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Impact of high versus low fixed loads
and non-linear training loads on muscle
hypertrophy, strength and force development
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Abstract

Background: In this study, we investigated the effects of resistance training protocols with different loads on muscle
hypertrophy and strength.

Methods: Twenty-one participants were randomly assigned to 1 of 3 (n = 7 for each) resistance training (RT) proto-
cols to failure: High load 80 % 1RM (8-12 repetitions) (H group), low load 30 % 1RM (30-40 repetitions) (L group) and
a mixed RT protocol (M group) in which the participants switch from H to L every 2 weeks. RT consisted of three sets
of unilateral preacher curls performed with the left arm 3 times/week with 90 s rest intervals between sets. The right
arm served as control. Maximum voluntary contraction (MVC) of the elbow flexors (elbow angle: 90°) and rate of force
development (RFD, 0-50, 50-100, 100-200 and 200-300 ms) were measured. Cross-sectional area (CSA) of the elbow
flexors was measured via magnetic resonance imaging (MRI). All measurements were conducted before and after

the 8 weeks of RT (72-96 h after the last RT). Statistical evaluations were performed with two-way repeated measures
(time x group).

Results: After 8 weeks of 3 weekly RT sessions, significant increases in the left elbow flexor CSA [H: 9.1 £+ 6.4 %
(p=0.001),:94 +53% (p =0.001), M: 88 & 7.9 % (p = 0.001)] have been observed in each group, without signifi-
cant differences between groups. Significant changes in elbow flexor isometric MVC have been observed in the H
group (26.5 4 27.0 %, p = 0.028), while no significant changes have been observed in the M (11.8 4= 36.4 %, p = 0.26)
and L (4.6 & 23.9 %, p = 0.65) groups. RFD significantly increased during the 50-100 ms phase in the H group only

(p = 0.049).

Conclusions: We conclude that, as long as RT is conducted to failure, training load might not affect muscle hypertro-
phy in young men. Nevertheless, strength and RFD changes seem to be load-dependent. Furthermore, a non-linear
RT protocol switching loads every 2 weeks might not lead to superior muscle hypertrophy nor strength gains in
comparison with straight RT protocols.
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Background

Among several other RT parameters such as rest interval
between sets, total volume, time under tension and con-
centric vs. eccentric training, the optimal training load
for muscle and strength gains has been widely investi-
gated in previous research (Buresh et al. 2009; Campos
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and indicate if changes were made.

et al. 2002; American College of Sports 2009; Ogasawara
et al. 2013; Schuenke et al. 2012; Wilborn et al. 2009;
Kraemer et al. 1990). The general opinion is that heavy
load is necessary to stimulate fast twitch muscle fibers
with the greatest potential for hypertrophy (Fry 2004).
Although previous research showed that a training load
of 60-90 % 1RM maximizes muscle protein synthe-
sis (MPS) (Kumar et al. 2009), the optimal training load
for muscle gains is inconclusive, especially if training is
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performed to volitional failure (Sampson and Groeller
2015; Schoenfeld et al. 2015).

Recent research has shown that low load RT leads to
similar muscle hypertrophy gains compared to high load
RT (Ogasawara et al. 2013; Schoenfeld et al. 2015; Mitch-
ell et al. 2012). Indeed, Mitchell et al. (2012) showed
that 30 % 1RM induces comparable muscle gains when
compared to 80 % 1RM, both conditions performed to
failure by recreationally active participants with no for-
mer weightlifting experience. Similar results have been
observed in a study comparing the MPS rate after a bout
of RT comparing 30 % 1RM and 90 % 1RM to failure
(Burd et al. 2010). Another recent study investigating the
effects of different loads on muscle cross-sectional area
(CSA), strength and endurance changes in a well trained
cohort demonstrated similar results with regard to mus-
cle hypertrophy after a period of 8 weeks for the 25-35
repetitions group and the 8—12 repetitions group, both
groups training to volitional failure (Schoenfeld et al.
2015).

Strength and power improvements are also important
factors to consider when selecting a RT protocol. Indeed,
muscle hypertrophy may not be directly correlated with
strength increases (Sale 1988). Despite similar mus-
cle mass gains in both low and high load RT, strength
increases have been observed in high load RT, while
improved endurance has been recorded in low load RT
(Schoenfeld et al. 2015). Therefore, high load RT might
lead to superior results in strength as compared to low
load RT (Schoenfeld et al. 2015; Ogasawara et al. 2013).
Similar to strength gains, the rate of force development
(RED) responses to different training loads has been
widely examined for practical applications in sports (Haff
and Nimphius 2012). Regardless of such practical impor-
tance, RFD responses to regular RT with fixed tempo
have not been fully investigated so far.

To overcome suboptimal strength gains in low load
RT, we hypothesized that a non-linear RT protocol mix-
ing loads might be effective. A review including several
studies switching loads every 2—3 weeks conducted with
an intensity of 3—12RM 3 times/week for a period of
7 weeks (McGee et al. 1992; Stowers et al. 1983) showed
that non-linear periodized RT can be superior to regu-
lar RT with regard to body fat, body weight, strength,
power and endurance in experiments as short as
6 weeks (Fleck 1999). However, previous research on
periodized RT protocols did not include very low load
(<30 % 1RM) RT. Especially the effects of periodically
switching loads on muscle hypertrophy have not been
studied so far.

The aim of this study is to compare the effects of low,
high and mixed load RT protocols with fixed tempo
on chronic muscle hypertrophy, strength and RFD
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changes. We assumed that mixing very low (30 % 1RM)
and high load (80 % 1RM) protocols may lead to supe-
rior muscle gains as compared to low or high load only
protocols, because of different ranges of mechanical
stimulations. Since strength gains have been shown to be
load-dependent (Ogasawara et al. 2013; Schoenfeld et al.
2015), we hypothesized that effects on strength gains
might be superior to low load RT, but inferior to high
load RT in the non-linear RT protocol. Indeed, the low
load phases might impair neuromuscular adaptations
expected to occur with high load RT only (Gabriel et al.
2006). With regard to RFD responses, we examined if
the load of a RT performed with fixed tempo affects the
explosive power output. To the best of our knowledge,
the effects with regard to RFD in non-linear RT proto-
cols with controlled velocity have never been studied so
far. Similar to strength adaptations, the different stimu-
lations in non-linear RT might impair neuromuscular
adaptations (Gabriel et al. 2006). Since RFD improve-
ments are important in many sports, this information
will be beneficial for athletes and coaches in selecting RT
training loads.

Methods

Subjects

Twenty-one young male gymnastics athletes unaccus-
tomed to resistance training volunteered to participate
in this study. The participants did not refrain from their
usual gymnastics training but refrained from doing any
resistance training during the duration of the experiment.
All the participants were informed about the potential
risks of the experiment and gave their written consent to
participate in the experiment. The sample size was calcu-
lated (GPower 3.1, Dusseldorf, Germany) a priori as fol-
lows: Effect size f = 0.25, aerr prob = 0.05, power = 0.8.
The required total sample size was n = 21, n = 7 for each
group. This study was approved by the Ethics Commit-
tee of the Nippon Sport Science University and was in
accordance with the Declaration of Helsinki for Human
Research.

Resistance training

In order to get accurate results concerning hypertrophic
gains in a specific muscle group, we chose unilateral
biceps preacher curls because of their unique isolation
and control ability. By locking the arm on the bench,
swinging and involvement of different muscles can be
avoided. The right arm was the dominant arm for all
participants in this study. In accordance with previous
research (Kawakami et al. 1995) and in order to mini-
mize outside effects from other daily activities, training
was performed with the left arm and the right arm serv-
ing as control. Moreover, a previous study demonstrated
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that indirect muscle damage markers are not significantly
different between the dominant and non-dominant arms
(Newton et al. 2013). Unilateral training was chosen in
order to have the untrained arm as a control, since mus-
cle hypertrophy can occur due to activities different than
the prescribed RT protocol. Participants were randomly
assigned to 1 of the 3 following groups: the H group (3
sets of 80 % 1RM), the L group (3 sets of 30 % 1RM), and
the M group (training protocols changing every 2 weeks
starting with 2 weeks at 80 % 1RM followed by 2 weeks
at 30 % 1RM and so on). Rest intervals between sets were
90 s for all the groups. RT was conducted 3 times/week
with the left arm. Every set was taken to volitional failure
with a cadence of 1 s for the concentric and 2 s for the
eccentric part of the movement.

Participants refrained from participating in any other
RT training during the duration of the experiment and
were familiarized with the exercise 2 weeks prior to the
start of the experiment by qualified trainers.

RT sessions were supervised by qualified trainers in
order to ensure correct execution of the exercises. If a
trainee was able to complete more than 8 or 35 repeti-
tions in the H and L groups respectively, the load was
increased by 5 % for the following sessions.

Measurements

Muscle CSA

Participants underwent magnetic resonance imaging
(MRI) scans of both the trained and the non-trained
control upper arms including the biceps, the brachialis
and the triceps muscles during the week before train-
ing start and between 72 and 96 h after the last training
session (week 9). To ensure accuracy of the measure-
ments, markers filled with water were placed exactly at
half-distance of each participant’s upper arm (measured
from the elbow joint to the shoulder joint). Participants
lay with their right arm in a supinated position. Begin-
ning at the joint line, 20 axial scans were taken. The fol-
lowing parameters have been used to acquire images:
repetition time/echo time, 460 m s/26 m s; field of view
20 cm, phase/frequency, 320; slice thickness, 3 mm; gap,
10 mm. The images showing the markers were then ana-
lyzed via Image] (National Institutes of Health) and the
square area of each cut was calculated twice by the same
investigator. The mean value of the 2 measurements was
used for calculations. A reliability test showed an intra-
class correlation coefficient (ICC) of >0.9 for our CSA
calculations.

Muscle strength and RFD

Maximum voluntary contraction (MVC) has been meas-
ured during the week before training start and between
72 and 96 h after the last training session by using Biodex
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system 3 (Biodex Medical systems, Inc., USA). MVC meas-
urements were performed after the MRI measurement
(week 9). After one warm-up set (20-30 % 1RM) of barbell
curls, the participants were seated on a chair and the left
arm was strapped to an horizontal support at chest height,
so that the elbow joint was at the same height as the han-
dle joint (shoulder supination angle 90°). The participants
were holding the Biodex handle in an elbow supination
position at 90° (0° at full extension). Each participant per-
formed 2 MVC'’s (contraction time: 5 s) separated by 60 s
rest intervals. Before each measurement, the participants
were instructed to pull the handle parallel to the ground
with maximal force. The highest value was recorded for
each participant. ICC was >0.9 for MVC measurements.

RFD (Nm/s) was calculated from onset of contraction
when the arm flexor torque exceeded baseline by 7.5 Nm
(Aagaard et al. 2002) with a sampling rate of 100 Hz.
Relative RFD was calculated by dividing RFD by MVC
(%MVC/s). ICC for RFD was >0.9.

Statistical analyses

Data are shown as mean £ SD. We used two-way analy-
sis of variance (ANOVA) (time x groups) to analyze the
significance of our values and post hoc Bonferroni tests
(SPSS for Macintosh version 22.) when appropriate. ICC
was calculated via a reliability test for each measurement.
The significance level was set at p < 0.05. We also calcu-
lated the effect size (ES) (Cohen 1988) for each group and
parameter. According to Cohen, ES = 0.2 is considered
to be a ‘small’ effect size. ES = 0.5 represents a ‘medium’
effect size. ES = 0.8 means a ‘large’ effect size.

Results

Participant characteristics

Average age, body mass, height and body fat for each
group are shown in Table 1. No significant differences in
any of the parameters among groups were observed.

Muscle CSA changes

There was no significant difference for the initial CSA
values among groups (Table 2). Two-way ANOVA analy-
sis showed main effects (time) for each group (F = 45.4,
p < 0.001). The L group’s trained arm CSA changed
94 + 53 % (p = 0.001) as compared to 9.1 £ 6.4 %
(p = 0.001) for the H group and 8.8 £ 7.9 % (p = 0.001)
for the M group. No significant differences of CSA
changes between groups were observed. The right con-
trol arm did not significantly change in any of the groups
(Fig. 1).

Muscle strength and RFD
There were no significant differences for the initial
MVC and RED values among groups (Table 2). Two-way
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Table 1 Participant characteristics

Group Age (years) Bodymass(kg) Height(cm) Body fat (%)
H 234+£30 64.6 +49 167.5+ 2.1 121+ 44
M 23+ 3.1 623440 1675+ 3.7 115443
L 23.1£24 63.2+56 170.7 + 6.4 120+32

All values are mean =+ SD. H: high load (80 % 1RM), L: low load (30 % 1RM), M:
mixed (switch between 80 and 30 % 1RM every 2 weeks)

ANOVA analysis showed main effects (time) for strength
(F = 5.4, p = 0.032). The H group increased strength
26.5 + 27.0 % (p = 0.028), while no significant changes
could be observed in the M (11.8 £ 36.4 %, p = 0.26) and
L (4.6 +23.9 %, p = 0.65) groups (Fig. 2).

Two-way ANOVA analysis showed main effects
(time) for RFD in the 50-100 ms phase of normal-
ized RFD (F = 4.5, p = 0.049). The H group increased
95.6 + 310.6 %, while the L and M groups did not show
any significant changes. No significant differences inside
groups could be observed (Fig. 3).

Number of repetitions
The average number of total repetitions was 15.3 + 1.6

reps (1st set: 7.6 £ 0.7 reps, 2nd set: 4.6 + 0.8 reps, 3rd

Table 2 CSA and MVC changes
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set: 2.9 £ 1.1 reps) for the H protocol and 75.3 £ 12.6
reps (1st set: 38.3 &+ 4.3 reps, 2nd set: 24.3 £ 6.6 reps, 3rd
set: 12.7 & 3.2 reps) in the L group.

Discussion

To our knowledge, this is the first study directly com-
paring fixed load RT protocols including very low (30 %
1RM) and high load (80 % 1RM) training to a non-linear
RT protocol. In this study, we investigated the hypothesis
according to which a RT protocol with mixed loads leads
to superior muscle gains in comparison with continu-
ous RT protocols with high or low loads. Although each
group showed a significant CSA increase in the trained
arm, no differences among groups were observed. With
regard to muscular strength, only the H group demon-
strated significant increases. Furthermore, a significant
RFD increase was observed in the 50-100 ms phase for
the H group only.

The CSA increases of recreationally active individuals
after both high and low load RT protocols in this study
(H: 9.1 %, L: 9.4 %) are in line with previous research,
showing that low load and high load RT protocols lead
to similar muscle gains if every set is conducted to failure
(Schoenfeld et al. 2015; Ogasawara et al. 2013; Mitchell

Group CSA (cm?) pre CSA (cm?) post ES MVC (Nm) pre MVC (Nm) post ES

H 9716 106 & 1.5% 06 615465 77.8 £21.0% 1.1
103+18 11.2+19* 0.5 674+ 150 7534210 04

L 9.7+1.1 10.7 £ 0.9* 09 684 4 235 715+£153 0.15

All values are mean =+ SD. H: high load (80 % 1RM), L: low load (30 % 1RM), M: mixed (switch between 80 % and 30 % 1RM every 2 weeks)

CSA cross-sectional area, MVC maximum voluntary contraction, RFD rate of force development, ES effect size

*p < 0.05 versus pre
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Fig. 1 CSA changes after 8 weeks of strength training. Average CSA changes (%) (SD) after 8 weeks in the trained (a) and untrained (b) arm. H:
high load (80 % 1RM), L: low load (30 % 1RM), M: mixed (switch between 80 and 30 % 1RM every 2 weeks). *p < 0.05 versus before
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et al. 2012; Weiss et al. 2000). Indeed, type I and II fiber
area increases were observed in previous studies regard-
less of training load (30 vs. 80 % 1RM) with no differences
between groups (Mitchell et al. 2012). Previous research
(Fry 2004) showed that, if each set is conducted to failure,
the effort is the same leading to similar muscle fiber acti-
vation no matter the training load. Thus, muscle hyper-
trophy seems to be independent from the training load
as long as effort is the same (Burd et al. 2012; Mitchell
et al. 2012). It should be noted that, in general, type I fib-
ers are not larger than type II fibers, especially in young
men (Staron et al. 2000). Thus, even if type I fibers are
hypertrophied, the same amount of muscle hypertrophy
might not be reached. Although our measurement sched-
ule was set 72—96 h after the last RT (Schoenfeld et al.
2015; Ogasawara et al. 2013) in order to avoid increased
CSA results due to acute muscle swelling, we cannot
exclude the possibility of minor influences of remaining
muscle swelling on our CSA results. Indeed, a certain
amount of CSA increases observed in short term studies

(~3—4 weeks of RT) may be partly due to muscle edema
and not to pure muscle hypertrophy (Damas et al. 2016).

Even though nonlinear periodized high load RT has
shown benefits with regard to body fat, body weight,
strength, power and endurance (Fleck 1999), our results
demonstrated that a non-linear periodized RT protocol
including low load RT bouts does not lead to superior
CSA increases. Indeed, it has been shown previously that
powerlifters mainly training at intensities >90 % 1RM
preferentially increase type II muscle fibers as compared
to bodybuilders training with moderate load and display-
ing equal hypertrophy in both fiber types (Fry 2004).
However, each group performed RT to failure and prob-
ably activated a similar range of muscle fibers (Mitchell
et al. 2012; Campos et al. 2002). As observed in previous
studies, RT not performed to failure might not maxi-
mize muscle fiber activation, especially type II ibers may
not be fully recruited (Taaffe et al. 1996). Although we
confirmed that a straight, very low load RT with failure
induced significant muscle hypertrophy, very low load
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Fig. 3 RFD changes after 8 weeks of strength training. Average RFD (£SD) before and after the training period for the H (a), M (b) and L (¢) groups.
Average relative RFD (%MVC/s) (£SD) before and after the training period in the early phase for the H (d), M (e) and L (f) groups. H: high load (80 %
1RM), L: low load (30 % 1RM), M: mixed (switch between 80 and 30 % 1RM every 2 weeks). *p < 0.05 versus before

RT did not induce additive hypertrophy in the nonlinear
periodized RT.

We could observe a significant strength increase in the
H group (26.5 %), similar to previous results observed in
studies conducted on the upper body with high load RT
(13.9-19.6 %) (Ogasawara et al. 2013; Schoenfeld et al.
2015). Even though not being significant, the L group
demonstrated a small increase (4.6 %) in strength, in
line with results observed in the same previous studies
(2—8.8 %) with low load RT (Ogasawara et al. 2013; Sch-
oenfeld et al. 2015). Even though not being significant,
the strength increase (11.8 %) observed in the group mix-
ing high and low load RT was between low (4.6 %) and
high load (26.5 %) strength increases with a large effect
size (0.4). Previous studies had shown superior strength
gains for periodized training, however the periodization
was within high load RT (2-10 RM) (Stone et al. 1981;
Stowers et al. 1983). We propose that neuromuscular
adaptations such as a greater neural output from the

central nervous system in response to high RT might
have been hindered by the low load RT bouts (Gabriel
et al. 2006). Nevertheless, due to the small sample size in
our study, individual external factors might have strongly
affected our results. Indeed, in both the H and M groups,
four subjects increased MVC while three subjects did
not. However, only in the M group, one subject showed
a strong decrease in MVC. The decrease of this single
subject might have affected the outcome; therefore we
cannot completely be sure if the results have been solely
due to the training intervention or if external factors have
influenced the results.

We also evaluated RFD for all groups. We found
that high load RT with controlled tempo showed RFD
increases in the early phase. Studies including RFD
changes after fixed tempo RT are limited. Andersen et al.
(Andersen et al. 2010) reported that high load (6-12RM)
RT with controlled movement leads to late phase
(>200 ms) RFD increase after 14 weeks of RT. Although
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we failed to observe statistical significance, high aver-
aged values for normalized RFD were observed after
RT in the H group. We suspect that a training period of
8 weeks is too short to obtain significant differences. On
the other hand, low load and non-linear RT with fixed
tempo seems to be suboptimal for improving RFD. Taken
together, these results indicate that the different phases
of RFD can significantly vary, depending on RT param-
eters such as total training period, speed of contraction
and training load (Oliveira et al. 2013).

This study has been conducted with several limi-
tations: First, concerning the total training volume
(sets x load x repetitions), the L group showed a 1.5
times higher volume in comparison to the H group.
However, we did not equate the total volume on pur-
pose, in order to be consistent with previous research
in the same field. Indeed, in numerous previous stud-
ies demonstrating similar results in muscle hypertrophy
between low and high load RT, the total training vol-
ume was not equated (Schoenfeld et al. 2015; Mitchell
et al. 2012; Ogasawara et al. 2013; Popov et al. 2006).
Second, in our study we did not assess endurance, but
a previous study showed improvements in the number
of repetitions of 50 % 1RM bench press in a low load
protocol as compared to a high load protocol (Schoen-
feld et al. 2015). Therefore, we could expect the L group
to improve the most. It might have been of interest to
measure endurance in order to assess if strength and
endurance both improve in a mixed protocol. Third,
dietary intake has not been monitored for the period
of the experiment. However, the major part of the par-
ticipants had similar daily activities including dietary
habits. Fourth, our sampling rate of 100 Hz for RFD was
low, better results could have been obtained with higher
frequencies. Fifth, the progression during the training
period has only been assessed pre and post intervention
without collecting data during the study. Furthermore,
since we could not control every daily activity of the par-
ticipants, the effects of activities involving endurance
after resistance training might also have affected our
results (Kikuchi et al. 2015).

In conclusion, we demonstrated that there are no
significant differences with respect to muscular hyper-
trophy for different training loads, if RT is conducted
to failure for a period of 8 weeks. Moreover, switching
between different ranges of mechanical stimulations
did not improve muscle hypertrophy or strength over a
period of 8 weeks.

Abbreviations

ANOVA: analysis of variance; CSA: cross-sectional area; ES: effect size; H: high
load; ICC: intraclass correlation coefficient; L: low load; M: mixed load; MPS:
muscle protein synthesis; MVC: maximum voluntary contraction; RFD: rate of
force development; RT: resistance training.
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