to the skin. The settings included a frequency
of 12 Hz and depth of 4 cm (Rosenberg et al. 2014) and 5 cm
(Cadore et al. 2012) for imaging of the gastrocnemii and VL,
respectively. All ultrasound settings were kept the same for
pre- and post-testing. Images for the gastrocnemii were cap-
tured at one-third the distance from the tibial articular cleft
between the femur and tibia condyle to the lateral malle-
olus on the dominant leg (Mota et al. 2018), while images
of the VL were taken on the midline between the greater
trochanter and lateral epicondyle (Cadore et al. 2012). Images
were scaled from pixels to centimeters prior to analysis. The
polygon function in Image] software (version 1.46r, National
Institutes of Health, Bethesda, MD, USA) was used to select as
much of each whole muscle as possible without including the
surrounding fascia. Subsequently, cross-sectional area (CSA)
and muscle quality were calculated for each muscle. Mus-
cle quality was determined from EI, which was assessed via
grey-scale analysis using the histogram function. The mean EI
was expressed as a value between 0 (black) and 255 (white).
Subcutaneous fat thickness for both muscles was measured
using the straight line function, and was used to normalize
EI as suggested by Young et al. (2015). CSA and EI of the VL
were recorded for subsequent analysis. The lateral and me-
dial gastrocnemius CSA values were summed (i.e., PF CSA),
and EI was calculated as the average of the lateral and medial

gastrocnemius (i.e., PF EI) (Mota et al. 2018). We have shown
“excellent” and “good” reliability for CSA (ICC; 1: 0.998, SEM:
0.273 cm?, CV: 1.2%) and EI (ICC, 1: 0.748, SEM: 4.650 a.u., CV:
3.2%) (Olmos et al. 2019).

Countermovement vertical jump

Maximum countermovement vertical jumps (CM]Js) were
performed on a portable force plate (Advanced Mechani-
cal Technology, Inc., Watertown, MA, USA). CM] height and
power were calculated using AccuPower 2.0 software (Boston,
MA, USA) with sampling at 1 KHz. Prior to CM] testing, all par-
ticipants completed a general warm-up consisting of 5 min on
a cycle ergometer at a self-selected speed and resistance, and
10 repetitions of the following unloaded exercises: squats,
lunges, knee hugs, butt kicks, and toe touches. Participants
wore socks and were instructed to stand with their feet shoul-
der width apart on the force plate, descend to a self-selected
depth without pausing, and jump as high as possible while
maintaining hands on hips. Three trials were completed with
1 min of rest between trials. The trial producing the great
height was used for statistical analysis.

Muscle strength and power testing

Muscle function parameters were recorded for the domi-
nant (van Melick et al. 2017) PFs and KEs using a calibrated
Biodex 4 isokinetic dynamometer (Biodex Medical Systems,
Inc. Shirley, NY, USA). The order for the muscles was random-
ized at baseline and kept the same during post-testing. The
Biodex torque and velocity signals were sampled at 2 kHz
using an eight-channel Bagnoli Desktop System (Delsys, Inc.,
Natick, MA, USA). Participants were seated with hands across
the chest, restraining straps over the trunk, pelvis, and thigh,
and the input axis of the dynamometer aligned with the axis
of rotation. For PF testing, the knee was extended to 170°
(180° = full extension) and hip was maintained at 120°. The
foot was secured to the footplate with two straps over the
dorsal aspect and a custom ankle wrap technique to anchor
the heel to the footplate. Ankle position was set at a neutral
angle (90° = neutral) at the beginning of dynamic contrac-
tions, which involved a 30° range of motion (0°-30° plantar
flexion). For KE testing, an 80° range of motion consisting of
knee extension from 90° to 170° (180° = full extension) was
used for dynamic contractions. All participants received con-
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Table 1. Participant characteristics.

Group n Age (yr) Body mass (kg) Body fat (%)  Height (cm)

Plyometric 15 20.7 £ 2.4 68.8 +10.4 329+6.1 162.7 £ 6.9

Cycling 15 22.7 £3.5 62.2 £ 11.6 284 +6.9 159.9 £ 54

Table 2. Calorie and protein consumption.
Plyometric Cycling

Variable Pre Post Pre Post
Calories (kcal-day~!) 1966 + 358 1882 + 342 2025 + 338 2020 + 336
Protein (g-kg~!-day!) 1.50 + 0.44 145+ 0.35* 1.63+0.63 1.47 +0.51*

*Indicates a similar decrease in protein consumption for both groups.

sistent verbal encouragement and visual biofeedback. Testing
began with three maximal isometric contractions for deter-
mination of isotonic load. Participants performed three con-
centric isokinetic contractions at 60°-s~1, separated by 1 min
of rest, which were used to determine peak torque (PT) and
time to PT. Then, concentric isotonic contractions were per-
formed at 30% of maximal isometric strength to determine
peak power. During post-testing, 30% of isometric strength
at that time point was used for the test. Participants were
instructed to push “as hard and fast as possible” for all con-
tractions. During off-line processing, the scaled torque and
velocity signals were digitally filtered with a zero-lag low-pass
(50 Hz) Butterworth filter using custom-written software (Lab-
VIEW, National Instruments, Austin, TX, USA). PT was deter-
mined from isokinetic contractions and defined as the high-
est 5 ms average and time to PT was calculated as the time
from velocity onset (2°-s~!) to PT (Hester et al. 2019). For iso-
tonic contractions, the velocity signal was converted to ra-
dian and multiplied by torque to obtain peak power. The
isokinetic and isotonic trials producing the highest PT and
peak power, respectively, were used for subsequent analysis.

Statistical analyses

Normality was assessed with the Kolmogorov-Smirnov test
and outliers were identified as being greater or less than 2.2
multiplied by the interquartile range (Hoaglin and Iglewicz
1987). Independent samples t tests were used to compare
groups at baseline. A two-way [study time point (pre-test vs.
post-test) x group (PLYO vs. CYC)| repeated measures ANOVA
was used for analysis of body composition, CMJ height, and
power, pHRy(,, average exercise HR, maximal exercise HR,
and exercise RPE. Three-way [study time point (pre-test vs.
post-test) x muscle (KEs vs. PFs) x group (PLYO vs. CYC)] re-
peated measures ANOVA was used to analyze peak power, PT,
and time to PT, CSA, and EI Finally, a three-way [study time
point (pre-test vs. post-test) x testing time point (resting vs.
post 15 min VO;peak vs. post 30 min VOypeax) x group (PLYO
vs. CYC)] was used for GH responses. Significant interactions
were decomposed with repeated measures ANOVAs and de-
pendent or independent sample t tests on the simple main ef-
fects with a Bonferroni correction factor. Due to technical is-
sues during exercise sessions, a sample size of 26 (PLYO = 12;
CYC = 14) and 27 (PLYO = 13; CYC = 14) was used for the

analysis of average and maximal exercise HR, as well as RPE,
respectively. Due to challenges with blood collection, a sam-
ple size of 28 (PLYO = 14, CYC = 14) was used for the anal-
ysis of GH. Equality of variances was tested using Levene’s
Test for Equality of Variances. Statistical analyses were per-
formed using PASW software version 27.0 (SPSS Inc., Chicago,
IL, USA) and an alpha level of p < 0.05 was used to determine
statistical significance. Effect size was reported using partial
eta squared (7712,) for ANOVA analyses and <0.06, 0.07-0.14,
and >0.14 indicated small, medium, and large effect sizes,
whereas Cohen’s d was used for pairwise comparisons with
0.20, 0.50, and 0.80 indicating the same effect size classifica-
tions (Cohen 1988). Data are provided as mean + SD in the
text and tables, while mean + SEM is displayed in figures.

Results

Baseline comparisons, training compliance,

and adherence

Participant characteristics were similar between groups
(Table 1). In addition, all dependent variables were similar be-
tween groups at baseline (p = 0.832-0.065). Compliance with
training sessions was 15.33 £ 0.90 (95.8%) and 15.40 + 0.74
(96.3%) for PLYO and CYC, respectively. No subject missed
more than two training sessions. A 100% adherence rate was
demonstrated as all subjects enrolled completed the study.

Calorie and protein consumption

There were no interactions for calorie (p = 0.350; 1712,
= 0.031) or protein (p = 0.280; 7712, = 0.041) consumption
(Table 2). There was a main effect for time for protein con-
sumption (p = 0.046; Uf, = 0.135) as it demonstrated a mod-
erate decrease at post. No main effect was shown for caloric
intake (p = 0.242; 73 = 0.041).

Weekly exercise HR and RPE

Maximal HR demonstrated an interaction (p = 0.049; 7712,
= 0.076) and main effect for group (p = 0.028; 7712, = 0.178)
as it was consistently higher over the course of 8 weeks in
the PLYO group (Fig. 4). Similarly, while there was no inter-
action (p = 0.149; nf, = 0.061) for average HR, a main effect
for group (p = 0.007; ﬂf, = 0.265) indicated it was also higher
throughout the training period (PLYO = 171.64 + 2.18 bpm
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Table 3. Body composition before and after plyometric (PLYO) and cycling (CYC) high-intensity interval training.

Variable Pre Post Time x group interaction; ES Main effect for time; ES

Body mass (kg) p = 0.288; 0.040 p = 0.901; 0.001
PLYO 68.76 + 10.38 68.42 + 10.31
CYC 62.17 £ 11.58 62.44 +11.48

Body fat (%) p = 0.354; 0.031 p <0.001; 0.409
PLYO 32.92 + 6.07 31.11 £ 5.87*
CYC 28.35 + 6.89 27.19 + 6.38*

Fat-free mass (kg) p = 0.924; 0.001 p <0.001; 0.367
PLYO 45.81 £ 5.55 46.83 £+ 5.73*
CYC 43.89 + 4.61 44.86 + 4.94*

Fat mass (kg) p = 0.244; 0.048 p =0.001; 0.333
PLYO 22.95 £6.71 21.59 + 6.34*
CYC 18.28 + 8.01 17.57 + 7.50*

Arms fat-free mass (kg) p =0.177; 0.064 p = 0.738; 0.004
PLYO 4.68 + 0.85 4.65 + 0.83
CYC 4.32 +0.72 4.38 +0.71

Trunk fat-free mass (kg) p = 0.122; 0.083 p = 0.544; 0.013
PLYO 20.56 + 2.71 20.47 + 2.65
CYC 19.27 + 2.27 19.50 + 2.30

Legs fat-free mass (kg) p =0.757; 0.003 p = 0.342; 0.032
PLYO 13.58 + 2.05 13.64 + 2.12
CYC 12.67 + 1.41 12.78 + 1.48

Fig. 4. Weekly maximal heart rate for plyometric (PLYO)
and cycling (CYC) high-intensity interval training. + indicates

*indicates similar change from baseline for both groups

Note: ES, effect size.

greater heart rate for PLYO compared to CYC for all weeks.
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vs. CYC = 162.17 + 3.48 bpm). There was no interaction
for RPE (p = 0.292; 5, = 0.047) or difference between
groups (p = 0.205; nfj = 0.063) for the 8-week average
(PLYO = 16.06 + 0.29 a.u. vs. CYC = 16.87 &+ 0.35 a.u.).

Effect of training on body composition

There were no interactions for any body composition vari-
ables (Table 3). A main effect for time indicated a decrease
in fat mass and BF%, and an increase in fat-free mass regard-
less of group. No main effects for time were shown for any
segmental fat-free measures.

Effects of training on skeletal muscle CSA and
quality

No interactions (p = 0.757-0.124; Uf, = 0.003-0.083) or
main effect for time (p = 0.818; 7, = 0.002) were demon-
strated for CSA, indicating no changes for the VL (PLYO:
pre = 23.10 + 5.25 cm? vs. post = 24.11 + 5.74 cm?; CYC:
pre = 20.12 + 3.30 cm? vs. post = 20.48 + 5.06 cm?) or PFs
(PLYO: pre = 20.99 =+ 4.33 cm? vs. post = 21.03 + 3.85 cm?;
CYC: pre = 19.29 + 4.77 cm? vs. post = 18.21 + 3.73 cm?).
An outlier was identified for EI of the VL in the CYC group,
so that individual was excluded from this analysis. No inter-
actions were found for EI (p = 0.488-0.071; 7712, = 0.18-0.152),
but a main effect for time (p < 0.001; 7712, = 0.558) indicated a
decrease in EI (Fig. 5).

Effect of training on peak aerobic capacity

There was no interaction for VOypeax (p = 0.826; 7712, =0.001),
but a main effect for time was revealed (p = 0.001; '712, =0.318)
(Fig. 6), as VOypeax increased similarly for both groups. No
interaction (p = 0.863; 7212, = 0.001) or main effect for time
(p = 0.231; nf, = 0.051) was found for pHRyo;

Effect of training on growth hormone

GH responses did not differ between groups (p = 0.772; nlzﬂ
= 0.006), but there was a study time point x testing time
point interaction (p = 0.009; 7712; = 0.204) (Fig. 7). When groups
were collapsed, relative to baseline values, follow-up depen-
dent samples t tests found that GH levels were higher at 15
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Fig. 5. Echo intensity of the (A) vastus lateralis and (B) plantar flexors before and after 8 weeks of plyometric (PLYO) and
cycling (CYC) high-intensity interval training. + indicates echo intensity decreased similarly for both muscles after PLYO and

CYC. Parentheses indicate outlier.
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Fig. 6. Aerobic capacity (VO2peak) before and after 8 weeks
of plyometric (PLYO) and cycling (CYC) high-intensity interval
training. + indicates VO2peak increased similarly for both
PLYO and CYC.
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(p = 0.001; d = 0.68) and 30 min (p = 0.001; d = 0.73) post
VO2max testing compared to resting levels.

Effects of training on CM] and muscle

performance

There was no interaction (p = 0.478; ﬂf, = 0.018) or main
effect for time (p = 0.616; 7712, = 0.009) for CMJ height (PLYO:
pre = 62.53 £ 17.27 cm vs. post = 59.46 £ 14.85 cm; CYC:
pre = 60.78 £ 6.37 cm vs. post = 62.17 £ 7.21 cm). Similarly,
no interaction (p = 0.383; ﬁf, = 0.027) or main effect for time
(p = 0.812; ﬂf, = 0.002) was revealed for CM] power (PLYO:
pre =2934.01 + 688.47 W vs. post = 2867.60 4+ 598.37 W; CYC:
pre = 2565.93 + 536.34 W vs. post = 2575.40 + 513.12 W).

B + +
225-
=200 0
S AN
& 175- %%.h‘- S i
> 1504 | 8 b o
@ 125
£ 100-
£
s 757
£ 50-
W 25
"o © o O
& & &
LAY <

No interactions (p = 0.074-0.522; Uf, = 0.110-0.015) were
found for PT. However, a main effect for time was revealed
(p =0.017; 7712, = 0.188), which indicated that PT decreased re-
gardless of group or muscle (Fig. 8A-8B). Time to PT demon-
strated a time x muscle x group interaction (p = 0.045; 7712,
= 0.136) (Fig. 8C-8D). Follow-up repeated measures ANOVAs
for both muscles failed to reveal an interaction (p = 0.564;
1% = 0.012) or main effect for time (p = 0.269; 1}, = 0.044)
for the PFs. However, for the KEs, a time x group interaction
(p = 0.025; ?7§= 0.167) indicated an increase in time to PT for
CYC (p = 0.022; d = —0.67), but no change in PLYO (p = 0.267;
d = 0.30). Finally, there were no interactions (p = 0.224-
0.786) or main effect for time (p = 0.159; 7712, = 0.069) for
peak power of the KEs (PLYO: pre = 404.12 + 83.11 W vs.
post = 396.64 £+ 85.21 W; CYC: pre = 385.08 £+ 70.33 W vs.
post =374.37 + 62.17 W) or PFs (PLYO: pre = 178.81 + 42.96 W
vs. post = 175.57 £ 35.73 W; CYC: pre = 194.77 £ 52.41 W vs.
post = 183.68 £+ 48.99 W).

Discussion

The purpose of this study was to compare the effects of
plyometric- and cycle-oriented HIIT on body composition,
aerobic capacity, and skeletal muscle size, quality, and func-
tion in recreationally trained females. Previous reports re-
garding training-induced adaptations of HIIT have been lim-
ited to a particular domain of health or fitness; our findings
comprehensively capture health- and performance-related
outcomes after two differing modalities of HIIT performed
in a field setting. Moreover, a unique feature of the present
study is the inclusion of whole muscle-specific (i.e., VL vs.
PF) outcomes for muscle size, quality (ultrasound-derived
El), strength, and explosiveness. Overall, positive adaptations
in body composition, muscle quality, and aerobic capacity,
which were similar between groups, were shown after 8
weeks of training. Muscle function and CM] performance
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Fig. 7. Exercise-induced growth hormone (GH) concentrations before and after 8 weeks of (A) plyometric (PLYO) and (B) cycling
(CYC) high-intensity interval training. * indicates similar increases for PLY and CYC at 15 and 30 min post-exercise.
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were either unaffected or negatively affected, with some ev-
idence for muscle-specific decrements after cycling-oriented
HIIT. These findings indicate that real-world HIIT performed
in a group fitness setting effectively promotes body composi-
tion and aerobic capacity improvements.

Our findings indicate that, regardless of modality, twice
weekly HIIT training promotes positive changes in body
composition, including decreases in fat mass, BF%, and in-
creases in fat-free mass with no changes in overall body
mass in young, recreationally trained healthy females. De-
spite differences in muscular engagement between plyomet-
ric and cycling exercise, including the potential for greater
caloric energy expenditure during the full-body plyometric
protocol (Scott et al. 2006), these differences were not suffi-
cient for unique body composition changes between inter-
ventions. In the present study, fat-free mass increased simi-
larly in both groups, which is consistent with a few studies
examining shorter training durations in a similar population
(Macpherson et al. 2011; Gillen et al. 2013). However, as indi-
cated by a comprehensive review (Callahan et al. 2021), sev-
eral studies report no change in fat-free mass, and typically
increases in young adults result from >12 weeks of HIIT. Our
dietary recall indicated that both groups consumed a diet ad-
equate in protein consumption previously reported to build
and maintain muscle mass (1.4-2.0 g-kg~!.day~!) (Jager et al.
2017), which may have contributed to the positive fat-free
mass changes. Numerous studies have reported decreases in
fat mass and BF% in overweight and obese populations follow-
ing running-based HIIT (Schjerve et al. 2008; Nybo et al. 2010;
Sijie et al. 2012; Kemmler et al. 2014; Ahmadizad et al. 2015;
Zhang et al. 2015). In contrast, several studies on cycle-based
HIIT have demonstrated inconclusive results with some re-
porting no changes in body composition (Keating et al. 2014;
Fisher et al. 2015; Shepherd et al. 2015; Sim et al. 2015; Kong
et al. 2016; Martins et al. 2016; Sawyer et al. 2016) and others
demonstrating positive changes in body composition (Trapp
et al. 2008; Zhang et al. 2017). Zhang et al. (2017) examined
females with obesity (38.1 £+ 2.3 BF%) and compared a HIIT
protocol (4:3 work (90% VOmax) to rest ratio) to continuous
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exercise at 60% VO;max on a cycle ergometer until 300 k] was
met achieved. The HIIT group significantly decreased fat mass
and BF% similar to steady-state exercise. In a 15-week study
conducted in young, healthy females, those who participated
in the cycling HIIT protocol (8 s sprint with 12 s easy spin in-
tervals for up to 20 min) reduced body fat more compared
to steady-state exercise (60% VOypeak) (Trapp et al. 2008). The
relative decrease for fat mass (—4.8%) and BF% (—4.7%) in the
present study, which were associated with large effect sizes,
were similar to the HIIT group in Trapp et al. (2008). Col-
lectively, it appears that meaningful improvements in body
composition outcomes can be seen after HIIT, even in young,
healthy females who are recreationally active. The aforemen-
tioned variability in fat mass and BF% outcomes in reports
is likely due to differences in HIIT interventions (e.g., type
and volume, work to rest ratios), as well as the use of differ-
ent body composition assessments. A strength of the current
work was the use of the “gold standard” four-compartment
model for the measurement of BF% (Wilson et al. 2012).
Numerous mechanisms likely played a role in the observed
reductions in fat mass, and given the difference in weight-
bearing between protocols, adaptations for the exercise-
induced GH response were of interest. Previous research
has demonstrated that high-intensity exercise increases adi-
pose tissue lipolysis via lipolytic hormones, such as GH and
catecholamines (McMurray and Hackney 2005). While cat-
echolamine levels were not assessed, we examined the re-
sponse of acute, exercise-induced (i.e., VO;max) GH fluctu-
ations following training. As expected, GH concentrations
demonstrated an exercise-induced increase at 15 and 30 min
after the VO,max at baseline. This acute GH response was in-
creased at both time points following training, with no differ-
ences between groups. GH is released in a substantial manner
when exercising above lactate threshold compared to below
this threshold (Luger et al. 1992; Weltman et al. 1992). One
of the crucial roles of GH, during periods of enhanced secre-
tion, is to activate the mobilization of free fatty acids to el-
evate the amount accessible for oxidation (Cersosimo et al.
1996). Therefore, the increased GH secretion after 8 weeks
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Fig. 8. Peak torque for the (A) knee extensors and (B) plantar flexors, and time-to-peak torque of the (C) knee extensors and
(D) plantar flexors before and after 8 weeks of plyometric (PLYO) and cycling (CYC) high-intensity interval training. + indicates
PT decreased similarly for both muscles after PLYO and CYC. * indicates an increase in time to PT after only CYC for the knee

extensors.
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of training is likely at least partially responsible for the pos-
itive body fat outcomes. Although we were unable to track
lactate threshold during training sessions, we did assess in-
tensity via continuous heart rate monitoring. Average exer-
cise heart rate, which included rest intervals, across the 8
week training sessions was ~172 bpm and ~162 bpm (>80%
pHRyo2) for PLYO and CYC, respectively, and maximal exer-
cise heart rate was above 90% ,HRyo,. Though not verified,
it is reasonable to believe that large portions of exercise ses-
sions were performed above lactate threshold (Demello et al.
1987). However, it appears there were not sufficient differ-
ences in intensity or muscle-mass involvement between pro-
tocols for unique adaptations in acute, exercise-induced GH
fluctuations in response to a maximal exercise test.

As expected, due to the aerobic nature of both the plyo-
metric and cycle-based protocols, aerobic capacity improved
similarly for both the PLYO (4.1%) and CYC (4.2%) groups, with
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no differences between protocols. The improvements in aer-
obic capacity are consistent with previous reports examining
training interventions involving high-intensity aerobic train-
ing in the forms of running (Helgerud et al. 2007) and cycling
(Gottschall et al. 2014). When studying healthy, recreationally
active individuals, twice weekly low-impact HIIT (i.e., cycle er-
gometer) for 6 weeks at 85%-95% HRy,x improved VOymax by
9.7% (Petersen et al. 2016). In female soccer players, 5 weeks
of running HIIT (maximal sprint efforts of 30 s and 4.5 min of
active recovery, twice weekly) caused a mean VO, improve-
ment of 2.36 mL-kg~!-min~! (4.73%). The rapid improvement
in VO;max OT VOzpeax after 2—-8 weeks of HIIT training may re-
sult from enhanced central function such as an increment
in stroke volume (Helgerud et al. 2007), or peripheral adapta-
tions, for example, up-regulated mitochondrial enzyme activ-
ity (e.g., content and efficiency) (Perry et al. 2008). The PLYO
modality was unique relative to previous literature, which is
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predominantly based on cycling and running interventions.
Despite the PLYO modality requiring greater intensity, as in-
dicated by average and maximal exercise heart rate, neither
aerobic capacity nor body composition changes differed be-
tween protocols. However, it is important to note that exer-
cise energy expenditure was not measured, so it is unclear if
it differed between interventions.

This study afforded a comprehensive examination of skele-
tal muscle size and quality to complement typically reported
body composition outcomes in HIIT literature. In contrast
to previous studies in young adults (Estes et al. 2017), hy-
pertrophy did not occur for either the VL or PFs as a result
of HIIT. The rationale for this finding is unclear, but train-
ing status and study duration were likely influential since
our participants were currently involved in resistance train-
ing, while Estes et al. (2017) examined untrained individu-
als. In addition, the inconsistent mechanical loading for the
KEs and PFs due to movement and resistance variability in
PLYO and CYC, respectively, was not optimal for a hyper-
trophic response. More specifically, the wide variety of move-
ments implemented in PLYO likely did not enable an ade-
quate stimulus for the VL or PFs, while the minimal load-
ing of these muscles in CYC was not conducive to muscle hy-
pertrophy. Interestingly, EI decreased (indicative of improved
muscle quality) for both, the VL and PFs, which expands
on similar findings following resistance training (Radaelli
et al. 2013; Cadore et al. 2014). In contrast to this finding,
a previous study found no effect of HIIT on EI (Blue et al.
2018). The discrepancy between studies is likely due to the
longer training period for the present study (6 weeks vs. 3
weeks) or differences between populations (healthy vs. over-
weight/obese). It is possible that decreases in inter- and intra-
muscular adipose tissue, corresponding to the total body
composition improvement, were influential for this finding,
but this is not clear. Ultrasound-derived EI is an indirect
measure of tissue composition, which may be affected by
other factors. For example, it has been suggested that mus-
cle glycogen levels affect EI, but there are mixed findings
(Hill and Millan 2014; Nieman et al. 2015; Routledge et al.
2019). It is unclear if an altered muscle glycogen status af-
ter HIIT would affect EI. A recent study elegantly demon-
strated the influence of skeletal muscle pennation angle on
EL, whereby an increase in the former is associated with de-
creased EI (Pinto et al. 2022). The sensitivity of pennation an-
gle to exercise training is well established (Timmins et al.
2016), so the influence of exercise-induced changes in mus-
cle architecture cannot be ruled out. Regardless, it is not sus-
pected that muscle swelling contributed to the changes in
EI given the post-testing timeline and the unaltered CSA val-
ues (Radaelli et al. 2012). Additional research using more pre-
cise imaging technology (e.g., computed tomography) is war-
ranted to substantiate the influence of HIIT on whole-muscle
quality.

We comprehensively examined performance adaptations
via CM]J as well as muscle strength and explosiveness for the
KEs and PFs. CM] performance nor peak power of the KEs or
PFs was influenced by either training protocol. Our findings
are in line with several reports indicating no benefit of HIIT
on muscle power (Astorino et al. 2012) or strength (Astorino
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et al. 2012; de Oliveira et al. 2016; Vera-Ibafiez et al. 2017;
Clark et al. 2019) in healthy, untrained adults, although some
evidence exist for an increase in strength (Martinez-Valdes
et al. 2017). Strength decreased for both muscle groups in
the current study, which may be due to the training history
of participants. Perhaps interference resulting from the HIIT
stimuli (Hickson 1980; Fyfe et al. 2016), or the possibility that
participants reduced the amount of resistance training per-
formed on a weekly basis was influential for this finding.
A unique feature of the present study was our assessment
of rapid torque production (i.e., time to PT) and power via
isokinetic and isotonic contractions, respectively. While no
changes occurred for PLYO, CYC showed a moderate increase
in time to PT for the KEs, meaning KE torque production was
slower. The finding that strength was reduced exacerbates
this finding since it illustrates that a greater amount of time
was needed to achieve a lower torque capacity. The emphasis
on the quadriceps in the cycle-based protocol may have pref-
erentially induced endurance adaptations that are typically
inversely related with explosive torque production in this
musculature (Hikkinen et al. 2003). The finding for time to
PT after CYC only demonstrated a moderate effect size, which
should explain the lack of translation to decreased explosive-
ness during more practical movement patterns, including
isotonic power and CM] performance after training. The posi-
tive effect of plyometric training on CM]J performance is well-
established (Gehri et al. 1998; Markovic 2007; Makaruk et al.
2014), thus it could have been postulated that the PLYO group
would demonstrate increased CMJ performance. While it was
not surprising that the cycle-based group did not improve
CM]J performance due to the lack of training specificity, the
PLYO failed to demonstrate improved performance as well.
Unlike standard plyometric training, the plyometric-oriented
exercise consisted of longer duration work bouts (1-2 min)
and very short rest intervals (15-45 s). Thus, while partici-
pants were verbally encouraged to perform plyometric move-
ments with maximal effort, it is likely that fatigue presented
relatively early in each session and attenuated performance.
Therefore, despite PLYO being weight-bearing in nature and
possessing some degree of movement specificity, the imple-
mentation of plyometrics in a more endurance-based manner
was not effective at improving muscle function or CM]J perfor-
mance.

There were several limitations within this study. Partici-
pants were asked to record and maintain their normal diet
throughout the study, but we did not strictly measure their
dietary intake over the 8 weeks. The duration for each ses-
sion was equal between groups, but the specific work to rest
intervals, as well as the total volume, were not directly mea-
sured or compared. For example, the stationary bikes utilized
a resistance controller that allowed arbitrary adjustments in
resistance. Despite limited control of exercise variables (e.g.,
repetitions and cycling resistance), we believe our training
protocols reflect good external validity as the exercise rou-
tines are typical in fitness settings (i.e., university and com-
munity gyms). Although participants were asked to maintain
their current physical activity upon enrollment in the study,
we could not confirm their adherence. Therefore, it is possi-
ble that participation in usual exercise habits (i.e., resistance
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training) may have diminished, especially given the higher
intensity nature of the training protocols. Finally, although
protein consumption and overall caloric intake were mon-
itored, data for carbohydrate or fat consumption were not
recorded.

Conclusions

The results of this study indicate that 8 weeks of HIIT is
effective for improving overall body composition and aero-
bic capacity, regardless of whether it is plyometric- or cycle-
oriented, when performed twice per week for 30 min. Thus,
similar changes for body composition and aerobic capacity
can be expected for plyometric- and cycle-oriented HIIT in
young females. This finding is important since these are com-
mon modalities offered in group fitness settings at university
and community gyms. Individuals who do not have access
to a stationary bike can opt for body weight HIIT that does
not require equipment to improve health and fitness out-
comes. These implications are timely as body weight training
is increasingly popular (Thompson 2018; Thompson 2022),
so evidence for its efficacy is critical. HIIT protocols com-
pleted in this study improved an index of muscle quality
(i.e., echo-intensity), but this finding should be interpreted
with caution as the underlying whole-muscle tissue alter-
ations were not directly identified. Otherwise, size and func-
tion of the KEs and PFs were mostly unaffected with some
decrements in rapid torque capacity after cycle-oriented HIIT.
The 100% adherence rate was also noteworthy, indicating
that high-intensity exercise, especially in a group exercise
setting, is a conducive option for consistent engagement for
8 weeks.
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