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ABSTRACT

Purpose: To compare the effects of variable resistance complex training (VRCT) versus
traditional complex training (TCT) on muscle architecture in rugby league players during

a 6-week mesocycle.

Methods: Twenty-four rugby league players competing in the BUCS Premier North
Division were randomised to VRCT (n=8), TCT (n=8) or control (n=8). Experimental
groups completed a 6-week lower-body complex training intervention (2x/week), which
involved alternating high-load resistance exercise with plyometric exercise in the same
session. The VRCT group performed resistance exercises at 70% of 1RM + 0-23% of
1RM from band resistance with a 90 second intra-contrast rest interval (ICRI), whereas
the TCT group performed resistance exercise at 93% of 1RM with a 4-minute ICRI.
Muscle thickness (MT), pennation angle (Pang) and fascicle length (Lf) were assessed for

the vastus lateralis (VL) and gastrocnemius medialis (GM) using ultrasound imaging.

Results:

Both TCT and VRCT groups significantly improved VL MT and VL L¢ compared to
control (all p<0.05). Standardised within-group changes in MT and Lt (Cohen’s dav = 95%
confidence interval) were moderate for TCT (dav= 0.91£1.0; day = 1.1%1.1) and unclear
for VRCT (dav = 0.44£0.99; dav = 0.47£0.99), respectively. Differences in change scores

between TCT and VRCT were unclear.

Conclusions: VRCT and TCT can be utlilised during the competitive season to induce
favourable MT and Lf muscle architecture adaptations for the VL. TCT may induce
greater muscle architecture adaptations of the VL whereas, VRCT may be of more

practical value given the shorter ICRI between resistance and plyometric exercises.
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INTRODUCTION

The ability of skeletal muscle to generate maximum force and power is strongly
influenced by its architecture.? Specifically, muscle architecture characteristics such as,
muscle thickness (MT), pennation angle (Pang) and fascicle length (Lf) affect the
transmission of force from muscle to tendon.®> Given the plastic nature of muscle
architecture, it is important for sport science practitioners to understand how different
training modalities modify muscle architecture and in turn muscle function, which

eventually affect athletic performance.?

Increases in vastus lateralis (VL) Pang and Lt,*° as well as MT,* have been observed in
response to heavy concentric and eccentric resistance training. Interestingly though, a
recent study found distinct VL adaptations associated with eccentric exercise
(predominantly Ls) or concentric exercise (predominantly Pang).? Increases in both Pang
and L¢ will affect muscle size (i.e. MT), which results in greater force generating
capacity.” Additionally, it has been suggested that an increase in Pang enables muscles to
work closer to their optimum length as they have to shorten less for a given tendon
displacement, which again helps generate more force.® A limited number of studies have
examined the effect of plyometric training on muscle architecture.®® An increase in Lt
(+13%) and a decrease in Pang (-9%) of the VL have been reported in a small sample of
elite female rowers following 16 weeks of concurrent endurance and heavy resistance
training, including plyometric training.® In contrast, another study found a significant
increase in MT (+4-6%), Lt (+6-8%) and Pang (+4-8%) of the VL in recreationally active

young and older males following 6 weeks of plyometric training.®
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Traditional approaches to the periodization of strength training typically involves periods
of maximal strength work, employing heavy resistance training, prior to power training.°
This sequencing takes advantage of the changes in muscle architecture elicited by heavy
resistance training to further enhance adaptations in a subsequent period of power training

and allows both extremes of the force-velocity curve to be trained. However, this

approach is typically applied over a period of weeks or months.

Complex training, or more specifically contrast training (a specific subset of complex
training), alternates high-load resistance exercise with plyometric exercise on a set for set
basis in the same session, with the aim of improving slow and fast force production.'?
Complex training has been shown to be just as (or more) effective for improving strength
and power in comparison to either modality alone.*® This is attributed to post-activation
performance enhancement (PAPE), a phenomenon which theorises that force production
and rate of force development are temporarily augmented in skeletal muscle following a
near maximal voluntary contraction, at least partly due to changes in muscle activation,

muscle temperature, and intracellular water accumulation.*

An appropriate intra-contrast rest interval (ICRI) between resistance and plyometric
exercises is needed to allow fatigue to dissipate.’® Although heavy load (> 85% of 1-
repetition maximum [RM]) exercises performed at slow velocities are typically used to
elicit the PAPE response!®’, research suggests that moderate loads (60-85% of 1RM),
combined with variable resistance, performed explosively can also induce PAPE.*®° The
selection of heavy or moderate loads depends on a multitude of factors, including the

desired outcome and training experience.

Variable resistance modifies the force-velocity profile of resistance exercise, enabling
greater accelerations and velocities during the concentric phase of the lift.?° This is

achieved by using latex bands or chains to add a percentage of the total resistance as the
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barbell travels through the range of movement.?’ Consequently, it is easier to accelerate
during biomechanically disadvantageous positions, or ‘sticking points’, during the initial
movement.?® Additionally, greater force and power outputs in biomechanically
advantageous positions have been reported.'* This is attributed to variable resistance

accounting for the length-tension relationship of skeletal muscle.?

Limited research investigating the effects of complex training on muscle architecture
exists.?! The stimuli (resistance and plyometric exercise) delivered to the muscle during
complex training could induce conflicting muscle architecture adaptations.® Moreover, to
date, no empirical evidence documents the associated muscle architecture adaptations of
complex training modes which induce slow contraction velocities in comparison to faster
contraction velocities. Therefore, the purpose of this research was to compare the muscle
architecture adaptations of traditional complex training (TCT) and variable resistance

complex training (VRCT).

METHODS

Participants

Twenty-four male rugby league players were recruited from a University rugby league
team during the competitive season (Table 1). Given the multiple training modes players
engage in, congested fixture schedules and short turn-around time between games, there
is limited time for strength training.?? During the competitive season, complex training
may be advantageous in this population as it enables two training modes, which rugby
league players regularly engage in, to be addressed in a single session.?® All participants
had no existing musculoskeletal injuries, were currently competing in the BUCS Premier
North Division, and engaged in two resistance training sessions per week plus one weekly
sports-specific field session (rugby league skills and conditioning) for the last six months..

The study received full ethical approval from the Department of Sport, Health and
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Exercise Science Ethics Committee at the University of Hull in accordance with the
Declaration of Helsinki. Each participant voluntarily gave their written informed consent

to take part in the study.

Experimental Design

The study adopted a between-subject, randomised design. Participants were randomly
allocated to either VRCT, TCT or a control (CON) group using online randomisation
software. Both training groups completed 6-weeks of the corresponding training
interventions which comprised of two sessions per week where the volume-load was
identical between training groups. Participants in the CON group did not undertake any
training. Outcome measures of MT, Pang and Lt for the VL and Gastrocnemius Medialis

(GM) were assessed pre- and post-intervention (Figure 1).
Experimental Procedures

Participants attended a familiarisation session during which, anthropometric
measurements of height (The Leicester Height Measure, Seca, Birmingham, UK) and
body mass (Seca 813 digital scales, Birmingham, UK) were recorded. For the purpose of
muscle architecture assessment, leg dominance was determined using the step up, balance
recovery and ball kick tests.?* Leg dominancy was defined as the leg which was dominant
in two of the three tests. Additionally, participants were familiarised with the standardised
warm-up (Table 2), experimental testing protocol, and the resistance and plyometric

exercises within the training programme.

Muscle architecture assessment of the VL and GM on the dominant leg of each participant
was completed during a single visit. The muscular contractions of the VL and GM directly
relate to key movement skills in rugby league such as running, jumping and
multidirectional speed.?® The following week, participants were randomly assigned to

VRCT, TCT or CON. Training load for each exercise was determined over two days
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separated by 48-96 hours recovery. Day 1 consisted of a 1RM hex-bar deadlift (HBD).
Day 2 involved a 3RM Romanian deadlift (RDL) and Bulgarian split squat (SSgulg).
Participants commenced the 6-week training mesocycle the next week. Testing for the
post-intervention outcome measures took place the week following the final complex

training session.
Outcome Measures

This paper reports changes in muscle artichecture, including MT, Pang and Lt for the VL
and GM. Changes in back squat one repetition maximum (1RM), countermovement jump

(CMJ) power, sprint speed and leg stiffness are reported in a separate ‘twin’ manuscript.2®

Muscle architecture was examined using a 7.5 MHz, 45 mm linear array, B-mode
ultrasound probe (MyLab 50 Xvision, Esaote, Genova, Italy) with a depth resolution of
50 mm. Participants lay supine with knees flexed at 30° to reduce fascicle curvature for
VL assessment.?” The probe was placed 50% of the distance from the greater trochanter
of the femur to the articular cleft between the femoral and tibial condyles.* For GM
assessment, participants lay prone with their ankles relaxed at 90°.2% The probe was placed
30% of the distance from the articular cleft between the femoral and tibial condyles to the
lateral malleolus.?® To allow fluid shift to occur, participants lay in the described positions

for 20-minutes prior to any measurement.?®

A water-soluble transmission gel was applied to the probe to aid acoustic coupling and
remove pressure on the muscle. The probe was aligned with the sagittal plane of the
muscle fascicles and perpendicular to the skin. The orientation of the probe was
manipulated and considered appropriate when several muscle fascicles were determined
without interruption across the image.*?’ Consequently, the angle of the probe relative to
the longitudinal axis varied between participants. A total of four images were recorded

for each muscle.
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Determination of Individual Training Loads

Training load was determined for the resistance exercises within the training programme
over two sessions which were separated by 48-96 hours. Session one consisted of a 1RM
HBD and session two comprised of a 3RM RDL and SSgug. Following the same
standardised warm-up, established procedures for RM assessment were adhered t0.*
Briefly, participants performed RM attempts with progressively increased loads. The
attempt was only accepted if the exercise was completed with correct technique.
Participants were allowed 2-4 minutes recovery between each attempt and were permitted
a maximum of five attempts to derive the corresponding RM. Predicted 1RM scores for

RDL and SSgulg Were calculated using the training load chart.!

For VRCT, the variable resistance from the latex bands was determined following
previously established methods.!81° Briefly, participants stood on Seca weighing scales
with the bar and mass recorded. The bands (Pullum Sports, Leighton Buzzard,
Bedfordshire) were secured to the bar and participants stood at the end range for each
exercise and mass was recorded. Band tension was defined as the difference between
these two measures. This process was repeated with bands of various tension until the

accommodating resistance reached 23% 1RM at end range for each exercise.
Training Programme

Complex training sessions (or more specifically, contrast training; a specific subset of
complex training)'! were completed twice per week for six weeks, with 48-96 hours
recovery between sessions. Each training session commenced with a standardised warm-
up. Additionally, participants were allowed two warm-up sets of each resistance exercise,
which comprised of six repetitions at 50% of 1RM and four repetitions at 70% of 1RM
separated by 2-3 minutes rest. Both groups performed the HBD as explosively as possible

during the concentric phase. To safely minimise the amount of work during the eccentric



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

phase, the TCT group were instructed to drop the bar at the top of the lift whereas, the
VRCT were instructed to perform the eccentric phase as quickly as possible. To replicate
real-world application of complex training, multiple complex pairs (HBD + drop jumps,
RDLs + pike jumps, SSguig + lunge jumps) were prescribed (Table 3). Participants were
encouraged to lift as explosively as possible during the concentric phase for RDL and

SSgulg and complete the eccentric phase in a controlled manner.

The volume-load of the prescribed exercises was consistent between training groups,
where volume was defined as sets x repetitions x load. However, the barbell load and
ICRIs varied. Studies have demonstrated that an ICRI of 4-12 minutes elicits optimal
PAPE responses when heavy load (> 85% of 1RM) resistance exercises are utilised.®’
However, research suggests that shorter ICRIs of 90 seconds can evoke PAPE when a
moderate load (60-85% of 1RM) is combined with variable resistance.*®° which may be
of more practical value during the competitive season. Therefore, TCT comprised of
resistance exercises performed at 93% of 1RM with a 4-minute ICRI whereas, VRCT
involved resistance exercises performed at 70% of 1RM + 0-23% of 1RM from band
resistance with a 90 second ICRI. The adherence rate for the VRCT and TCT groups were
94.8% and 95.8%, respectively. Participants maintained their in-season training routine
during the study, which comprised one field session (rugby league skills and
conditioning) and one match each week, but did not engage in any other form of resistance

training or plyometrics.
Data Analysis and Variable Extraction

Image analysis (Figure 2) was conducted using publicly available imaging software
(ImageJ, 1.48v, National Institutes of Health; http://rsb.info.nih.gov/ij/). MT was
measured as the distance between the superficial aponeurosis and the deep aponeurosis at

the centre of the image.*?’ Pang was measured as the angle between the deep aponeurosis
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and the fascicles.?” L was measured as the length of the fascicle between the superficial
and deep aponeurosis. The visible portion of the muscle fascicle in each image was
measured by tracking the length of a single muscle fascicle using a segmented line. The
non-visible portion was estimated by linear extrapolation which involved measuring the
distance between the visible muscle fascicle to the intersection between a line drawn from
the muscle fascicle and a line drawn from the aponeuroses.?® A mean was calculated from
the 4 images recorded for each variable. . Between-session coefficient of variations (CVs)
and intraclass correlation coeffcients (ICCs) for MT (3.30%, 0.89), Pang (3.64%, 0.93)
and Lf (3.52%, 0.95) have been reported previously, indicating a high level of

reliability..>?

Statistical Analysis

Preliminary analysis was conducted to ensure normal distribution of the data. Statistical
analysis was conducted using a 3 (condition: VRCT, TCT and CON) x 2 (time: pre- and
post-training) ANOVA with repeated measures on time to analyse within-group changes
between pre- and post-training. If significant main effects for time were detected, pairwise
comparisons were applied with Bonferroni corrections to correct for type | errors.
Between-group differences of the change score were analysed using a one-way ANOVA.
Standardised effect size statistics (Cohen’s d) were also calculated to interpret within-
group changes from pre-training to post-training (mean change divided by the average
SD at pre- and post-training; dav), and between-group differences in change scores (mean
difference divided by the SD of difference; ds).** The magnitude of Cohen’s d was
interpreted as trivial (<0.19), small (0.20-0.59), moderate (0.60-1.19), large (1.2-1.99),
and very large (>2.0).3* Where the 95% Cls overlapped the thresholds for small positive
and small negative, the effect was considered unclear. Statistical procedures were

conducted using SPSS 26 (SPSS Inc., Chicago, IL) and standardised effect sizes were
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calculated using Microsoft Excel. Statistical significance was set at p < 0.05. Data are

presented as mean = SD or d £ 95% confidence interval (CI).

RESULTS

Descriptive statistics and within-group changes from baseline to follow-up are reported
in Table 4. Both TCT and VRCT significantly improved VL MT and VL L¢ from pre-to-
post training (all p<0.01). The magnitude of within-group changes in VL MT and VL L¢
were moderate for TCT (day = 0.91£1.0; day = 1.1+1.1) and unclear for VRCT (day =
0.44%0.99; day = 0.47%0.99), respectively. Change scores for VL MT and VL Lt following
TCT and VRCT were significantly different compared to CON (all p<0.05; Table 4).
However, differences in change scores between TCT and VRCT were unclear (presented

in Figure 3).

VRCT and TCT both demonstrated significant improvements in back squat 1RM

compared to control (reported in a separate paper?®).

DISCUSSION

The main findings of this study were that both complex training conditions induced
similar muscle architecture adaptations to VL MT and VL L+. However, there is evidence
to suggest that TCT favours improvements in these muscle architecture variables; this
may have important implications in relation to the transmission of force from muscle
fibres to the tendon. For example, changes in MT may result in higher transmission of
force through tendons to the skeletal system® and changes in L may contribute to higher
shortening velocities.? Both architectural adaptations can be considered important for
enhacing performance in rugby league. Additionally, the training interventions had no
effect on the GM muscle.VRCT may be advantageous during the competitive season

because it is time-efficient and involves lifting lower loads at higher velocities..
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Therefore, the implementation of either TCT or VRCT is a trade-off between the

magnitude of muscle architecture adaptation and time.

Only one previous study has examined the effects of complex training on muscle
architecture.?! In agreement with this research, the present study demonstrated increased
VL MT following the VRCT and TCT conditions. Interestingly, MT is indicative of
muscle cross sectional area®* and is associated with enhanced force production
capabilities of skeletal muscle,*® ostensibly due to a greater number of sarcomeres in
parallel. This is important given that strength and power are integral for successful
performance in rugby league.”® The change in MT may also benefit subsequent
adaptations to training by facilitating an improved ability to handle higher training loads
and therefore allow for application of greater overload stimulus. Increased muscle cross
sectional area is synonymous with hypertrophy.® Although the present study did not
directly assess hypertrophy, previous research has demonstrated that complex training
evokes significant increases in cross sectional area of type | and Il VL muscle fibres. It is
conceivable that both complex training conditions elicited hypertrophic responses

however, this requires further investigation.

There is evidence to suggest that adaptations to VL Ls were induced following TCT.
Although improvements were observed in both conditions, only adaptations in TCT were
greater than the minimum detectable change (MDC; 0.94cm) previously reported by the
researcher.®? Greater Lt is associated with an increase in the number of sarcomeres in
series which enables faster fibre shortening velocities.! This can be explained by a shift
to the right in the length-tension curve since peak tension occurs at longer sarcomere
lengths and less work is done on the descending part of the curve where force production
is inhibited.®” This may be important in relation to multidirectional tasks during rugby
league match-play since faster individuals typically possess longer muscle L .%® The

increased amount of time spent under tension with a greater constant barbell load during
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TCT?*® may explain this finding since an increase in the number of sarcomeres in series
may result from increased e heccentric muscle loading®” This finding is in conflict with
previous research?! and therefore warrants further examination. It is conceivable that this
is due to differences in exercise selection, volume-load, barbell load and ICRIs utilised

in this study and previous research.

The current study demonstrated no change in VL Pang Which is also in disagreement with
previous research.?! Similar to MT, increases in Pang are associated with the arrangement
of a greater number of sarcomeres in parallel and the packing of muscle fibres within a
given anatomical cross-sectional area.>® However, increased Pang is reported to decrease
muscle fibre shortening velocity because of reduced force transmission from muscle
fibres to the tendon due to the increased oblique angle of pull.>® Therefore, increases in
MT and Ly, as observed in this study, may be favourable to counteract the reduction in

fibre shortening velocity.

No changes to GM muscle architecture were observed in the present study. This contrasts
with previous research which reported increased GM Pang and decreased Lt.2! The GM
acts as a stabiliser of the lower leg during closed chain resistance exercises and its
contribution to such exercises are dependent on knee and joint angles due to its biarticular
nature.*%#! Therefore, it is conceivable that the GM did not act as prime mover of the
exercises administered within the current study. The loaded (30% of 1RM) plyometric
exercises utilised in previous research? may have induced greater muscle activation

during plantar flexion which could explain these findings.**

The differences in findings between the present study and previous research could also
be explained by the selected training variables. For example, Stasinaki et al.?
implemented 85% and 30% of 1RM loads for resistance and plyometric exercises,

respectively. The weighted plyometric exercises are likely to have altered the force-
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velocity profile of the movements in comparison to the body weight plyometric exercises
within the current study, which is important given that muscle architecture adaptations
are velocity-specific.” The resistance exercises in previous research were machine based
which may not be a PAPE specific stimulus since muscle activation is reduced.*® An ICRI
of 3-minutes was utilised which may not have enabled PAPE to manifest, especially given

the training status of the participants.

There are some limitations to this study. Although participants were, at least, moderately
trained, their training status varied which may have influenced the magnitude of muscle
architecture adaptation.*? Despite that participants were randomy allocated to groups, the
VRCT group had a lower body mass than the other groups at baseline, although there is
no evidence that this would modify muscle architectural adaptations to complex training.
The sample size was small, however, it is challenging to recruit rugby league players for
a training intervention study during their structured in-season training schedule. Since the
training programmes were conducted in-season, it was not possible to control for on-field
training loads, which could have influenced muscle architecture adaptations. Training
variables were not manipulated as the training programme progressed therefore, PAPE
may not have been elicited since the response is modified following training.*®
Furthermore, the highly individualised nature of PAPE® means that it cannot be
guaranteed that an optimal response was evoked in all participants. The selected ICRIs
were based on the HBD and may not have been appropriate for RDL and SSgulg since the
magnitude of PAPE and recovery intervals have not been reported in academic literature.
Although the study attempted to replicate real-world training scenarios using multiple
complex pairs, the results from the study cannot be attributed to one form of training (i.e.

resistance or plyometric training) which should be considered in future research.

PRACTICAL APPLICATIONS
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This study suggests that VRCT and TCT induce similar muscle architecture adaptations
of the VL, which may be beneficial for rugby league players in relation to force and power
production. TCT may favour muscle architecture changes therefore enhancing force
transmission from muscle fibres to the tendon whereas, VRCT may be advantageous
during the competitive season due to the shorter ICRI. Therefore, coaching staff should
consider the objective of their training programme and judge whether the potential muscle
architecture benefits associated with TCT outweigh the time efficiency of VRCT.
Nevertheless, both modalities appear to be suitable for training both extremes of the force-
velocity curve during a single session when ICRIs recommended in academic literature

are implemented.

CONCLUSIONS

This is the first study to demonstrate the muscle architecture adaptations associated with
TCT and VRCT during a 6-week mesocycle throughout the competitive rugby league
season. TCT may lead to greater muscle architecture adaptations of the VL whereas,
VRCT is likely to be of more practical value given the shorter ICRI between resistance
and plyometric exercises. How these muscle architecture adaptations are reflected into

the sport performance of rugby league requires further examination.
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Figure captions

Figure 1. A schematic representation depicting the design and time frame of the study.

VL = Vasuts lateralis; GM = Gastrocnemius medialis; RM = repetition maximum.

Figure 2. Sagittal plane ultrasound images of the vastus lateralis (VL) and
gastrocnemius medialis (GM). Panels A & B show the measurement of muscle
thickness, pennation angle, and fascicle length in the VL (A) and GM (B). Panels C &
D show ultrasound images of the VL from a representative participant pre- and post-

traditional complex training (TCT).

Figure 3. Standardised between-group differences (ds £ 95% CI) in change scores and
their corresponding 95% confidence intervals between TCT and VRCT groups. Area
shaded in grey represents a trivial standardised difference (£0.20). VL = Vastus lateralis;
GM = Gastrocnemius medialis; VRCT = variable resistance complex training; TCT =

traditional complex training.



516  Table 1. Participant characteristics at baseline. Data are presented as mean * SD.

VRCT (n=8) TCT (n=8) CON (n=8)
Age (years) 20.3+1.0 22.8 £ 3.6 26.0+4.0
Height (cm) 178 £ 8.7 185 + 4.7 181 + 6.9
Weight (kg) 84.74 + 10.65 96.17 + 10.45 92.24 +9.95
Back squat 1RM (kg) 134+ 24 119+ 27 154 + 36
CMJ peak power (W) 4432 + 682 4294 + 662 4842 + 472

517  1RM = one repetition maximum; CMJ = countermovement jump; CON = control; TCT

518 = traditional complex training group; VRCT = variable resistance complex training
519  group.
520 Table 2. Standardised warm-up for experimental protocol and training
521 sessions.

Exercise Sets x reps (intensity)

Cycling 1 x 3 minutes (60 W)

Body weight squats 1x6

Mountain climbers 1x6els

Thoracic rotations 1x6els

Glute bridge 1x6

Band pull apart 1x6

Submaximal CMJs 1x3-4

Corresponding resistance 1 6 (50% 1RM): 1 x 4 (70% 1RM)

exercise
522 e/s = each side; CMJ = countermovement jump; RM = repetition maximum.
523 Warm-up sets of the corresponding resistance exercise were administered during

524 the training sessions.



525 Table 3. Overview of the complex training programmes.

VRCT TCT
Complex pairs Sets x Load ICRI Complex pairs Sets x Load ICRI
reps reps
la. Hex-bar deadlift 3 X3 70 + 0-23% 1RM la. Hex-bar deadlift 3 X3 93% 1RM
1b. Drop jumps (40  3x6 Body weight 90 seconds | 1b. Drop jumps (40 3x6  Body weight 4 minutes
cm) cm)
2a. Romanian 3x3 70 + 0-23% 1RM 2a. Romanian 3x3 93% 1RM
deadlift _ 90 seconds | deadlift _ 4 minutes
2b. Pike jumps 3x6 Body weight 2b. Pike jumps 3x6  Body weight
3a. Bulgarian split 3x3 70 + 0-23% 1RM 3a. Bulgarian split 3x3 93% 1RM
squat _ 90 seconds | squat _ 4 minutes
3b. Lunge jumps 3x6 Body weight 3b. Lunge jumps 3x6  Body weight
526 Training sessions were performed twice per week. A 3-5 minute recovery interval was allowed between complex sets. A 48-96 hour recovery
527 period was allowed between training sessions.

528 VRCT = variable resistance complex training; TCT = traditional complex training; ICRI = intra-contrast rest interval.



529  Table 4. Within-group effect sizes for muscle architecture measurements of the vastus lateralis and gastrocnemius medialis before and after the training
530 interventions. Data are presented as mean £+ SD and dav = 95% CI.

Vastus Lateralis Gastrocnemius Medialis

531
532
533

534

Muscle Thickness  Pennation Angle  Fascicle Length Muscle Pennation Angle Fascicle Length
(cm) (°) (cm) Thickness (cm) (°) (cm)

Pre 2.99 £ 0.54 16.32 £ 2.71 10.70 £ 1.75 1.95+0.16 24.65 £+ 2.09 4.93£0.62

Post 3.21 £ 0.45* 16.08 £ 1.61 11.50 + 1.65* 2.01+£0.17 24.86 £ 2.14 4.93+0.64

VRCT Change Score 0.21+£0.12t -0.24+1.71 0.80 £ 0.54t 0.07 £ 0.09 0.21+£2.46 0.00 £0.28
Cohen's dav 0.44 £ 0.99 -0.11 +0.98 0.47 £ 0.99 0.36 £ 0.99 0.10+£0.98 0.00 £0.98

Pre 2.89 +0.54 15.78 + 1.22 10.66 + 0.85 2.06 +0.16 24.29 + 2,98 5.33+0.52

Post 3.15+0.31* 15.54 + 1.86 11.78 + 1.22* 2.12+0.21 23.88 +1.98 5.32 +0.64

Ter Change Score 0.26 = 0.09t -0.25+1.45 1.12 £ 0.581 0.06 £0.14 -0.41+£1.32 -0.02 £0.17
Cohen's dayv 0.91+1.03 -0.15+0.98 1.07 £ 1.05 0.32£0.99 -0.16 +£0.98) -0.02 £ 0.98

Pre 3.16 £0.38 16.42 + 0.94 11.25+1.24 1.91+0.25 23.86 £ 3.34 5.00 £ 0.67

Post 3.15+0.40 16.23 +0.82 11.32£1.20 1.94+0.24 23.99 +£3.33 4.95 £+ 0.65

CON Change Score -0.01 +0.08 -0.18 +0.50 0.08 £ 0.09 0.02 £0.03 0.14 £ 0.62 -0.05+0.10
Cohen's day -0.03+0.98 -0.22 +0.98 0.06 £ 0.98 0.12£0.98 0.04 £0.98 -0.08 + 0.98

* denotes a significant change from pre- to post-training (all p<0.01).

t denotes a significant difference in change scores compared to control (all p<0.05).VRCT = variable resistance complex training group; TCT =

traditional complex training group; CON = control.
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Week 11: Post-tests

Week 1: Familiarisation Week 2: Pre-tests Week 3: Group Assignment and Determination of Training Load Weeks 4-10
. 48-06 ; -
) ) _ 1RM hex bar deadlift - 3RM Romanian deadhift
) Variable Resistance . hours . } .
- Anthropometric - ]\-Iusple Complex Training * - Rfequi.red variable * - 3RM Bulgarian split squat - Complex
measurements architecture feststance - Required variable resistance Training
. assessment of the Intervention
- Leg dominancy tests VL and GM
- Familiarisation of warm- 4396
e it ‘ ) hours | - 3RM Romaman deadlift
up and experimental . , Tradltmngl Flomplex o] - 1RM hex bar deadlift N
profocols Traimng - 3RM Bulgarian split squat
- Familianisation of
resistance and plyometric
exercises
Control

- Muscle
architecture
assessment of the
VL and GM
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VL Muscle Thickness

VL Pennation Angle

VL Fascicle Length

GM Muscle Thickness

GM Pennation Angle

GM Fascicle Length

VRCT

TCT

-0.47 + 0.99, unclear

0.01 £ 0.98, unclear

-0.57 £ 1.00, unclear

0.08 + 0.98, unclear

0.31 +0.99, unclear

0.09 £ 0.98, unclear
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