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Letter from the Reviewers
elcome to the 2020-2021 “Best Of” issue of MASS! Whether this is the 
first time you’re getting a peek inside our research review or you’ve been 
subscribed since day 1, we think you’ll love what you find in this special 
edition of MASS. 

Since we launched MASS in April 2017, we’ve published 49 issues – that’s about 
465 articles and videos, 5,000 pages of content, 300 audio roundtable episodes, 1,000 
illustrative graphics, and 82 hours of video. We offer CEUs for NSCA and NASM 
and CECs for ACSM and ACE. As of April 2021, we have more than 4,300 active 
subscribers. (Not a subscriber yet? Join here.)

What you’ll find in these pages is a glimpse at some of our favorite content from the 
fourth year of MASS, but you can be confident that every issue is packed with rigorously 
examined and visually stunning reviews of the research that’s most relevant to strength 
and physique athletes, coaches, and enthusiasts. 

If you (or your clients) want to build muscle, get stronger, and/or drop fat as efficiently 
and effectively as possible, MASS is for you. We know you want to stay on top of the 
research, but doing so can be time-consuming, expensive, and confusing. That’s why we 
do all the heavy lifting for you and distill the most important findings into an easy-to-read 
monthly digest.

This free issue should give you an idea of what you can expect from MASS. In our 
written pieces, we cover individualizing training volume, proximity to failure, a 
progression framework for hypertrophy, glycogen depletion, ribosome biogenesis, the 
interference effect, protein distribution, fatiguability of male vs. female lifters, and more.

In our unique video content, Mike covers volume cycling, and Eric Helms translates 
nutrition guidelines to life. 

Each issue will tackle new topics like these, keeping you up to date with the current 
research and giving you a thorough understanding of the best science-based practices. We 
hope you enjoy it, and we hope you’ll subscribe so you can stay on the cutting edge of 
our field to get the best results possible for yourself or your clients.

Thanks so much for reading.

The MASS Team

Eric Helms, Greg Nuckols, Mike Zourdos, and Eric Trexler

W
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Improving Muscle Growth by 
Individualizing Training Volume

BY G R E G  N U C K O L S

In a recent study, subjects trained one leg with standardized training 
volume (the same volume for everyone), and one leg with individualized 

volume (a 20% increase above their prior baseline). Individualized 
volume led to more quad growth, suggesting that we should be more 
concerned about manipulating training volume based on your recent 

history, rather than aiming to find one single “optimal” level of training 
volume for everyone.

Study Reviewed: Muscle Hypertrophy Response Is Affected by Previous Resistance 
Training Volume in Trained Individuals. Scarpelli et al. (2020)
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 KEY POINTS

1. Over eight weeks, trained subjects trained one leg with 20% more weekly sets 
than they’d been using in their training previously, and trained the other leg with 
22 sets per week, regardless of prior training volume.

2. Subjects experienced significantly more quad growth, on average, in the leg that 
underwent a 20% volume increase, even though average volume ended up being 
similar between conditions.

3. When assigning training volume, it’s better to focus on gradually increasing 
volume from one’s current baseline, rather than simply jumping to some level of 
volume that’s theoretically ideal for the average person.

magine a scenario for me: We fast-for-
ward 20 years in the future, and we now 
have enough data to accurately and pre-

cisely model the “inverted U” relationship 
between training volume and muscle growth. 
It’s found that the Optimal(™) training volume 
is 20 sets per muscle group per week. A cli-
ent comes to you, having recently plateaued 
after previously making solid gains on 8 sets 
per muscle group per week. Do you A) bump 
their volume up gradually and see how they 
respond, or do you B) move them straight 
from 8 sets per week to the Optimal(™) vol-
ume of 20 sets per week?

To me, option A seems like a no-brainer. Pop-
ulation averages may or may not apply to an 
individual, and this client’s baseline ability 
to adapt to training stressors is heavily influ-
enced by their recent training. “High volume” 
or “low volume” training aren’t fixed points 
across all lifters, but are fluid constructs that 
vary person-to-person, defined relative to each 
individual’s baseline training volumes. “Low 
volume,” “moderate volume,” and “high vol-
ume” don’t necessarily mean, say, 0-10, 11-

20, and 20+ sets per muscle group per week; 
I see them more like, “less volume than I’m 
accustomed to,” “about the same amount of 
volume I’m accustomed to,” and “consider-
ably more volume than I’m accustomed to.”

That’s not the type of thinking that generally 
informs research design, unfortunately. The 
presently reviewed study (1) is an exception. 
The researchers interviewed experienced lift-
ers and asked them how many sets of quad 
training they performed per week. For each 
subject, one leg was assigned to an individu-
alized condition in which volume for that leg 
was increased by 20% over their pre-study 
volume. For example, if someone had been 
doing 5 sets of quad training per week, then 
that person started doing 6 sets; if they’d been 
doing 40 sets, they started doing 48. 

The other leg was assigned to a standardized 
condition, which consisted of 22 sets for all 
subjects. After 8 weeks of training, quadriceps 
cross-sectional area (CSA) increased signifi-
cantly more in the individualized condition 
than the standardized condition. Thus, when 

I
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analyzing and assigning training volume, it’s 
more informative and productive to look at 
changes relative to the individual’s training 
history, instead of comparing their training 
volume to some fixed reference point.

Purpose and Hypotheses
Purpose

The purpose of this study was to compare the 
hypertrophic effects of training with a stan-
dardized (i.e. 22 sets per week) amount of 
volume versus an individualized (+20% of 
an individual’s previous volume) amount of 
volume.

Hypotheses

The authors hypothesized that individualized 
volume would lead to more muscle growth 
than standardized volume.

Subjects and Methods
Subjects

The subjects were 16 young males with an 
average of 5.1 years of resistance training 
experience, regularly performing knee exten-
sions and leg press.

Experimental Design

This study utilized a within-subject unilater-
al design. That means that for each subject, 
one leg was randomized into the standard-
ized condition, with the other leg entering 
the individualized condition. Subjects trained 
twice per week for eight weeks, perform-
ing unilateral leg press followed by unilat-
eral knee extensions. Volume for the stan-
dardized leg was fixed at 22 sets per week 

(based on the average weekly volume used 
in an allegedly random sample of studies in 
the literature), which I assume means 5-6 sets 
apiece, in each session, of unilateral leg press 
and unilateral knee extensions per workout. 
Volume for the individualized leg was based 
on each subject’s self-reported quad training 
volume in the two weeks prior to the start of 
the study; the researchers increased weekly 
volume by 20% above baseline for the indi-
vidualized leg on a per-subject basis. In both 
conditions, all sets were taken to technical 
failure, and loads were adjusted so that the 
subjects would reach the point of failure after 
8-12 reps per set. Subjects rested two minutes 
between sets.

Like any longitudinal training study, testing 
was performed before and after the training 
program. No strength outcomes were tested, 
so the only testing consisted of measuring 
quad CSA via ultrasound scans.

Findings
Quadriceps CSA increased significantly more 
in the individualized condition than in the 
standardized condition (+9.9% vs. +6.2%; p = 
0.042; mean difference = 1.08cm2; CI = 0.04-
2.11cm2). Furthermore, of the 16 subjects, 10 
had superior increases in quadriceps CSA in 
the individualized condition compared to the 
standardized condition that were larger than 
the typical measurement error of the ultra-
sound CSA assessments. Only 2 out of 16 
subjects had superior increases (in excess of 
the measurement error) in their leg assigned 
to the standardized condition. Hypertrophy 
was similar between conditions in the other 
four subjects.
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Both conditions completed similar volume 
loads on average, but there were large dif-
ferences on an individual basis. All subjects 
increased their volume load relative to base-
line by approximately 20% in the individual-
ized condition. In the standardized condition, 
changes in volume load from pre-training 
ranged from a reduction of almost 50% to an 
increase of 120%. Overall, 4 of the 16 sub-
jects decreased their weekly set volume in 
the standardized condition, and 8 out of 16 
subjects increased their set volume by 30% 
or more, meaning that only 4 subjects had 
modest (<30%) increases in set volume.

Interpretation
This study represents an important piece of 
the puzzle that’s been sorely missing from 
the resistance training literature. When study-

ing the effects of training volume on muscle 
growth, subjects tend to be assigned to dif-
fering volume conditions without any regard 
for prior training history. If a study uses 10 
sets per week as a low-volume condition and 
20 sets per week as a high-volume condition, 
the 10-set condition may feel like super high 
volume and be very difficult to recover from 
for someone who had previously been train-
ing with a volume of just 5 sets per week for 
the target muscle group; conversely, 20 sets 
per week could feel like a deload for some-
one accustomed to 30 sets per week. Effects 
like that should theoretically wash out with 
random group allocation if the sample size 
is sufficient, but it still introduces a source 
of heterogeneity into the results of the study. 
More importantly, we can claim that in-
creasing set volume should increase muscle 
growth, but training studies aren’t actually 

0

Figure 1  Muscle cross-sectional area increases from baseline to after 8 weeks resistance training
Æ

C
SA

 (%
)

A

5

2.61 (CV)

10

15

20

25

0.0

 C
SA

   
In

di
vi

du
al

iz
ed

 v
s.

 S
ta

nd
ar

di
ze

d 
(c

m
2 )

B

-1.5

1.5

3.0

4.5
Standardized
Individualized

-3.0

-4.5

-0.8 (TE)

0.8 (TE)

A) Dashed line indicates co-efficient of variation: 2.61%
B) Gray circles indicate whether the increases in CSA (cross-sectional area) obtained with the individualized protocol are greater than
(above 0.8 typical error [TE]), smaller than (below -0.8 TE), or similar (between 0.8 and -0.8 TE) to those obtained with the standardized.
Dashed line indicates the measurement typical error: 0.8cm2

* = significantly different from standardized (p < 0.05)

A) Dashed line indicates coefficient of variation: 2.61%

C
ha

ng
e 

is
 C

SA
 (%

)

9



designed to directly support or refute that 
idea, since training volume assigned to each 
participant doesn’t consider the lifter’s previ-
ous training volume.

A major strength of this study was that the 
volume ended up being similar in both con-
ditions. If volume differed significantly be-
tween conditions, one could then claim that 
maybe the individualized condition just led 
to more growth because volume was higher 
(or because volume was lower, thus positing 
that that other condition led to overreaching). 
Since both conditions led to similar training 
volume on average, this study supports the 
idea that optimal training volume is highly 
individualized and probably based, in part, 
on individual training histories. I think that’s 
a more productive way to approach the prob-
lem than simply trying to discover the sin-
gle number that represents the Optimal(™) 
weekly set volume. If, for example, we had 
10 times as much research and we could 
pinpoint 15 sets per week as the weekly set 

volume associated with the largest average 
gains in the literature, I still don’t think that 
would be incredibly helpful. If you’ve been 
making gains with 5 sets per week, tripling 
your training volume overnight probably 
isn’t a great idea, and if you’ve been mak-
ing gains with 30 sets per week, cutting your 
training volume in half also probably isn’t the 
ticket to improved hypertrophy outcomes. 
However, if we had baseline training data in 
all of those studies in this theoretical future 
meta-analysis, and we could determine that 
a 10% increase in volume every six weeks 
was associated with the largest gains, I do 
think that information would be highly gen-
eralizable for most trainees. It may not be 
helpful to someone who’s already pushing 
the boundary of overtraining, but it would 
probably be useful for the vast majority of 
lifters. That’s not to say that the current body 
of literature is without merit; learning more 
about the levels of volume that produce the 
best outcomes, on average, can still serve as 
a useful sanity check. For example, if we find 

Figure 2  (A) Volume load, (B) average volume load progression, and (C) weekly training volume
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out that 15 sets per week is Optimal(™) and 
you’re not making progress with 5 sets per 
week, you could surmise that you could prob-
ably benefit from increasing your volume, or 
if you’re not making gains and constantly 
feel worn down with 30 sets per week, you 
could surmise that you probably don’t need 
to be afraid of knocking your volume down. 
However, I do think that assigning volume 
based on subjects’ habitual training volume is 
a more informative study design, and it more 
closely resembles how I approach things as 
a coach. It also makes better sense biologi-
cally. We know that people habituate to prior 
stimuli, that sufficient physiological stressors 
drive adaptation, and that stressors can be ex-
cessive for an organism to adapt positively 
to (relative to the stressors they’re currently 
habituated to). Manipulating training volume 
relative to each subject’s established baseline 
respects what we know about how people 
adapt to training stimuli, whereas giving half 
your subjects X volume per week and half 
your subjects 2X volume per week does not. 
In other words, the approach used in the cur-
rent study respects what we’ve learned in the 
past century about how organisms respond to 
stress, while the standard approach for study-
ing the impact of volume on muscle growth 
seemingly pretends like that body of knowl-
edge doesn’t exist.

The results of this study raise an interesting 
possibility, which we’ve discussed in MASS 
before: volume cycling. If periodic increas-
es in weekly set volume reliably produce 
increases in muscle growth, that’s all well 
and good, but there must be a limit to that 
approach. If you compound 20% increas-

es in set volume over time, even if you only 
increase set volume every 6 months, you’ll 
eventually wind up with completely unman-
ageable training volume. There must be a 
finite amount of training that people can re-
spond positively to. However, we also know 
that lifters can decrease training volume con-
siderably – by at least two-thirds – and not 
lose muscle (2). Thus, we could gradually in-
crease set volume over time until it becomes 
unmanageable, reduce training volume to es-
tablish a new baseline, and repeat the process 
(4). You could do this with all muscle groups 
simultaneously, or (more realistically), with a 
handful of muscle groups at a time. Current-
ly, the concept of volume cycling is used “in 
the trenches,” but it only has indirect theoret-
ical support in the literature. I’d love to see it 
studied more directly.

There’s one more thing I’d like to clear up about 
the results of the current study: We know that 
a 20% increase in training volume above the 
subjects’ pre-training baseline worked well, 
but we can’t claim (as the authors of the study 
do) that a 20% increase in training volume 
“maximize[s] muscle hypertrophic response in 
trained individuals.” There’s only one way we 
could ascertain the optimal (average) increase 
in training volume to maximize hypertrophy: 
We would need a study to compare different 
volume increases. If a study tested increases 
of, say, 10%, 20%, and 30%, and 20% came 
out on top, then we could claim that, on av-
erage, a ~20% increase in volume maximizes 
hypertrophy over a matter of months. There’s 
a second way to test this idea using the data 
from the present study, though it would not be 
able to establish causation. You could compare 
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the relationship between volume changes in 
the standardized group and hypertrophic re-
sults relative to the individualized condition. In 
other words (sorry, long sentence incoming), 
if there was a clear inverse parabolic relation-
ship, where subjects who decreased their vol-
ume in the standardized condition and subjects 
who massively increased their volume in the 
standardized condition both experienced way 
less growth in their quad assigned to the stan-
dardized condition than in their quad assigned 
to the individualized condition, but subjects 
who increased their weekly volume by a mod-
est amount in the standardized condition expe-
rienced similar growth in both legs, that would 
then suggest that modest increases in training 
volume are, in fact, optimal for hypertrophy. 
This method wouldn’t be able to pinpoint 20% 
as optimal, but it could provide additional evi-
dence that somewhere in the ~20% range (give 
or take 10-20%) is optimal. On the contrary, if 
the peak of the inverted parabola was closer to 
50%, that may suggest that the current study 
was too conservative, and larger increases in 

volume are actually optimal for hypertrophy, 
in the short-to-medium-term.

As with all metrics, however, we shouldn’t 
expect relative increases in training volume 
to be perfectly predictive of hypertrophy. In 
support of the notion that volume increases 
are only weakly associated with hypertro-
phy, a recent training study by Aube and col-
leagues (3) performed exploratory analyses 
to see what factors differentiated high and 
lower hypertrophic responders. They split 
their group into tertiles based on hypertro-
phy response (the lowest tertile experienced 
virtually no growth, and the highest ter-
tile experienced the most growth), and they 
found that their lowest tertile had increased 
their training volume by just 1.8 ± 6.7 sets 
per muscle group per week (that was the dif-
ference between their pre-study training vol-
ume and the volume they were assigned for 
the study), their middle tertile had increased 
their training volume by 4.3 ± 9.3 sets per 
week, and their highest tertile had increased 
their training volume by 6.6 ± 12.4 sets per 
week. Those differences represented relative 
increases of 12%, 33%, and 58%. At first, 

AS WITH ALL METRICS, 
WE SHOULDN’T EXPECT 
RELATIVE INCREASES IN 
TRAINING VOLUME TO BE 
PERFECTLY PREDICTIVE 
OF HYPERTROPHY.

CHANGE IN TRAINING 
VOLUME WAS MORE 

PREDICTIVE OF RESULTS 
THAN ACTUAL TRAINING 

VOLUME WAS.

12

https://www.ncbi.nlm.nih.gov/pubmed/32058362


that looks like a clear linear relationship, 
suggesting that larger increases in volume 
are predictive of more hypertrophy, and that 
the 20% increase in the present study was too 
conservative. However, we can’t overlook 
those enormous standard deviations. For the 
subjects in the top tertile (the subjects that ex-
perienced the most hypertrophy), an increase 
of 6.6 ± 12.4 sets per week suggests that 
several of the top-responding subjects likely 
decreased their training volume, and several 
increased their training volume by more than 
100%. In that same study, the subjects’ actual 
training volume in sets per week during the 
study protocol also wasn’t predictive of hy-
pertrophy. Changes in leg fat-free mass and 
quad muscle thickness were virtually iden-
tical between groups performing 12, 18, or 
24 sets per week. Change in training volume 
was more predictive of results than actual 
training volume was, but neither metric was 
strongly associated with hypertrophy. So, 
I still believe that research should be more 
focused on finding ideal changes in training 
volume from subjects’ pre-training baselines 
rather than in finding a single, magical, abso-
lute training volume, but we shouldn’t expect 
that either metric will be anywhere close to 
perfect for predicting muscle growth.

Next Steps
I’d love to see a longitudinal training study 
where subjects are assigned differing levels 
of volume increases from baseline. To cover 
a wide swath of possibilities, it could include 
four groups, with groups increasing week-
ly set volume by 0%, 25%, 50%, and 100% 
to cover a wide range of possibilities (5). I 
would anticipate that either a 25% or a 50% 
increase would yield the best results out of 
those four options. That would help us estab-
lish a general area where we should be look-
ing in future studies.

 APPLICATION AND TAKEAWAYS

Slightly increasing your training volume above its current level will probably help you 
build more muscle, as long as you aren’t already straining your ability to recover from 
and adapt positively to training. Theoretically, cycling training volume over fairly long time 
scales (e.g. multiple months) may lead to more muscle growth than sticking with a fixed 
level of training volume over time.
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Study Reviewed: Effect of Resistance Training to Muscle Failure Vs. Non-Failure on Strength, 
Hypertrophy and Muscle Architecture in Trained Individuals. Santanielo et al. (2020)

Time to Reframe the Proximity to 
Failure Conversation

 B Y  M I C H A E L  C .  Z O U R D O S

It’s time to stop asking if training a few reps shy of failure is okay, 
as I think we have enough evidence to support this notion. Rather, 
it’s time to reframe the proximity to failure conversation and ask, 

how far can we train from failure? It may be farther than you think.
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The debate over the necessity of 
training to failure has intensified 
in recent years. In MASS, we’ve 

covered training to failure many times (see 
“training to failure” here) and have even 
internally debated how far you can train 
from failure and still maximize adaptations 
(read here; listen here). The reviewed study 
from Santanielo (1) was a within-subjects 
design, and had 14 trained men perform leg 
extensions and leg press twice per week 
for 10 weeks. Subjects trained one leg to 
failure at 75% of one-repetition maximum 
(1RM) on both exercises, and the other leg 
shy of failure. Researchers instructed the 
lifters to stop sets on the non-failure leg 
according to their perception of fatigue be-
fore reaching failure. Before and after the 
10 weeks, researchers tested vastus lateralis 
(lateral quad) cross-sectional area, leg press 
and leg extension strength, and muscle ar-
chitecture (fascicle length and pennation 
angle). Subjects performed more volume 
and reps per set on the failure leg, and sub-

jects trained the non-failure leg to ~1.5 rep-
etitions in reserve (RIR) on average. Both 
training styles increased strength and size 
and improved muscle architecture, with no 
statistically significant differences between 
groups. However, the cross-sectional area 
and leg press 1RM findings leaned in favor 
of the non-failure leg. Specifically, quad 
cross-sectional-area increased by 13.5% in 
the failure leg and 18.1% in the non-failure 
leg (effect size of 0.27 in favor of non-fail-
ure). Leg press 1RM increased 4.4% more in 
the non-failure leg; however, the effect size 
was only trivial (0.18) after a small sam-
ple size correction. These findings suggest 
that training 1-2 reps shy of failure on lower 
body exercises, on average, produces at least 
similar, and possibly larger hypertrophy 
and strength gains than training to failure. 
At this point, I think we can confidently say 
that training 1-2 reps shy of failure is just as 
good as (if not better than) always training 
to failure for hypertrophy and strength. In 
my opinion, we should now move on from 

 KEY POINTS

1. This study had 14 trained men train the unilateral leg press and leg extension twice 
per week. Subjects trained one leg to failure and were instructed to stop sets on the 
other leg before they reached failure.

2. On average, subjects stopped sets in the non-failure leg with about 1.5 repetitions 
in reserve. There were no significant differences between groups for quadriceps 
hypertrophy or strength outcomes. However, muscle growth occurred at a 4.6% 
faster rate and leg press 1RM increased at a 4.4% faster rate in the non-failure leg. 

3. This study adds to an increasing body of literature that suggests that training a few 
reps shy of failure is just as good if not better than failure training for hypertrophy 
and strength outcomes. We should now turn our attention to determining how far 
from failure someone can train while maximizing these outcomes.
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discussing failure versus non-failure and try 
to answer the question, “how far from fail-
ure can someone train and still maximize 
hypertrophy and strength?” Therefore, this 
article will discuss the following: 

1. Review the overarching failure versus 
non-failure literature for both hypertrophy 
and strength.

2. Discuss how far from failure training can 
occur and still maximize hypertrophy.

3. Examine the practical limitations of fail-
ure training.

4. Discuss how training to failure, or even a 
particular RPE/RIR target, is not an all-or-
none principle.

5. Examine the failure data concerning multi- 
and single-joint exercises independently.

Purpose and Hypotheses
Purpose

The purpose of this study was to compare the 
changes in quadriceps hypertrophy, leg press 
and leg extension strength, muscle architec-
ture, and muscle activation in trained men 
who trained one leg to failure over 10 weeks 
and the other leg 1-2 reps shy of failure. 

Hypotheses  

The researchers hypothesized that there 
would be no differences between training 
paradigms for any outcome measure.

Subjects and Methods
Subjects

14 men who had been performing the leg press 
and leg extension exercises at least twice per 
week for the previous two years participated 
in the study. Table 1 displays additional sub-
ject details. 

Study Overview 

This study used a within-subjects design 
to test the influence of training to failure 
versus training shy of failure on muscle 
cross-sectional area, strength, muscle ar-
chitecture, and electromyography (EMG) 
outcomes over 10 weeks. A within-subjects 
design means that 14 subjects performed the 
unilateral leg press and leg extension for 10 
weeks, and one leg trained these exercises 
to failure while the other leg trained shy of 
failure. All outcome measures were tested 
before and after the 10 weeks. Ultrasound 
assessed muscle cross-sectional area of the 
vastus lateralis (lateral quadriceps muscle), 
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and strength was measured via a leg press 
and leg extension 1RM. 

Outcome Measure Explanation

Ultrasonography assessed muscle pennation 
angle and fascicle length. In brief, muscle 
pennation angle is the angle at which fibers 
attach to the tendon. In general, an increased 
pennation angle is a positive adaptation to re-
sistance training, and is associated with great-
er single-fiber cross-sectional area and force 
production (2). Resistance training has also 
been shown to increase fascicle length (3) due 
to adding sarcomeres in a series. Therefore, 
increases in both of these measures are posi-
tive adaptations. Researchers assessed EMG 
amplitude during the last three repetitions of 
each set during the 10-week training period, 
and compared the EMG amplitude between 
failure and non-failure training.

Training Program

Subjects trained only the leg press and leg ex-
tension twice per week for 10 weeks. All sub-
jects had one leg assigned to failure training 
and one leg assigned to non-failure training. 
Seven individuals had their dominant leg as-
signed to failure training, and seven people 
had their dominant leg assigned to non-fail-
ure training. Failure was defined as not being 
able to perform another rep through the full 
range of motion. For non-failure training, the 
researchers instructed subjects to stop the set 
shy of failure according to their perception 
of fatigue, and not worry about the number 
of reps performed. In other words, subjects 
were asked to train shy of failure but were 
not told how close to train to failure. Load 
wasn’t adjusted from week to week, but the 

researchers tested 1RM during week five, 
and from that point on, subjects used 75% of 
the new 1RM. 

Rather than prescribing the same number of 
sets for all subjects, the researchers asked 
the lifters to report how many sets they did 
for quadriceps each week prior to the study. 
Then, researchers prescribed a 20% increase 
in the number of sets for each individual and 
split the total number of sets in half between 
the two exercises. For example, if someone 
performed 10 sets of quads training per week 
before the study, they would have been pre-
scribed 12 sets total with 6 sets on each exer-
cise. Subjects performed 11.5 ± 5.1 per week 
on the leg press and 11.6 ± 5.2 sets per week 
on the leg extension. The range of sets per-
formed was 4-25 on both exercises. 

Statistical Issues

This study used a mixed model analysis of 
variance (ANOVA) for analysis, which is typ-
ical for hypothesis testing in the applied phys-
iology literature. When using this type of test 
or standard hypothesis testing (i.e., ANOVA 
or t-test), a hypothesis is usually stated, such 
as “we hypothesize that failure training will 
lead to greater strength and muscle growth 
than non-failure training.” Then, based on 
the analysis results, the null hypothesis (i.e., 
the default that there is no difference between 
groups) will be rejected (i.e., the hypothesis 
was supported), or you will fail to reject the 
null hypothesis. Failure to reject the null hy-
pothesis doesn’t mean that the outcomes are 
similar or that the null hypothesis is correct; 
it just means that you cannot conclude there 
is a significant difference. This last point is 
perhaps the most important in our current 
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context. In the reviewed study, the authors 
hypothesized failure and non-failure training 
would produce similar adaptations. There-
fore, since they hypothesized that adapta-
tions would be similar, they need to test if the 
outcomes are indeed similar between groups. 
Remember, just above, we noted that with 
typical hypothesis testing, you could only 
conclude that outcomes are significantly dif-
ferent between groups or not, but you can’t 
conclude that outcomes are similar. Thus, 
when the hypothesis is that outcomes will be 
similar, equivalence testing should be used.

When equivalence testing (4) is used, an 
equivalence interval is set before the anal-
ysis. The equivalence interval sets an up-
per boundary and a lower boundary for the 
range of differences that we consider small 
enough to consider practically equivalent. 
When you compare two groups, you’ll cal-
culate the difference between them, along 
with a confidence interval for that differ-
ence value. Equivalence testing will tell 
you whether or not the confidence interval 
for the between-group difference is entirely 
contained within the upper and lower equiv-
alence boundaries. If the confidence interval 
of the difference between groups is entirely 
contained inside of the equivalence interval, 
then the difference between groups is statis-
tically similar or equivalent. If any part of 
the confidence interval of the between-group 
difference extends outside of the equivalence 
boundaries, then we have to acknowledge the 
possibility that a practically meaningful dif-
ference exists, and we can no longer confi-
dently assert that the groups are statistically 
equivalent. So, with equivalence testing, you 

cannot conclude that a significant difference 
is observed; you can only conclude that the 
two groups’ values are not equivalent, so the 
possibility of a practically meaningful differ-
ence cannot be ruled out. In short, since the 
researchers hypothesized similar outcomes 
between groups, equivalence testing should 
have been used.

Despite the above, I will present the find-
ings as the authors did because I think it pro-
vides an accurate picture. I’ve also added be-
tween-group effect sizes with a small sample 
size correction for some measures.

Findings
Reps Performed, Volume, Proximity to Failure

Subjects performed 13.6% more reps per set 
(failure: 12.0 ± 2.1, non-failure: 10.4 ± 2.8) 
and 11.5% more volume when training to 
failure versus non-failure training. Over the 
entire study, subjects performed non-failure 
training to an average of 1.6 ± 1.8 RIR.  Im-
portantly, the researchers did not explicitly 
state how the RIR was determined on the 
non-failure leg. It’s possible the RIR in the 
non-failure group (seen in the findings sec-
tion) is self-reported; however, the difference 
in reps performed between training styles was 
1.6 and the RIR in the non-failure group was 
also 1.6. Therefore, it’s possible the RIR just 
represents the difference in reps performed 
between training styles.

Longitudinal Outcomes

All outcome measures (cross-sectional area, 
1RM strength, muscle architecture, and 
EMG) significantly increased from pre- to 
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post-study with no statistically significant 
differences between groups. Table 2 shows 
that all changes seemed to be pretty similar 
between groups, except for 4.6% and 4.4% 
greater increases in muscle cross-sectional 
area and leg press 1RM, respectively, both 
in favor of non-failure training. The be-
tween-group effect sizes were 0.27 (small) 
for cross-sectional area and 0.18 (trivial) for 
leg press 1RM. Pennation angle also had a 
between-group effect size of 0.46 in favor of 
non-failure training. Figure 1 shows the in-
dividual changes for cross-sectional area and 
leg press strength from pre- to post-study.

Interpretation
I’ll be more cautious later on, but I’ll state my 
honest opinion for now: training shy of fail-
ure is just as good and probably better than 
training to failure for both hypertrophy and 

strength, and the presently reviewed study 
enhances that view. You could interpret the 
reviewed research (1) as having no group dif-
ferences or a slight win for non-failure train-
ing. While there is some conflicting evidence 
in untrained individuals (5) most of the re-
cent literature which has had individuals train 
more than once per week (more on frequency 
later) have shown similar (6, 7, 8, 9) or great-
er (10, 11) hypertrophic adaptations in favor 
of non-failure versus failure training. You 
could add the current study to either column. 
Despite being a non-failure advocate, I’m 
sensitive to the other side because I get the 
impulse behind it. The impulse to think that 
training until you can’t do any more reps is su-
perior is not an irrational thought. The effec-
tive reps paradigm suggests that you achieve 
maximal motor unit recruitment during the 
last five reps of a set to failure, and there is 
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more mechanical tension for each rep clos-
er to failure; thus, each rep closer to failure 
causes more growth. I’m not sure I buy into 
the effective reps paradigm’s mechanistic ar-
guments, and based on the evidence, I surely 
don’t buy into the training recommendations. 
I won’t rehash the mechanistic underpinnings 
that Greg has written so eloquently about be-
fore in his Stronger By Science article; rather, 
I’ll stick to the practical outcomes, which are 
what should matter most.

In my opinion, we should reframe the fail-
ure debate from “do you have to train to fail-
ure” to “how far can you train from failure 
and still maximize hypertrophy?” Training 
farther from failure may also have additional 
practical benefits related to fatigue, muscle 
damage, single-session volume, weekly vol-
ume, and weekly frequency, but we’ll return 
to those later. For now, let’s look at the evi-
dence. Most of the studies comparing failure 

versus non-failure training are similar to the 
currently reviewed research, in that they com-
pare failure to training just a rep or two shy 
of failure. About a year ago, Greg reviewed a 
study from Lasevicius et al (9 – MASS Re-
view) which had untrained lifters, in a with-
in-subjects design, train knee extensions to 
failure or not to failure. While proximity to 
failure was not controlled in that study, sub-
jects likely had at least seven reps in the tank 
when performing non-failure training. Still, 
they experienced similar hypertrophy and 
strength compared to failure training (how-
ever, note that the subjects in the non-failure 
group performed more sets in order to equate 
total reps between groups). Further, Carroll 
et al (10 - MASS Review) had a group of 
subjects train to ~4-5 RPE over 10 weeks on 
a variety of lifts (squat and bench press in-
cluded), and these lifters experienced greater 
quadriceps growth than a group who trained 
to failure. The idea that you can perform a 
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decent amount of training at a 5RPE (5RIR) 
and still maximize hypertrophy is something 
that I thought seriously about in 2016 after 
we wrapped both an acute RPE/RIR accu-
racy study (12) and Dr. Helms’ Ph.D. thesis 
(13). For the acute study, subjects performed 
one set to failure on the squat at 70% of 1RM 
and predicted when they had 5, 3, and 1 RIR 
during the set. Subjects under-predicted RIR 
by about 5, 3.5, and 2 reps at each thresh-
old. In other words, subjects had on average 
a 10 RIR when they predicted a 5 RIR. Then, 
Dr. Helms’ study compared two groups who 
trained the squat and bench three times per 
week over eight weeks of training, and found 
that a group who trained, on average, to a 
self-reported 4-5 RIR experienced similar 
muscle growth to a group who trained to a 
2-3 RIR. Taken together, these studies sug-
gest that the well-trained lifters in Helms’ 
study trained considerably farther from fail-

ure than reported. Other studies (14 – MASS 
Review, 15 – MASS Review) have report-
ed that subjects can predict intra-set RIR to 
within one rep after the first set of an exer-
cise. So, I don’t think the subjects in Helms’ 
study were 3-5 reps off on every set, but the 
main points are 1) 4-5 RIR training produced 
similar muscle growth as 2-3 RIR training 
and 2) the average number of RIR was prob-
ably even lower than reported. To me, these 
findings suggest that trained lifters with a 
high training frequency can take most sets 
on compound lifts to around a 5 RIR and 
still maximize hypertrophy on major muscle 
groups (i.e., quads and pecs). One valid crit-
icism of this interpretation is that if RIR was 
under-predicted and there was no group train-
ing to a 1 RIR, then it’s fallacious to conclude 
that 5 RIR training is sufficient. I’m sympa-
thetic to that argument, but that lateral quad 
hypertrophy in this study was 6.6%, similar 
to a study (+ 4.88%) (16), but with subjects 
training much closer to failure. 

I don’t see much data on the other side of the 
argument. You could argue that studies using 
cluster sets or intra-set rest could demonstrate 
that training close to or at failure is necessary, 
but I don’t think it’s an apples-to-apples com-
parison. A commonly cited study from Goto 
et al 2005 (17) had subjects perform leg ex-
tensions for either 5 sets of 10 reps to failure 
for 12 weeks or 5 sets of 10 reps with a 10RM 
load but with a 30-second intra-set rest after 
the fifth rep to ensure subjects stayed shy 
of failure. This led to potentially a 1-3 RIR 
at the end of all 10 reps. Quadriceps hyper-
trophy was more than double in the failure 
(+ 12.9%) versus the intra-set rest (+ 4.0%) 

TRAINING SHY OF 
FAILURE IS JUST AS 
GOOD AND PROBABLY 
BETTER THAN TRAINING 
TO FAILURE FOR 
BOTH HYPERTROPHY 
AND STRENGTH.
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group. However, this is more of an extend-
ed cluster set and not indicative of how most 
people train. Therefore, I weigh the Carrol, 
Lasevicius, and Helms studies more highly 
than the Goto study. Nonetheless, I think it’s 
also fair to say that there is not enough data 
to definitively conclude how far someone can 
train from failure and maximize hypertrophy. 
I would say that someone can train to around 
a 5 RIR for the most part when using mod-
erate to heavy load training (i.e., not light 
loads), but it may be even farther from fail-
ure than that (gasp). The sufficient RIR might 
be 2-3 RIR, but I don’t believe the existing 
data suggests that. In short, we need to re-
frame the question, and both opinions (i.e., 5 
RIR or 2-3 RIR) have merit, but suggesting a 
5 RIR or less is sufficient is not an outland-
ish statement based upon the data. I’ve heard 
people say, “Well, I tried training to a 5 RIR, 
and it just didn’t feel stimulating, or it didn’t 
feel fatiguing.” That’s fine, but that doesn’t 
negate the existing data. As with anything, 
we sometimes think in a binary fashion, but 
not all training must be at the same RIR. If 
someone can do 13 reps at 72.5% of 1RM on 
the squat and does 5 sets of 8 this would be 
a 5 RIR on the first set, but the RIR would 
probably be 2-3 on the final set or two. 

I also see non-failure training on the main lifts 
as having utility for more appropriate per-ses-
sion and weekly volume and frequency. First, 
training to failure on every single set or even 
close to failure can be pretty fatiguing, and 
it may decrease the quality of some sets per-
formed later in a training session. If you want 
to perform 4 or 5 sets of a single exercise, 
then training to failure on the first few sets 

might compromise the last few sets. If you 
aim for a higher frequency (three times per 
week or more), staying in the 3-5 RIR range 
on the main lifts might be even better to mit-
igate fatigue over the next few days (18). 
Further, a training frequency of 2-3 times per 
week is superior to a frequency of one time 
per week for strength (19) and may be pref-
erable for hypertrophy (20, 21). One study I 
haven’t mentioned so far is Karsten et al (22), 
which found that quadriceps growth occurred 
at a ~5% faster rate when subjects performed 
4 sets of a 10RM compared to 8 sets of 5 at 
a 10RM load. This means that subjects in the 
non-failure group trained to about 5 RIR on 
the first set and about 3 RIR on the last set. 
However, Karsten only had subjects train a 
muscle group once per week, and other mus-
cles (biceps and shoulders) did not show 
group differences; therefore, it’s hard for me 
to weigh the Karsten study highly. 

The previous paragraph focused mostly on 
the main (i.e., squat and bench) movements. 
Let’s now review the data on single-joint 
movements. For single-joint exercises, some 
data suggests that training to failure produces 
greater biceps hypertrophy than training to a 3 
RIR (5). At the same time, other studies have 
shown no difference (6, 8) or tended to show 
favorable hypertrophy in favor of non-failure 
training (11). Therefore, I’d again argue for 
non-failure training; however, I’d also say that 
if you enjoy failure training, then single-joint 
movements are the place to do it (for some ex-
ercises). As with anything, using failure train-
ing or a specific proximity to failure is not an 
all-or-none thing. If I say that I believe you can 
train 4-5 reps from failure for the most part and 
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maximize hypertrophy, that’s not the same as 
saying, “you have to train 4-5 reps from fail-
ure all the time.” In other words, if you train 
muscle groups three times per week, then 
early in the week or when you’re doing your 
highest volume work, I would keep the major 
lifts and other damaging exercises (i.e., flys, 
RDLs, skull crushers) a bit farther from fail-
ure. Other assistance movements (i.e., curls, 
lateral raises, leg extensions) could be taken 
to a 1-2 RIR, with the last few sets taken to 

failure without issue. Then, if you train a mus-
cle group on Monday, Wednesday, and Friday, 
you could take the last set of a main exercise 
to failure and all of your assistance work to a 
0-2 RIR later in the week. What’s important 
is not that you identify precisely how far you 
can train from failure and always do that. In-
stead, it would help if you kept things appro-
priately shy of failure when it may negatively 
impact your session volume, weekly volume, 
weekly frequency, or your overall fatigue and 

RIR=Repetitions in Reserve
Percentages are of one-repetition maximum
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desire to train. Conversely, if training to a 4-5 
RIR is appropriate, but it decreases your desire 
to train because you don’t “feel it” or enjoy 
it, then you shouldn’t train that way. When I 
coach, I learn the client’s mental makeup and 
realize what type of training they enjoy. If they 
enjoy training a bit closer to failure, I make 
sure that they get to train closer to failure; I’m 
just strategic where I pick my spots. You have 
to give lifters some of what they need, but a 
lot of what they want for them to buy into the 
program, and the buy-in may be the most crit-
ical element for success. Table 3 shows a sam-
ple training week for legs, back, and biceps in 
which all aspects of the failure spectrum are 
used as described in this paragraph. I left out 
chest, shoulders, and triceps to keep the table a 
reasonable size, but those muscle groups could 
be trained on Tuesday, Thursday, and Saturday 
with the same concept.

Although we’ve alluded to strength gains 
above, most of this interpretation thus far has 
focused on hypertrophy. Four years ago, Da-
vies et al (23 - read the erratum) published a 

meta-analysis which concluded that there was 
no difference in strength between training to 
failure and training shy of failure. However, 
the evidence since then has leaned in favor 
of non-failure training. Carrol and colleagues 
also published a paper on strength outcomes 
(24 - MASS Review) from the same dataset 
as the hypertrophy study cited above (10). 
While the differences were not statistically 
significant between groups, changes in the 
non-failure group tended to be larger and were 
more consistent (i.e., predictable) than the 
failure group. Further, this study from Carrol 
reported that training strain (based upon ses-
sion RPE scores) was significantly lower than 
the non-failure group. Pareja-Blanco and col-
leagues (7 - MASS Review) found that sub-
jects who stopped squat sets after a 20% veloc-
ity loss over eight weeks increased squat 1RM 
by 4.6% more than those who trained to a 40% 
loss, which corresponded to reaching failure 
on a little over 50% of the sets. Additionally, 
Sanchez-Moreno (25 - MASS Review) report-
ed about ~5% greater strength gains for pull-
ups over eight weeks with a 25% velocity loss 
versus a 50% velocity loss, which was training 
close to failure. Lastly, the presently reviewed 
study’s findings leaned in favor of greater leg 
press 1RM increases with non-failure training. 
While I don’t think training to failure with hy-
pertrophy training is a good idea for practical 
reasons, you could brush that aside and take 
the view that there is no difference between 
failure and non-failure, if you simply want 
to train to failure. Fair enough. However, for 
strength, I’m not sure you can make that case 
anymore. I think the data is now suggesting 
that training to failure might be inferior for 
strength development. How far can you train 

I BELIEVE THE 
NECESSARY PROXIMITY 
TO FAILURE THRESHOLD 
IS LOWER THAN 
MANY THINK.
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from failure? Like hypertrophy training, I’m 
not sure if you can train at a 2-3 RIR or a 4-5 
RIR for most of your sets; however, I think 
it’s somewhat immaterial. You can most like-
ly train at a 4-5 RIR with moderate loads, but 
since intensity is a driver of strength, lifters 
will have to work up to high loads (i.e., ≥90% 
of 1RM) if looking to maximize 1RM. Once 
you perform one rep at 90% of 1RM, you are 
likely already at a 2 RIR. Additionally, in the 
latter stages of preparing for a powerlifting 
competition or test day, you may work up to 
a heavy single at 0-1 RIR (i.e., 9 or 9.5 RPE). 
For strength, since both volume and intensi-
ty are contributory, it’s wise to avoid failure 
when performing volume training; however, 
you will inevitably get close to failure when 
performing intensity-type training.

To sum up, subjects in the presently reviewed 
study training to about 1.5 RIR over eight 
weeks experienced just as good, if not slightly 
better, strength and hypertrophy adaptations 
than when training to failure. One interesting 
note about the reviewed study is that when 

subjects were asked to train shy of failure, they 
went pretty close to failure (1-2 RIR). This 
study adds to an increasing body of literature, 
which, in my opinion, clearly suggests that 
non-failure training is at least as good as fail-
ure training for both strength and hypertrophy. 
I would suggest that performing the majority 
of your training shy of failure is preferable 
for practical reasons. We should reframe the 
debate regarding hypertrophy and now focus 
on how far we can train from failure and still 
maximize hypertrophy. I think there is a point 
where you are too far from failure to maxi-
mize adaptations, which is only logical, and as 
I said at the outset, I understand the impulse 
to believe in failure training or the effective 
reps model. However, based on the literature, 
I believe the necessary proximity to the failure 
threshold is lower than many think.

Next Steps
To keep it simple, I’d like to see a longitu-
dinal study with four groups that train to 1) 

 APPLICATION AND TAKEAWAYS
1. The reviewed study showed that performing leg presses and leg extensions to a 

1-2 RIR, on average, produced similar leg extension strength gains and similar 
if not slightly greater quad hypertrophy and leg press strength gains than failure 
training over eight weeks. 

2. When assessing the total body of literature, it seems quite clear that training a few 
reps shy of failure is just as good as failure training for hypertrophy, and is likely 
better for strength gains.

3. Training to failure or a specific proximity to failure should not be an all-or-none 
thing. Instead, a lifter should be strategic about where they use failure training, 
which is more suited to most single-joint movements or compound movements 
with lower reps performed toward the end of a training week.
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failure, 2) 1-3 RIR, 3) 4-6 RIR, and 4) 7-10 
RIR. I realize that some may read “7-10 RIR” 
and think that it’s ridiculous. It may be ridic-
ulous, but remember, there is data showing 
that 5+ RIR is just as good if not better than 
failure training, so if we really want to find 
the minimum proximity to failure threshold, 
then we need to investigate higher RIR train-
ing. Suppose this study is carried out on the 
major exercises. In that case, I’d also like 
to see muscle damage markers for up to 48 
hours after some of the training sessions (i.e., 
through Wednesday after a Monday session) 
and session RPE values to assess the fatigue 
of each protocol. Lastly, and I’m dreaming 
here, it would be great to see a 12-week fol-
low-up with the subjects after the study to 
see if they maintained training volume and 
frequency, and to gauge their motivation. I’d 
wager that the failure group subjects would 
be a bit more discouraged at continuing the 
same training volume afterward.
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Concept Review:
Why and When to Progress Training Volume for Hypertrophy

A Progression Framework for 
Hypertrophy

 B Y  E R I C  H E L M S

Hypertrophy: It’s a goal listed next to strength, power, and 
muscular endurance in your textbook or professional manual, 

complete with ranges for each variable of training. What 
assumptions does this framework require? This article takes a 

“first principles” perspective on hypertrophy, using it to provide a 
model for progression.
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In this concept review, I’ll approach hyper-
trophy training progression from a con-
ceptual standpoint. I know, we’ve spent a 

lot of time discussing progression already in 
MASS, and Dr. Zourdos and I are proud to say 
most of this work comes from the video de-
partment (seriously, step it up Greg and Trex). 
For example, Dr. Zourdos has a two-part series 
(Part 1, Part 2) on load progression strategies, 
a video on how to progress assistance work, 
and I have a video on making progress using 
muscle group specialization cycles. There’s 
even more on progression in our content on 
setting up training, autoregulation, and period-
ization, even when progression itself isn’t the 
main focus. However, almost all of it is about 
how to progress; we haven’t done much on 
conceptualizing why and when to progress dif-
ferent variables (such as sets, reps, load, and 
RPE) for the goal of hypertrophy. 

In this article, I’ll discuss hypertrophy from 
a “first principles” perspective. Meaning, I’ll 
start at a point before most articles or text-
books on training theory start, and thus, be-
fore some of the assumptions that are often 
made. It’s not that these assumptions are nec-
essarily wrong, but they can lead to practices 
that might be suboptimal if we accept them 
uncritically. I’ll discuss the nature of hyper-
trophy, what we know about inducing a stim-
ulus to keep muscle growth going, and final-
ly, I’ll lay out a framework for progression 
that hopefully provides more pros than cons.

 KEY POINTS

1. Whole muscle hypertrophy is the structural outcome of performing resistance 
training which causes specific adaptations in components of skeletal muscle. 
However, hypertrophy is not a specific performance adaptation itself. 
Progression based on the recovery of training which causes hypertrophy will 
improve your ability to recover, but not necessarily hypertrophy in all cases.

2. Set volume has a dose-response, diminishing returns relationship with 
hypertrophy, following an inverted U. Eventually, as sets are added, hypertrophy 
rates plateau, and as more sets are added, rates of growth slow, eventually 
ceasing, then regressing. Hypertrophy increases strength, allowing increases in 
load or reps, which maintains the effectiveness (rep range and RPE) of each set.  

3. While an appropriate initial set-volume optimizes hypertrophy, it is not known 
when and if sets should increase to maintain the fastest rate of muscle growth 
possible. But, increasing sets too quickly can slow hypertrophy. Thus, it may be 
better to increase sets when load or reps are no longer going up, if recovery is 
also occurring.

What’s a concept review?
A written concept review is similar to our 
signature video reviews. The aim of this 
article type is to review a cornerstone topic 
in physiology or applied science research.
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Whole Muscle Hypertrophy 
Physique competitors want big muscles, re-
gardless of what contributes to that size, to 
achieve a certain look. For example, when they 
pump up, that temporary increase in fullness 
counts just as much as anything else that con-
tributes to muscle size. Strength athletes, on 
the other hand, want bigger muscles because 
more contractile tissue means more force out-
put. However, an increase in contractile tissue 
is just one potential contributor to whole mus-
cle hypertrophy. Further, the vast majority of 
muscle growth research uses metrics of whole 
muscle hypertrophy like muscle thickness, 
cross sectional area, or lean body mass, which 
can’t distinguish which components of muscle 
grew in what proportion. 

As I alluded to, whole muscle hypertrophy 
as a gross outcome is actually the result of 

a collection of adaptations to different com-
ponents of skeletal muscle. The appearance 
of increased muscle size in two individuals 
who train quite differently – or in the same 
individual following two distinctly different 
training phases at different times – may ap-
pear outwardly similar at the macro level, but 
may be the result of differing proportional 
increases to these components at the micro 
level. As outlined in a recent review by Haun 
and colleagues (1), hypertrophy can occur in 
three broad components (Figure 1):

1. Myofibrillar hypertrophy, which is the in-
crease in the size and/or possibly the num-
ber of myofibrils.

2. Connective tissue hypertrophy, which in-
cludes increases in the volume of mus-
cles’ extracellular matrix with increases in 
its mineral or protein content. 

3. Sarcoplasmic hypertrophy, which is a 
non-transient increase in the volume of the 
sarcoplasm, which may include increases 
in the volume of the mitochondria, sarco-
plasmic reticulum, t-tubules, and/or en-
zyme or substrate content.

Conceptually, unlike strength or muscular 
endurance, whole muscle hypertrophy is not 
a specific performance adaptation. Rather, 
change in whole muscle size is the gross struc-
tural consequence of specific structures adapt-
ing in response to stimuli. A change in whole 
muscle size can occur in response to a broad 
range of training styles, varying widely from 
low-load high-rep to high-load low-rep train-
ing (2), low-to-high total volumes (3), short-
to-long rest periods (4), training short of (5) or 
to failure (6), and with various modalities from 
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free weights to machines (7). Thus, a change 
in whole muscle size reflects the adaptive de-
mands that could be caused by, but are not lim-
ited to: 1) The need for more contractile tissue 
to produce force; 2) The need for more con-
nective tissue to transmit force or to “house” 
hypertrophy when it occurs in other parts of 
skeletal muscle; and/or 3) The need for more 
cellular organelles, enzymes, or substrates re-
lated to energy production for the completion 
of more work. Therefore, it may be imperfect 
to conceptualize “hypertrophy” as a training 
type in the same way we think of strength, 
power, or muscular endurance. Training par-
adigms for these performance outcomes are 
designed to balance the stimulus, recovery, 
and adaptation of training for a specific perfor-
mance adaptation; yet, whole muscle hyper-
trophy is a structural consequence of specific 
adaptations, not a specific adaptation itself (al-
though again, it can absolutely contribute to 
force production, and thus strength and power, 
which I will discuss more later in this article). 

While a wide array of variables can be ma-
nipulated to cause whole muscle hypertrophy, 
applied research has narrowed the variables 
to some degree to get closer to “optimal,” es-
tablishing that loads equal to or greater than 
30-40% of 1RM (8), when trained at least rea-
sonably close to momentary muscle fatigue 
for a sufficient number of sets that last suffi-
ciently long (~5-6 reps+) (9), should produce 
robust hypertrophy, if there is a sufficient 
supply of energy and protein for its creation 
(10). Perhaps unsurprisingly, there is also a 
dose-response relationship between the total 
number of sets performed (when sets are at a 
sufficient load and proximity to failure) and 

the magnitude of whole muscle hypertrophy 
(11). Also in line with many other physiolog-
ical adaptations, some work suggests this re-
lationship follows an “inverted U” (12), such 
that at a certain point, further increases in 
the number of sets reduces the rate of mus-
cle growth, presumably as the recovery de-
mand of training saps the adaptive resources 
for hypertrophy (Figure 2). Indeed, in some 
applied studies, groups doing more volume 
than a lower volume comparison group have 
actually not experienced measurable hyper-
trophy, or even experienced a small loss of 
lean mass (13, 14). 

Is Set Progression the 
Logical Conclusion?
This dose response relationship between vol-
ume and muscle growth has led to the creation 
of systems of hypertrophy training which pri-
oritize manipulating sets as a means of pro-
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gressing the specific stimulus (set volume) 
most related to hypertrophy. Such a system 
is seemingly built on the following premise: 

As your ability to recover from more sets in-
creases, the number of sets you can benefit 
from increases as well. 

At first glance, this is not an unreasonable 
premise given the dose-response relationship 
between hypertrophy and set volume. Howev-
er, there are actually a number of issues with 
this idea. First, the dose-response relationship 
is based on comparisons between groups doing 
different total volumes, not different week-to-
week progressions of volume across training cy-
cles. To my knowledge, there aren’t any studies 
that match for total volume, while comparing 
a group that increases sets each week against 
a group that maintains a fixed number of sets. 
Therefore, while we can say doing enough sets 
produces more muscle growth than not doing 
enough sets in a mesocycle, we can’t necessari-
ly conclude sets should be increased in a meso-
cycle. Simply put, while this premise could be 

true, we don’t have data to support it. 

Secondly, you could argue based on the prin-
ciple of specificity, that the only thing we can 
be strictly confident in regarding doing more 
sets, is that doing more sets gets you better 
at doing more sets. To truly assess the prem-
ise of whether or not increases in set volume 
will result in more growth if you are recov-
ering from your current set volume, we have 
to assess the meaning of recovery (and its 
time course). Depending on who you talk to, 
recovery is defined differently. Most often, 
speaking colloquially, recovery is described 
subjectively. As an aside, “subjective recov-
ery” has merit despite it not being objective. 
Believe it or not, validated questionnaires 
which use quantitative scales to rate subjec-
tive recovery outperform objective markers 
for monitoring and mirroring training load 
(15). More pertinent to the present discus-
sion, in sports science, recovery is most sim-
ply defined as returning to one’s baseline 
performance (16). While using this objective, 
sports science definition of recovery is more 
black and white, using it in the context of hy-
pertrophy training comes back to the problem 
of hypertrophy not being a performance ad-
aptation. The importance and utility of stimu-
lus, recovery, and adaptation are self-evident 
when applied to specific training for a spe-
cific performance adaptation. If you are try-
ing to lift a very heavy load, or do many reps 
with a moderate load, you train for that task 
by doing it, and you monitor progress and re-
covery by your performance. You lift heavy 
loads, or do many reps with moderate loads, 
respectively, with added complexity existing 
only to manage recovery and accomplish the 

THE ONLY THING WE CAN 
BE STRICTLY CONFIDENT IN 
REGARDING DOING MORE 
SETS, IS THAT DOING MORE 
SETS GETS YOU BETTER 
AT DOING MORE SETS.
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task more efficiently. While both of these 
tasks can result in hypertrophy, they aren’t 
perfectly synonymous with hypertrophy. If I 
was to put this another way, getting better at 
recovering from the work which stimulates 
hypertrophy is not necessarily the same thing 
as being able to stimulate more hypertrophy 
by doing more work.

Conceptually, your “optimal volume” for 
hypertrophy is only clearly related to your 
recovery if said recovery is poor enough to 
prevent you from performing that amount 
of volume. Likewise, there’s no reason you 
couldn’t be adapted to performing and recov-
ering from very high volumes, far in excess 
of what would be optimal for hypertrophy 
(think CrossFit). For example, imagine we 
had perfect knowledge of your optimal vol-

ume. Then, imagine you could complete it 
all across Monday, Friday, and Saturday ses-
sions. If you had a high workload capacity 
and were adapted to a high exercise frequen-
cy, the repeated bout effect would enable 
you to perform a decent amount of volume 
at a reasonable level of effort on Wednesday. 
However, if you were already at what was 
optimal, this additional training wouldn’t 
help you grow; just because you can do more 
volume, doesn’t mean you always should. 
Truly, for the premise that recovery indicates 
a need for more stimulus, we’d have to define 
recovery as “the recovery of all physiological 
processes related to hypertrophy.” Unfortu-
nately, that isn’t something we can feasibly 
measure at this point in time. 

Volume Load Progression
The conversation about volume and hy-
pertrophy is not new, but it has changed. 
For years, experts have said volume should 
progress at some stage if the goal is hyper-
trophy. I’ve said this, however, at the time 
most people meant volume load (sets x reps 
x load). To my knowledge, the 2015 Stron-
ger By Science article “The New Approach 
to Training Volume” by Nathan Jones was 
the first to connect the dots and conclude that 
perhaps instead of volume load (sets x reps x 
load), we should be counting the number of 
“hard sets.” He made a good case that hard 
sets are a simpler, more accurate representa-
tion of how stimulative training volume is for 
hypertrophy. In the peer reviewed literature, 
Baz-Valle and colleagues argued a similar 
position in a 2018 systematic review we cov-
ered in MASS, concluding “the total number 

GETTING BETTER AT 
RECOVERING FROM THE 
WORK WHICH STIMULATES 
HYPERTROPHY IS NOT 
NECESSARILY THE SAME 
THING AS BEING ABLE 
TO STIMULATE MORE 
HYPERTROPHY BY 
DOING MORE WORK.
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of sets to failure, or near to, seems to be an 
adequate method to quantify training volume 
when the repetition range lies between 6 and 
20+ if all the other variables are kept con-
stant” (9). I agree with these conclusions, as 
they’re based on the fact that most studies re-
port greater hypertrophy in groups perform-
ing more sets that meet this criteria. Indeed, 
in the second edition of my books I gave vol-
ume recommendations as the number of sets 
for this reason.

However, conceptualizing volume for hy-
pertrophy as the number of sets has differ-
ent implications for progression than when 
conceptualizing it as volume load, which I 
don’t think most people consider. Specifi-
cally, while I’m confident that volume load 
should steadily progress if your goal is hy-
pertrophy, I’m not confident the same can 
be said about the number of sets. Why? As 
discussed earlier, bigger muscles are general-
ly stronger muscles. If you are growing, that 
should eventually show up on the bar (or ca-
ble stack). Even if you keep reps and sets the 
same, this means volume load will increase 
(sets x reps x load). Therefore, if you are 
growing, it leads to strength increases, and 
volume load must go up. 

This ties into how you view progressive over-
load and the relationship between strength 
and hypertrophy. Increasing your strength 
doesn’t make you grow; rather, when strength 
increases on movements in the same rep range 
after the novice stage, it is at least in part due 
to the contribution of bigger muscles to force 
production (17). From this perspective, “pro-
gressive overload” isn’t something you must 
proactively do by progressing the overload. 

Rather, your progress occurs because you 
caused overload. Meaning, increases in vol-
ume load from strength gains (doing more 
reps or lifting more weight) are a confirma-
tion that overload occurred. Therefore, vol-
ume load eventually has to increase if you 
are actually growing, if all else is equal. 

While the need to increase volume load is 
arguably self evident, we can’t say the same 
for the number of sets. There are no data I’m 
aware of indicating that set volumes neces-
sarily increase with training age. As stated, 
there are plenty of studies comparing groups 
doing different set volumes, establishing the 
aforementioned dose response relationship, 
but there aren’t studies tracking individuals 
through multiple points over their lifting ca-
reers to establish optimal set volume. With 
that said, we do have evidence that quickly 
increasing sets on a weekly basis can coin-
cide with a slowed rate of hypertrophy. Spe-
cifically, Haun and colleagues increased sets 
by two, every week from 10 to 32 sets, but 
only observed significant increases in ex-
tracellular water-corrected lean body mass 
from pre- to mid-testing, but not from mid- 
to post-testing (18). Meaning, muscle growth 
slowed as sets continued to increase to a very 
high number (technically, we can’t know the 
set increases caused this slow down, but they 
didn’t prevent it). 

This shouldn’t be surprising, as out of all the 
variables influencing volume load, adding sets 
increases it the most. Going from 10 to 32 sets, 
if reps and load remains the same, is 320% of 
the original work completed! Such a rapid in-
crease can overwhelm one’s ability to adapt 
and recover. Consider how much more aggres-
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sive adding sets is compared to adding reps 
or load. Going from 3 sets of 10 with 100kg 
(3000kg), to 3 sets of 10 with 105kg (3150kg) 
or to 3 sets of 11 with 100kg (3300kg) is a 
modest 5 or 10% increase, respectively, com-
pared to a 33% increase going to 4 sets of 10 
with 100kg (4000kg). More importantly, since 
“hard sets” of at least ~5-6 reps are most rep-
resentative of the hypertrophy stimulus, I’d ar-
gue that load and repetition increases serve a 
different function than increasing sets. As you 
get stronger, if you don’t increase load or do 
more reps, your sets get further from failure. 
Thus, increases in load or reps maintain the 
relative stimulus of each set. Adding sets on 
the other hand is, well, adding sets. It could be 
viewed as a true increase in volume for hyper-
trophy, rather than ensuring your current vol-
ume remains effective.

When Set Progression is 
Warranted
I’ve argued that set progression is an ag-
gressive move, but that doesn’t mean you 
should never do it. Further, there is some data 
we can use to help us make decisions about 
how to increase sets. Most studies assign a 
certain number of sets for “high” and “low” 
volume groups without consideration of how 
much volume the participants were doing 
before the study. Greg reviewed a study that 
found arbitrary assignment to 22 sets/week 
produced less hypertrophy than increasing 
habitual volume by 20%, even though at the 
group level, volume between conditions was 
similar (19). This indicates if you are to in-
crease sets, it should be a relative increase 
from where you were. However, just because 

it’s better to make a relative increase in set 
volume from what you were doing previous-
ly, doesn’t mean it’s always a good idea to 
increase sets in the first place. 

Indeed, there is evidence that decreasing 
your volume in some cases can increase your 
rate of hypertrophy. In a recent study assess-
ing hypertrophy, Aube and colleagues com-
pared multiple groups performing different 
set-volumes and also reported the change in 
set-volume among the participants compared 
to what they were doing habitually. Interest-
ingly, among the individuals who grew the 
most (the top tertile of responders), they in-
creased their number of sets by 6.6 ± 12.4 per 
week (20). That standard deviation, which is 
almost twice the mean, indicates a few of the 
individuals who grew the most in this study 

INCREASES IN LOAD 
OR REPS MAINTAIN THE 
RELATIVE STIMULUS OF 

EACH SET. ADDING SETS 
ON THE OTHER HAND IS, 

WELL, ADDING SETS. IT 
COULD BE VIEWED AS A 

TRUE INCREASE IN VOLUME 
FOR HYPERTROPHY.
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likely reduced the number of sets they were 
previously doing. Strictly speaking, it’s possi-
ble that those who decreased their sets in the 
fastest growing tertile were actually growing 
even faster before they enrolled in the study. 
Perhaps they were such genetic specimens they 
would end up in the top tertile of hypertrophy 
no matter what, but hypothetically, the point re-
mains given our understanding of the inverted 
U relationship between volume and hypertro-
phy. Simply put, if you’re already doing sets in 
excess of what is optimal for you, decreasing 
your number of sets could make you grow fast-
er, or start growing again if you were plateaued. 

Practically, you want to set a reasonable start-
ing volume which you think will be ideal for 
hypertrophy, based on your current knowledge. 
Then, adjust volume over time to ensure you 
stay as close to that goal as possible. When first 
starting out, if you don’t have historical data in-
dicating that a certain set volume seems to re-
sult in your best growth, it’s not a bad idea to 
use the existing published data and start at ~8-
12 hard sets per muscle group per week (11). 
With an appropriate initial volume, you should 
be able to increase load and/or reps over time 
if other variables are properly in place. These 
variables include sufficient proximity to failure, 
rest, your rep range and load falling within spe-
cific (but broad) ranges, a reasonable training 
organization, adequate nutritional support, and 
sleep. From this point, increases in reps and 
load indicate overload is occurring and serve to 
maintain the efficacy of your sets. Then, when 
load or reps are no longer progressing, it’s 
worth considering if a “true” volume increase 
to the number of sets is warranted. Specifically, 
this is likely appropriate if you are also recover-

ing well in both subjective and objective terms 
while reps and load are also plateaued (Figure 
3). 

Another conceptual use of set progression is 
specialization cycles. Dr. Zourdos discussed the 
concept in relation to high volume training here 
in his Interpretation, Next Steps, and Applica-
tion and Takeaways. As established, sets are an 
aggressive increase in volume load, so it might 
make more sense to “free up” the resources to 
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adapt and recover from high volumes by only 
using high volume training on one or two body 
parts at a time while sets are reduced on your 
other muscle groups. This gets around the prob-
lem of doing too much too quickly, and allows 
an advanced trainee to increase the volume on a 
muscle-group-by-muscle-group basis, without 
increasing total volume to counterproductive 
levels. For a more in depth look at how to do 
this, see my video specifically on this topic. 

Final Thoughts
As we’ve discussed numerous times in MASS, 
despite volume having a known and import-
ant relationship with hypertrophy, you can do 
too much. You can also increase it too quick-
ly. While I’ve called into question certain as-
sumptions, it doesn’t mean some don’t con-
tain elements of utility or truth. For example, 
I mentioned we don’t have data to support the 
idea that set volume must increase with training 
age. However, absence of evidence is not evi-
dence of absence. In my anecdotal experience, 
going from post-newbie levels of muscle mass 
to growing noticeably again often does require 
a sizable increase in set volume (if you didn’t 

start too high in the first place). Further, just be-
cause recovery isn’t directly related to hyper-
trophy, doesn’t mean it can’t be useful when 
assessing the cause of a plateau. 

Therefore, the premises which I questioned 
should not be wholly rejected, but rather updat-
ed with added nuance. Many might have sim-
ply concluded before reading this article: “Vol-
ume is the variable most related to hypertrophy 
and best quantified as hard sets. Therefore, we 
should progress sets in our training cycles.” My 
hope is now you understand that progressing 
reps or load shouldn’t be compared to increas-
ing sets, as increasing reps or load can serve a 
different purpose. Further, you physically won’t 
always be able to increase reps or load, but you 
can always add another set. Meaning, in addi-
tion to ensuring the effectiveness of your exist-
ing set volume, increases in reps or load serve 
diagnostically to help you assess the effective-
ness of your training and your objective recov-
ery. Therefore, increases in reps or load is not in 
contrast with increases in sets. Rather, they can 
go hand in hand, with plateaus in reps or load 
helping to inform when sets should increase.

 APPLICATION AND TAKEAWAYS

Steady improvements in reps or load are a practical gauge of whether growth is 
likely occurring. While strength gains indicate hypertrophy, the acute recovery of 
performance is not necessarily tied to hypertrophy. Work capacity and recovery can 
improve without necessarily changing your current optimal volume for hypertrophy. 
Of all variables, sets increase total work the most, and too much work over short 
time frames can impede muscle growth. Thus, rep or load progression can indicate 
overload occurred, and serves to maintain the relative effectiveness of each set. When 
reps or load are not progressing, recovery can be assessed to determine if an increase 
in sets is warranted. This framework may maximize the upsides and minimize the 
downsides of progressing each of these variables for the goal of hypertrophy. 
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 B Y  E R I C  T R E X L E R

Study Reviewed: Subcellular Localization- and Fibre Type-Dependent Utilization of Muscle 
Glycogen During Heavy Resistance Exercise in Elite Power and Olympic Weightlifters. 

Hokken et al. (2020)

Modest Glycogen Depletion May Impact 
Lifting Performance More Than You Think

Some fitness professionals have questioned the importance of 
dietary carbohydrate, given that resistance training only depletes 

24-40% of muscle glycogen. New data suggest that small 
reductions in muscle glycogen might have bigger performance 
impacts than once thought. Read on to learn about some very 

important carbohydrate research. 
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The last decade or so has been tough 
for carbohydrates. Back in the 1980s, 
things were much simpler; dietary fat 

was vilified for its purported impact on blood 
lipids and cardiovascular disease risk, and 
high-carb diets were heavily promoted for 
the general population and athletes alike. A 
key focus of the sports nutrition field was fo-
cused on glycogen replenishment strategies, 
as carbs were universally acknowledged as 
the primary fuel for moderate-to-high in-
tensity exercise. More recently, low-carbo-
hydrate diets have become more and more 
common among athletes, and specifically 
among strength and physique athletes. Even 
extremely low-carb diets, such as ketogenic 
and carnivore diets, have been embraced by 
some. One thing that has facilitated the resur-
gence of low-carb diets for lifters has been 
a body of literature indicating that a single 
resistance training session fails to fully de-
plete muscle glycogen levels. A variety of 
studies have shown only ~24-40% reductions 
in muscle glycogen content following resis-

tance training, even when fairly strenuous, 
high-volume protocols have been employed 
(2, 3, 4, 5). This has led to suggestions that 
traditional resistance training isn’t that gly-
cogen-dependent, most lifters probably have 
plenty of glycogen left in the tank at the end 
of their workouts, and carbs aren’t that critical 
for the maintenance of lifting performance. 

This line of thinking overlooks a critical detail 
about glycogen storage: glycogen particles 
are stored in multiple distinct compartments 
within muscle, and different storage depots 
have different impacts on muscle function 
and fatigue (6). Total muscle glycogen can 
be divided up into intramyofibrillar glycogen 
(located within the myofibrils, mostly near 
the z-line), intermyofibrillar glycogen (locat-
ed between the myofibrils), and subsarcolem-
mal glycogen (located just beneath the sarco-
lemma). If you’d like to see a visual depiction 
of these distinct storage depots, check out the 
images presented in Figure 2 of this open ac-
cess paper. It appears that intramyofibrillar 
glycogen most directly relates to muscular 

 KEY POINTS

1. The presently reviewed study (1) sought to evaluate the effects of a high-volume 
resistance training session on localized depletion of distinct muscle glycogen storage 
depots in type 1 and type 2 muscle fibers.

2. Total muscle glycogen only decreased by about 38%, but type 2 fibers were depleted 
far more than type 1 fibers. In type 2 fibers, intramyofibrillar stores dropped by -54%, 
and 48% of the fibers had very substantial intramyofibrillar glycogen depletion.

3. Localized glycogen depletion in the intramyofibrillar storage depots can probably 
start impairing performance at fairly modest levels of whole-muscle glycogen 
depletion. That’s a pretty big deal for discussions about optimal carbohydrate intake 
for lifters.
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fatigue development via impairment of cal-
cium release from sarcoplasmic reticula. So, 
the current study aimed to assess the effects 
of high-volume resistance exercise on the 
utilization of glycogen from various storage 
depots in competitive male powerlifters and 
Olympic weightlifters. Results indicated that 
using typical biochemical assessment meth-
ods, whole-muscle glycogen decreased by 
only 38%. While only intermyofibrillar gly-
cogen dropped substantially in type 1 muscle 
fibers, all three storage depots were markedly 
reduced in type 2 fibers, and a decent num-
ber of type 2 fibers had almost full depletion 
of intramyofibrillar glycogen after exercise. 
Perhaps the biggest implication of these find-
ings is that we can’t simply view glycogen 
as a “gas tank”; distinct glycogen stores are 
depleted in a non-uniform manner, and total 
muscle glycogen content is probably a poor 
indicator of the risk of performance impair-
ment due to glycogen depletion. We never 
want to place too much confidence in a small 
collection of studies, but the evidence for the 
importance of localized glycogen depletion is 
mounting. While this finding doesn’t neces-
sarily mean that every lifter needs to adopt 
a super-high-carb diet, we can no longer as-
sert that lifting-induced glycogen reductions 
are universally negligible in magnitude, and 
this will probably influence the way we col-

lectively discuss carbohydrate recommen-
dations for lifters moving forward. Read on 
to get more details about what these results 
mean for carbohydrate intake in lifters. 

Purpose and Hypotheses
Purpose

The presently reviewed study sought to quan-
tify the effects of a high-volume resistance 
training session on localized depletion of dis-
tinct muscle glycogen storage depots in type 
1 and type 2 muscle fibers. 

Hypotheses

The researchers hypothesized that high-vol-
ume resistance exercise would lead to differ-
ent patterns of localized glycogen depletion 
in specific storage depots and fiber types. 
Based on the introduction section, it seems 
safe to infer that they were specifically ex-
pecting to see some functionally relevant de-
pletion of the intramyofibrillar storage depot, 
which has been linked to acute muscular fa-
tigue in previous research.

Subjects and Methods
Subjects

10 competitive male powerlifters and Olympic 
weightlifters completed this study. Based on 
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their self-reported 1RMs and years of training 
experience, it sounds like these participants 
were pretty solid lifters. Their relevant demo-
graphic data are presented in Table 1.

Methods

The methods for this study are very intricate, 
but we can hit the highlights by focusing on a 
couple simple focus areas: what’s being mea-
sured, and what’s being manipulated. On the 
measurement side, we’re talking about mus-
cle glycogen levels. In many of the previous 
glycogen depletion studies in this area, the 
researchers look at estimates of whole-mus-
cle glycogen levels via biochemical analysis 
of tissue homogenate. They basically take 
a sample of muscle tissue, grind it up, and 
see what the glycogen concentration of the 
ground up muscle tissue is. This precludes 
them from distinguishing between type 1 
and type 2 fibers, let alone distinguishing 
between distinct glycogen storage depots. In 
the presently reviewed study, the researchers 
used this method to take a quick look at over-
all glycogen depletion, but they also used a 
more advanced method with microscopic ex-

amination of intact samples of muscle tissue 
(quantitative transmission electron microsco-
py), which allows them to look at differences 
between muscle fiber types and specific de-
pots of glycogen storage.

On the manipulation side, the researchers 
were specifically focused on determining how 
resistance training impacted glycogen deple-
tion patterns. Participants arrived for testing 
after an overnight fast and were provided a 
standardized pre-exercise meal 60-90 minutes 
prior to a standardized bout of resistance train-
ing. The meal provided about 560kcal, with 
a macronutrient breakdown of 45% carbohy-
drate, 26% protein, and 29% fat. The exercise 
session began with some light warmups, fol-
lowed by three exercises that were intended to 
target the lower body musculature (since gly-
cogen levels were being assessed using vastus 
lateralis tissue samples). The workout consist-
ed of back squats (done in accordance with 
International Powerlifting Federation stan-
dards), deficit deadlifts from a 10cm platform, 
and dumbbell split squats with the rear foot el-
evated on a standard bench. The exercise bout 
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was designed to last around 70-90 minutes in 
total, and working sets were performed in rep 
ranges spanning from 5-12 repetitions per set 
with loads ranging from 60-75% of self-re-
ported 1RM. A quick overview of the exact 
exercises, set and repetition schemes, and ap-
proximate loads is presented in Table 2. Mean 
intensity for working sets of back squat and 
deficit deadlift were 74% and 71%, respective-
ly. During their four sets of split squats, partic-
ipants were instructed to aim for an RPE of 
about 8-9 (on a 10-point reps in reserve-based 
RPE scale) while completing 12 reps per set. 
Participants rested for 3-6 minutes between 
sets of squats and deadlifts, and 1-2 minutes 
between sets of split squats. In order to assess 
changes in muscle glycogen, muscle biopsies 
were obtained about 5-10 minutes prior to the 
onset of exercise and immediately (2-5 min-
utes) after finishing the exercise session.

In terms of outcome variables, the research-
ers were primarily interested in assessing to-
tal muscle glycogen depletion, fiber-specif-
ic glycogen depletion, and location-specific 
depletion of glycogen from the distinct stor-
age depots within muscle tissue (intramyo-
fibrillar glycogen, intermyofibrillar glyco-
gen, and subsarcolemmal). 

Findings
As one would expect, muscle glycogen con-
centrations decreased and muscle lactate con-
centrations increased in response to the train-
ing bout. Using biochemical methods, total 
muscle glycogen decreased by about 38%. 
Using the more intensive method of glycogen 
quantification (transmission electron micros-
copy), they were also able to look at distinct, 
localized glycogen storage depots in type 1 
and type 2 muscle fibers. Expressed as a per-
centage of total muscle glycogen content, in-
termyofibrillar glycogen was the largest stor-
age depot, accounting for about 80% of total 
muscle glycogen. The relative percentage of 
total muscle glycogen contained within each 
localized storage depot (intramyofibrillar, in-
termyofibrillar, and subsarcolemmal) is pre-
sented in Table 3. 

In response to the exercise bout, glycogen 
stores were depleted in a non-uniform man-
ner. When expressed as a percentage in Ta-
ble 2, the non-uniformity is hard to see, but 
it becomes more apparent when you look at 
the raw data and the depot-specific changes 
from pre-exercise to post-exercise. In type 
1 fibers, a significant reduction in intermy-

47



ofibrillar glycogen was observed (-33%; p < 
0.001). While reductions were also observed 
in the intramyofibrillar (-20%) and subsarco-
lemmal (-8%) depots of type 1 fibers, these 
changes were not statistically significant (p 
= 0.30 and p = 0.51, respectively). In type 2 
fibers, statistically significant reductions (p 
< 0.001) were observed in all three storage 
depots. Intermyofibrillar stores dropped by 
-48%, intramyofibrillar stores dropped by 
-54%, and subsarcolemmal stores dropped 
by -47%. An interesting observation was that 
many (48%) of the type 2 fibers demonstrat-
ed very substantial depletion of intramyo-
fibrillar glycogen, with post-exercise levels 
<2 μm3 μm−3 103, whereas such extreme de-
pletion of intramyofibrillar glycogen was far 
less common in type 1 fibers. The raw chang-
es for each glycogen storage depot within 

type 1 and type 2 muscle fibers are presented 
in Figure 1.

The researchers also reported an interesting 
observation related to the orientation of gly-
cogen storage in the most depleted fibers. In 
the super-depleted type 2 fibers, the research-
ers found some crystal-like glycogen struc-
tures. These structures were not observed 
nearly as frequently in type 1 fibers or in fi-
bers with less substantial levels of glycogen 
depletion. It’s thought that these crystal-like 
structures bind metabolic enzymes to en-
hance the initiation of glycogen resynthesis, 
but they are poorly understood at this time. 
Since we don’t know much about the practi-
cal implications of these crystal-like glyco-
gen structures, I won’t discuss them further 
in the current article. 
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Interpretation
I try not to be hyperbolic when discussing 
new research. If anything, I think I tend to 
lean a little too hard in the other direction, 
often opting for a “wait and see” conclusion 
rather than confidently overstating the impact 
and utility of new findings. However, I think 
this is one of the more important papers I’ve 
seen in recent years, in terms of its potential 
impact on the way we discuss carbohydrate 
feeding strategies. It’s very common to see 
notable figures in the evidence-based fitness 
and sports nutrition worlds undermine the 
importance of dietary carbohydrate, primar-
ily based on the fact that prior studies show 
only 24-40% glycogen reduction in response 
to single bouts of resistance training (2, 3, 4, 
5). The implied justification is that glycogen 
depletion induced by traditional resistance 
training is negligible in magnitude, because 
lifters still have plenty of stored glycogen to 
burn through before full depletion occurs and 
performance is impacted. The current find-
ings cast heavy doubts on this line of think-
ing and its default justification. To be clear, 
this isn’t the cathartic practice of seeking out 
low-hanging fruit and disproving the blatantly 
wrong assertions made by ill-informed influ-
encers and heavily biased charlatans. We’re 
talking about claims made by the cream of 
the crop in the sports nutrition and evi-
dence-based fitness communities; authority 
figures who do rigorous work and rightfully 
command a great deal of respect in the area. 
So, these findings are important, not because 
they bust a myth that the evidence-based 
fitness world already abandoned long ago, 
but because they have potential to shift the 

high-level, nuanced discussions about dietary 
carbohydrate moving forward. These results 
don’t necessarily imply that lifters need to 
carb-load before each training session as if 
they’re about to run a marathon, but they 
suggest that modest glycogen depletion from 
traditional resistance training could be more 
impactful than once thought, and that lifters 
in certain scenarios (e.g., carb restriction, en-
ergy restriction, and high-frequency training) 
might want to shift a little more attention to-
ward mindfully replenishing muscle glyco-
gen in a strategic manner.

Let’s take a look at the evidence that is most 
commonly used to undermine the importance 
of dietary carbohydrate for lifters. Tesch et 
al (5) studied the glycogen-depleting effect 
of a pretty rigorous exercise bout including 
five sets each of front squats, back squats, leg 
presses, and knee extensions. All sets were 
taken to failure, with somewhere between 
6-12 reps per set. After this exercise proto-
col, total muscle glycogen was significantly 
reduced; the text of the paper says glycogen 
dropped by 40%, but my calculations in-
dicate that it was closer to 26%, so I’m not 
sure what explains the discrepancy there. 
The post-exercise mean value was 26% low-
er than the pre-exercise mean value, but it’s 
possible that they calculated the relative gly-
cogen reduction (as a percentage) within each 
individual participant, and the average drop 
was 40% at the individual level. Pascoe and 
colleagues (4) used an exercise protocol con-
sisting of numerous sets of six leg extensions 
using 70% of 1RM, with 30 seconds of rest 
between sets. Participants completed an av-
erage of 8.8 sets before reaching failure, and 

49



glycogen was depleted by about 29-33%. In 
a study by MacDougall et al (3), participants 
completed sets of bicep curls to failure us-
ing 80% of 1RM. One set to failure depleted 
muscle glycogen by 12%, whereas three sets 
to failure depleted muscle glycogen by 24%. 
Koopman et al (2) utilized an exercise proto-
col consisting of 8 sets of 10 on the leg press 
machine and 8 sets of 10 on the leg extension 
machine using 75% of 1RM. Whole-muscle 
glycogen was reduced by 33%, which includ-
ed 23%, 40%, and 44% reductions in type 1, 
type 2a, and type 2x fibers, respectively. Fi-
nally, Roy and Tarnopolsky (7) assessed mus-
cle glycogen depletion following a full-body 
workout. While participants completed six 
upper-body exercises, muscle glycogen was 
assessed in the vastus lateralis, so the most 
relevant components of the exercise protocol 
were three sets of leg extensions, three sets 
of leg press, and three more sets of leg exten-
sion at the end of the workout. All sets con-
sisted of approximately 10 repetitions using 
80% of 1RM, and the protocol resulted in a 
muscle glycogen reduction of approximate-
ly 36%. This is by no means an exhaustive 
list of the studies measuring glycogen reduc-
tions following resistance exercise, but it’s a 
fairly representative list, and the majority of 
the literature indicates that approximately 24-
40% depletion is typically observed, with the 
magnitude most closely related to the volume 
of exercise completed (1).

There are two reasons why I love the exer-
cise protocol in the presently reviewed study. 
First, I think it’s a solid approximation of 
how many lifters actually train, which gives 
us some bonus points for ecological validity. 

The fact that the study was actually conduct-
ed in well-trained, competitive lifters is all 
the better. More importantly (in my opinion), 
this exercise protocol generally replicates 
the total degree of whole-muscle glycogen 
depletion observed in the previous glycogen 
depletion studies I just outlined. That’s really 
convenient, because it gives us a decent ap-
proximation of how extensive the localized 
depletion of each specific glycogen storage 
depot was likely to be in the previous re-
search documenting similar magnitudes of 
whole-muscle glycogen depletion. With 38% 
total muscle glycogen depletion observed, 
the presently reviewed study is at the high-
er end of the range, but definitely within the 
same ballpark. Taken together, this small col-
lection of studies suggests that pretty realistic 
resistance training protocols are able to in-
duce fairly modest depletion of whole-mus-
cle glycogen content, which is sufficient to 
markedly reduce the storage of intramyo-
fibrillar glycogen. In fact, as depicted in Fig-
ure 1, this exercise bout was able to induce 
extremely low intramyofibrillar glycogen 
levels in about half of the type 2 muscle fi-
bers measured. 

There is a fairly large hurdle to clear before 
these findings can actually be applied in prac-
tical settings. The presently reviewed study 
shows that glycogen depletion occurs in a 
localized, non-uniform manner, with partic-
ularly notable depletion occurring in the in-
tramyofibrillar area of type 2 muscle fibers. 
But to translate that to practical application, 
we need to know whether or not that intramy-
ofibrillar depletion actually translates to 
acute fatigue or impaired contractile function 
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of muscle. As summarized in a recent review 
paper by Alghannam et al (8), I think you can 
make a strong case that we have the evidence 
to support this translation. In section 2.1 of 
the paper by Alghannam and colleagues, they 
summarize the body of literature as it current-
ly stands (by the way, the body of literature 
was almost entirely produced by the authors 
of the presently reviewed study over the last 
10+ years). Over a series of studies, this re-
search group has demonstrated that reduced 
intramyofibrillar glycogen levels are associ-
ated with impaired calcium release from sar-
coplasmic reticula, which appears to increase 
muscle fatigue and alter muscle contractili-
ty (6, 8). One of the largest sources of ATP 
consumption during muscle contraction is 
the sarcoplasmic reticulum-calcium-ATPase 
enzyme, and the sodium-potassium-ATPase 
enzyme is another notable ATP consumer. 
These enzymes depend on locally available 
glycogen as a major source of energy, which 
helps elucidate a mechanistic link between 
intramyofibrillar glycogen depletion, sarco-
plasmic reticulum calcium kinetics, and mus-
cle fatigue (6). 

While that evidence has largely come from 
highly mechanistic studies with limited eco-
logical validity, the same research group has 
translated their line of research to real-world 
studies in athletic populations. In trained tri-
athletes, this group demonstrated that a large 
reduction in whole-muscle glycogen content 
(induced by prolonged cycling) was asso-
ciated with a significant reduction in sarco-
plasmic reticulum calcium release (9). Four 
hours after the exercise bout, glycogen levels 
and calcium release were markedly restored 

by post-exercise carbohydrate ingestion, but 
remained suppressed when post-exercise 
carbohydrate was restricted. They report-
ed similar findings in trained cross-country 
skiers (10), but took the study a step further 
by specifically assessing localized glycogen 
depots. While the R2 value wasn’t particular-
ly high, intramyofibrillar glycogen was the 
only glycogen depot that was significantly 
correlated (R2 = 0.23, p = 0.04) with calcium 
release rate in the sarcoplasmic reticula. With 
any line of research, you prefer to see a huge 
body of evidence with numerous different 
lab groups replicating each others’ work, but 
that might be hard to come by with this topic. 
This is pretty labor- and resource-intensive 
research that involves intricate methods and 
specialized equipment, so we aren’t likely to 
see a huge wave of quickly conducted stud-
ies pouring out from several laboratories over 
the next few months. However, for the time 
being, I think these researchers have made a 
strong case for the idea that intramyofibrillar 
glycogen is particularly important, and can 
become depleted to a practically meaning-
ful degree in response to resistance exercise 
when only modest whole-muscle glycogen 
depletion is observed.

While I think these findings are both cool 
and important, I don’t want to overstate their 
impact on day-to-day carbohydrate feedings 
strategies. Back in the 1990s and early 2000s, 
it seemed like a lot of lifters were pretty fond 
of micromanaging their carbohydrate timing, 
and unnecessarily so. These findings do not 
suggest that the typical lifter needs to return 
to those old habits of stressing over rapid 
post-exercise consumption of a carbohydrate 
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source with the perfect molecular weight, 
glycemic load, monosaccharide composition, 
and molecular configuration. Similarly, these 
findings do not suggest that all lifters need to 
adopt a super-high-carb diet. If you’re eating 
near (or above) maintenance calories, utiliz-
ing a moderate- or high-carb diet (let’s say, 
≥40% of calories coming from carbohydrate), 
and resting at least 24 hours between high-in-
tensity exercise bouts with the same muscle 
group, you probably don’t have to worry too 
much about glycogen levels. In these cir-
cumstances, most lifters will probably have 
adequate glycogen replenishment by simply 
consuming at least 3-4g/kg per day of carbo-
hydrate per day (11), given the typical rate 
of glycogen replenishment in the presence of 
adequate carbohydrate availability (8). How-
ever, if you’re in a big energy deficit, utilizing 
a low-carbohydrate diet, or performing mul-
tiple glycolytic exercise bouts with the same 
muscle group in a 24-hour period, glycogen 
replenishment could potentially be an influ-
ential factor impacting your training capacity 
and performance. As the presently reviewed 
results suggest, even modest whole-muscle 
glycogen depletion from traditional resis-
tance exercise can induce a notable reduction 
of intramyofibrillar glycogen content in type 
2 fibers, which could negatively impact per-
formance in the absence of replenishment. 
It’s become increasingly common for lifters 
to overlook the potential benefits of targeted 
glycogen replenishment in glycogen-limiting 
scenarios, largely driven by the assumption 
that near-maximal glycogen replenishment is 
unnecessary for traditional resistance training 
that fails to fully deplete glycogen stores. The 
results of the presently reviewed study cast 

major doubts on that logic and highlight the 
potential benefits of making room for carbs 
in the typical lifter’s diet, along with the need 
for focused glycogen replenishment in spe-
cial scenarios that threaten adequate glyco-
gen replenishment. 

Earlier this year, Dr. Helms and I published 
a review paper about bodybuilding nutrition 
guidelines with Dr. Brandon Roberts and Dr. 
Peter Fitschen (12). When discussing mac-
ronutrient distribution, we acknowledged 
the obvious challenge faced by lean people 
that are trying to get leaner: calories get low, 
and something’s got to give. We generally 
advocated for an approach that most would 
classify as low-fat, in order to free up cal-
ories for the protein-sparing effects of pro-
tein and the performance-preserving effects 
of carbohydrate. In light of the presently 
reviewed findings, I’m feeling even more 
confident that keeping carbohydrate intake 
as high as feasibly possible (without slow-
ing the rate of fat loss) is a generally advis-
able strategy for lifters navigating a caloric 
deficit. Of course, there are circumstances 
in which other preferences or considerations 
may lead you to opt for an alternative dietary 
strategy, but a focused effort toward muscle 
glycogen maintenance seems like an ideal 
“default” approach for lifters on lower-calo-
rie diets. In addition, we have previously dis-
cussed some of the underwhelming effects 
of various ketogenic dieting strategies on 
strength and hypertrophy when compared to 
higher-carbohydrate approaches (here, here, 
and here). When interpreting those find-
ings, I highlighted evidence showing that 
ketogenic diets can impair high-intensity, 
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glycogen-dependent exercise performance. 
Ketogenic diets have also been shown to re-
duce muscle glycogen stores by up to 47% 
in athletes (cyclists) that are regularly train-
ing (13). In light of the presently reviewed 
findings, it seems defensible to infer that 
such a large degree of total muscle glyco-
gen depletion is likely to involve notable 
depletion of the intramyofibrillar glycogen 
stores (which are closely linked to muscle 
contractile function) in people who regular-
ly exercise. To be extremely clear, I am not 
suggesting that lifters have no justifiable ap-
plications of low-carbohydrate diets. Main-
tenance of glycolytic exercise performance 
is just one factor to consider when selecting 
a diet, along with essential nutrient intake, 
satiety management, muscle protein accre-

tion, cooking and flavor preferences, and 
a variety of other considerations. Nonethe-
less, modest glycogen reductions that were 
once assumed to be benign might material-
ly impact performance, so eating sufficient 
carbohydrates to replenish glycogen stores 
to a maximal (or near-maximal) level should 
probably be viewed as a relatively high di-
etary priority for lifters. 

Next Steps
Over the last 10-15 years, our understanding of 
glycogen has changed pretty significantly, in 
large part thanks to the efforts of this research 
group. I think they’ve made a strong case that 
even modest whole-muscle glycogen deple-
tion can result in practically relevant depletion 

 APPLICATION AND TAKEAWAYS
In many cases, it can be hard to draw practical conclusions from research that is 
more focused on biochemical changes or mechanistic observations than applied 
outcomes. However, the presently reviewed study leaves us with some pretty 
noteworthy takeaways that can probably inform how we discuss carbohydrate 
feeding strategies. People in the fitness industry often discuss glycogen storage 
as if it’s a gas tank; if something depletes glycogen levels by 30%, they’d say we 
can handle two more drops of that magnitude before we start getting nervous. As 
the research about non-uniform glycogen depletion continues to evolve, we need 
to have more nuanced discussions about carbohydrate feeding, and we should 
probably start focusing more on staying near 100% glycogen storage than staying 
away from 0%. I don’t think this research meaningfully alters our perspective on 
day-to-day carbohydrate timing for most lifters; as long as you’re not training the 
same muscle group twice within a single day and your daily carb intake is reasonably 
matched with your activity level, glycogen resynthesis shouldn’t be a limiting factor. 
However, it’s common to see people argue that carbs are dramatically overrated for 
lifters because whole-muscle glycogen concentrations are “only” reduced by 24-
40% in response to resistance training. It’s probably time to retire (or heavily revise) 
that line of thinking, as localized glycogen depletion in the intramyofibrillar storage 
depots can probably start impacting performance at fairly modest levels of whole-
muscle glycogen depletion.
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of intramyofibrillar glycogen stores. Moving 
forward, I’m excited to see future studies shift 
the conversation from mechanisms to practi-
cal application. For example, I’d like to see the 
magnitude by which the observed degree of 
intramyofibrillar glycogen depletion impairs 
maximal strength and strength endurance. 
I’d also like to see exactly what kind of nu-
tritional interventions are required to replen-
ish intramyofibrillar glycogen enough to fully 
restore performance. I don’t anticipate future 
research indicating that all lifters need to go 
on extraordinarily high-carbohydrate diets or 
implement extreme glycogen replenishment 
protocols; after all, the observed magnitude of 
glycogen depletion is far greater in long-du-
ration endurance events than traditional resis-
tance training, and many lifters have multiple 
days of recovery between training sessions in-
volving the same muscle group. However, the 
increasingly popular argument that lifters can 
largely ignore carbs due to incomplete deple-
tion of whole-muscle glycogen doesn’t seem 
to hold up, and we need some applied research 
to tell us how low is too low for maintaining 
sufficient intramyofibrillar glycogen storage. 
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Ribosome Biogenesis Influences 
Whether High Volumes Cause  

More Growth
 B Y  G R E G  N U C K O L S

Higher volumes tend to lead to more muscle growth and larger strength 
gains, but not everyone responds to higher volumes in the same way. A 
recent study found that people who respond better to higher volumes 

may do so due to an increase in ribosomal content of their muscle fibers.

Study Reviewed: Benefits of Higher Resistance-Training Volume are 
Related to Ribosome Biogenesis. Hammarström et al. (2019)
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 KEY POINTS

1. Using a within-subject unilateral design, subjects trained three times per week, 
performing 6 weekly sets for quads with one leg, and 18 sets with the other leg.

2. Muscle growth and strength gains were larger in the leg performing more sets, on 
average.

3. On an individual level, subjects who experienced more quad growth or larger strength 
gains with higher volumes also experienced larger increases in ribosome content, 
while people who had smaller increases in ribosome content tended to respond 
similarly with both legs to both the high and low volume protocols.

f you think back to 10th grade biology, 
you probably remember learning that 
the mitochondria are the powerhous-

es of the cell, and not much else (assuming 
you didn’t have to take more biology class-
es in college). If you wrack your memory a 
bit more, you may remember the ribosomes, 
another class of tiny cellular organelles that 
are responsible for constructing proteins. Due 
to their function, it may be natural to wonder 
whether ribosomes affect the way people re-
spond to training.

In the present study, 34 subjects underwent 12 
weeks of training. They served as their own 
controls, with one leg doing 6 sets of quad 
training per week, and the other leg doing 18 
sets of quad training per week. The higher 
volume condition led to larger strength gains 
and more muscle growth, on average, but it 
only resulted in meaningfully more growth 
or meaningfully larger strength gains in ~30-
40% of the subjects. Analysis of cellular data 
indicated that the subjects who saw better re-
sults from higher volumes also experienced 
larger increases in muscle ribosomal content, 

whereas subjects who saw similar results from 
both higher and lower volumes had smaller 
increases in muscle ribosomal content.

Purpose and Hypotheses
Purpose

The main purpose of this study was to inves-
tigate the effects of single- versus multi-set 
resistance training on strength and hypertro-
phy. A secondary purpose was to compare the 
effects of single- and multi-joint training on 
various markers and signaling pathways asso-
ciated with hypertrophy.

Hypotheses

No hypotheses were stated.

Subjects and Methods
Subjects

34 subjects completed the study, including 16 
males and 18 females. All were healthy but 
untrained.

Experimental Design

I
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A basic overview of the study can be seen 
in Figure 1. Briefly, the study started with 
a body composition and quadriceps muscle 
size assessment using DEXA and MRI. This 
was followed by two pre-training strength 
testing sessions and a vastus lateralis biopsy 
(to assess all of the various molecular vari-
ables the researchers were interested in) ob-
tained in a rested state. After the pre-training 
testing was completed, subjects trained for 
12 weeks. Strength was re-assessed during 
the study during weeks 3, 5, and 9, with a 
post-test occurring after week 12. Addition-
al biopsies were performed before and one 
hour after the fifth training session, and after 
the completion of the training intervention. 
Finally, the study ended with post-training 
DEXA and MRI scans to assess changes in 

body composition and quad size.

The training intervention consisted of 12 
weeks of full-body training. However, the up-
per body training (consisting of bench press, 
pull-downs, shoulder press, and seated rows) 
was the same for all subjects. For lower body 
training, the subjects performed unilateral 
leg press, unilateral leg curls, and unilateral 
knee extensions. One leg performed one set 
per exercise, while the other leg performed 
three sets per exercise. Thus, each subject 
served as their own control. Subjects trained 
three times per week, with loads progressing 
from 10RM loads to 7RM loads. One day per 
week, training loads were reduced by 10% 
while maintaining the same rep target (so the 
subjects wouldn’t burn themselves out by do-

Figure 1  Study overview
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and after its finalization (Week 12, n=34) using full-body DXA and knee-extensor muscle MRI     
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ing multiple sets to failure for multiple exer-
cises three days per week).

Findings
The multi-set condition led to larger strength 
gains (~22% vs. ~29%) and more hypertro-
phy (3.59 vs. 5.21% increase in quad CSA). 
Ratings of perceived exertion (effort-based 
not reps-in-reserve based) were greater for 
the multi-set condition, but the difference ac-
tually wasn’t particularly large (7.09 ± 1.95 
vs. 6.22 ± 1.82). The multi-set condition also 
led to a greater interconversion of type IIX to 
type IIA fibers.

Of the molecular variables analyzed, the most 
important seemed to be total RNA levels in 
muscle. Total RNA is strongly associated 
with ribosome levels, since most of the RNA 
in a cell at any given point in time is ribo-
somal RNA, so an increase in cellular RNA 
levels indicates that ribosomal content has in-
creased. The multi-set condition led to larger 
increases in total RNA per gram of muscle 
tissue.

13 subjects experienced meaningfully larg-
er increases in quad CSA (larger than the 
smallest worthwhile change; 2.7% in this 
study) in their multi-set leg, and 16 subjects 
experienced meaningfully larger increas-
es in strength (at least 4.5% larger strength 
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Figure 2  Volume-dependent effects on muscle mass and strength

Training volume-dependent changes in muscle mass and strength after 12 weeks of resistance training, evident as larger increases in knee-extensor muscle CSA (measured using MRI, 
A and B) and larger increases in one-repetition maximum knee-extension and leg-press, isometric isokinetic knee-extension strength in the multiple-set leg (C). A weighted average of 
all strength measures (D) was used to study the time course of strength changes (n=18) showing a gradually increasing difference between volume conditions (in favour of multiple-set
training) until Week 9, with no further increase to week 12 (E). Summary values (circles) are estimated means ± 95% CI. Triangles signifies mean paired differences ± 95% CI.
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gains) in their multi-set leg [9]. Conversely, 
only three subjects experienced meaningfully 
larger increases in quad CSA, and only one 
subject experienced meaningfully larger in-
creases in strength in their single-set leg.

Of the variables analyzed, total RNA content 
during week two of training (from the biop-
sies taken before the fifth training session) 
was the strongest predictor of whether sub-
jects would respond more positively to multi-
set training than single-set training. In other 
words, ribosomal content wasn’t necessarily 
predictive of whether people would respond 

well or poorly to training in general; however, 
the subjects that experienced larger increas-
es in ribosome content when doing multi-set 
training were more likely to experience dis-
proportionate benefits from multi-set train-
ing, whereas the subjects that experienced 
smaller increases (or decreases) in ribosome 
content were more likely to experience sim-
ilar gains from both single-set and multi-set 
training. 

Finally, while there was a large spread in in-
dividual strength and hypertrophy responses, 
the correlations between individual respons-
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es to single-set and multi-set training were 
strong (r = 0.8 for strength and r = 0.75 for 
hypertrophy). In other words, some people 
simply responded better or worse to training 
in general, independent of training volume.

Interpretation
Before discussing the findings, I just want to 
make one thing clear about the training pro-

tocol: the single set condition was still per-
forming six quad-focused sets per week (one 
set of leg press and one set of knee exten-
sions, three times per week), compared to 18 
for the multi-set group. So, this study wasn’t 
like some other volume studies where the 
low-volume condition is using a pitifully low 
volume of only 1-2 sets per week. Six sets 
probably isn’t enough to optimize growth, 
but it’s certainly within the range of “reason-

0

0 4 8 12

4

8

12

750

500

250

CSA
M

ul
tip

le
-s

et
 (%

-c
ha

ng
e)

To
ta

l R
N

A 
(n

g 
x 

m
g-1

)

S M S M

S M S M

Single-set (%-change)

A

0

0 20 40 60

20

40

60
Strength

M
ul

tip
le

-s
et

 (%
-c

ha
ng

e)

Single-set (%-change)

B
750

500

250

To
ta

l R
N

A 
(n

g 
x 

m
g-1

)

Single-set

Multiple-set

Benefit of multiple-set

No benefit of multiple-set

Figure 4  

62



able” volume, especially for untrained lifters. 
Conversely, there’s recently been discussion 
on the science-based side of the fitness indus-
try about how much volume is “too much,” 
with speculation that per-session volume 
may be more important than weekly volume 
(to a point) when it comes to non-functional 
overreaching. We recently reviewed a pair of 
studies that found that just 5-10 sets per week 
seemed to work best when frequency was 
low (once per muscle group per week), with 
diminished returns at 15-20 sets (2, 3). In the 
present study (1), the higher volume group 
was doing 18 sets of quad work per week, 
but it was split over three sessions, allowing 
per-session volume to remain reasonable, and 
thus yield larger gains.

I’m not incredibly interested in rehashing the 
Great Volume War of early 2019, however. 
Rather, I simply found this study interesting 
because it’s one of the few studies we have 
investigating mechanistic reasons why some 
people – but not all people – respond better to 
certain training stimuli. If this were a typical 
study in our field, the big takeaway would just 

be that higher volumes tend to promote more 
muscle growth and larger strength gains than 
lower volumes (4, 5). There’s already plenti-
ful evidence for both of those recommenda-
tions (to a point). However, this study takes 
things a step further: It specifically quantified 
how many people made meaningfully larger 
gains with higher volume, and it also exam-
ined predictors of responding better to higher 
volumes.

The first advantage – being able to see how 
many individuals actually benefited from 
higher volumes – was only possible due to 
the within-subject unilateral training design. 
Such a design (where one arm or leg does 
one training program, while the other arm 
or leg does another training program) isn’t 
ideal for investigating strength gains due to 
the cross-education effect, but it’s an excel-
lent model for studying hypertrophy. Since 
each subject serves as their own control or 
comparator, you virtually eliminate sampling 
variability, and you automatically gain a con-
siderable amount of statistical power (since 
you can run analyses like paired t-tests in-

Table 1  
Hypertrophy

Higher volume superior Lower volume superior

Strength

Higher volume superior 18% 24% 6%

18% 29% 3%

Lower volume superior 3% 0% 0%

Probability of each outcome, from the present study. I've color coded the outcomes based on my personal opinions. Green outcomes are "good" outcomes if you tried 
higher volumes: beneficial for both size and strength, or beneficial for size or strength with a neutral effect on the other outcome. White outcomes are only good if you 
legitimately don't care about one of the outcomes. In other words, if you only cared about hypertrophy and didn't mind making slower strength progress, the 3% chance 
of those simultaneous outcomes (bottom left) could still be seen as a positive outcome if using higher volumes, though it would be a negative outcome if you value both 
size and strength. The red outcomes are bad outcomes: extra work with no extra results, or extra work with worse results. Note that the odds of getting one of the three 
good outcomes is high (60%), while the odds of getting one of the truly bad outcomes (more work, worse results) is low (3%). However, the single most likely outcome 
(middle square: 29%) is doing extra work and not having either better or worse results to show for it.
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stead of independent t-tests). You can also 
simply count the individuals who saw mean-
ingfully better results on one program versus 
the other. In the present study (1), 13 out of 
34 subjects experienced meaningfully more 
hypertrophy when training with higher vol-
umes, while 16 out of 34 experienced mean-
ingfully larger strength gains. Only 6 out of 
36 subjects experienced meaningfully more 
hypertrophy and meaningfully larger strength 
gains. 23 subjects in total experienced mean-
ingfully more hypertrophy or meaningfully 
larger strength gains. That leads to an inter-
esting conclusion, which I personally find 
quite intuitive, but which may be surprising 
if you don’t coach people and mostly just 
pay attention to differences in group means 
when reading research: a decent chunk of 
the subjects in this study would essentially 
be wasting their time by trying to train with 
high volumes. For subjects whose main goal 
was muscle growth, tripling training vol-
ume would only yield a ~2 in 5 chance of 
meaningfully increasing quad hypertrophy. 
For subjects whose main goal was strength, 
tripling training volume would only yield 
a ~1 in 2 chance of meaningfully increas-
ing strength gains. For subjects with both 
strength and physique goals, they had a ~2 in 
3 chance of higher volumes doing something 
useful, but only a ~1 in 6 chance of higher 
volumes boosting both muscle growth and 
strength gains. Now, I don’t think you should 
necessarily assume that those ratios will ap-
ply to all possible training tweaks in all pop-
ulations. For example, if you want to increase 
strength in the short run, and you currently 
train mostly with 60% 1RM loads, I’d bet 
there’s a much higher than 1 in 2 chance that 

increasing your average training intensity to 
80% 1RM will increase your rate of strength 
gains. Or, if instead of comparing 6 sets per 
muscle group per week to 18 muscle groups 
per week, if you were increasing your vol-
ume from 1 set per week to 8 sets, I’d bet 
that there’s a much higher than 2 in 5 chance 
of increasing your rate of muscle growth. It’s 
also worth noting that, in this study, higher 
volumes weren’t detrimental for many sub-
jects. There was only a ~1 in 11 chance of 
growing more with lower volumes, and a 1 
in 34 chance of having larger strength gains 
with lower volumes. However, low odds are 
still non-zero odds. A level of training vol-
ume that’s superior, on average, may prove to 
be excessive and detrimental for you as an in-
dividual. Finally, there was a ~1 in 2 chance 

THE RESEARCHERS 
FOUND THAT IF RIBOSOME 

BIOGENESIS INCREASED 
SUBSTANTIALLY WITHIN 

THE FIRST COUPLE WEEKS 
OF TRAINING, SUBJECTS 

WERE MORE LIKELY TO 
RESPOND BETTER TO 

HIGHER VOLUMES THAN 
LOWER VOLUMES. 
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that higher and lower volumes would both 
result in similar hypertrophy and strength 
gains in the present study. You can interpret 
that one of two ways, depending on how 
lofty your goals are. You could say “there’s a 
~90-97% chance that increasing volume will 
produce neutral-to-positive results. Increas-
ing volume seems like a no-brainer.” Or, you 
could just as reasonably say, “there’s a ~50% 
chance that increasing volume won’t mean-
ingfully improve my results (for one charac-
teristic; ~33% chance it won’t improve either 
hypertrophy or strength), and if my results do 
improve, the improvement likely won’t be 

commensurate with the additional effort (in-
creasing volume by 200% to boost strength 
gains by ~30% and muscle growth by ~45%), 
and that doesn’t sound like a deal worth mak-
ing, since my life doesn’t revolve around the 
gym.” Once you enter the realm of probabili-
ties, and then sprinkle in differences in goals 
and values, it’s not reasonable to expect ev-
eryone to respond to these findings the same 
way.

As mentioned, the second benefit of this 
study is that it examined mechanisms to pre-
dict what style of training people would re-
spond best to. The researchers found that if 
ribosome biogenesis increased substantial-
ly within the first couple weeks of training, 
subjects were more likely to respond better 
to higher volumes than lower volumes; con-
versely, if the subjects experienced a small-
er increase in ribosome biogenesis or no in-
crease, they were likely to respond similarly 
to both high and low volumes. That’s not of 
much practical use to us yet (unless you got 
some muscle biopsies around the time you 
started training), but it may prove valuable 
down the line. If we find that some charac-
teristics that can be assessed non-invasively 
predict the ribosomal response to training 
(i.e. some genetic variants), we could then 
potentially predict whether you’re someone 
who would benefit from training with high 
volumes, or whether lower volumes are more 
appropriate for you (and perhaps manipu-
lating some other factors like frequency or 
proximity to failure when trying to increase 
growth or strength gains). Even though we’re 
still a few steps away from the ribosome find-
ings in this study being actionable, I’m still 

EVEN THOUGH WE’RE 
STILL A FEW STEPS AWAY 
FROM THE RIBOSOME 
FINDINGS IN THIS STUDY 
BEING ACTIONABLE, I’M 
STILL PRETTY EXCITED ABOUT 
THEM, SIMPLY BECAUSE 
SO LITTLE RESEARCH HAS 
LOOKED INTO FACTORS 
THAT INFLUENCE THE STYLE 
OF TRAINING SOMEONE 
RESPONDS BEST TO.
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pretty excited about them, simply because 
so little research has looked into factors 
that influence the style of training someone 
responds best to. For example, a study by 
Beaven and colleagues found that acute tes-
tosterone-to-cortisol ratios predicted wheth-
er people would respond better or worse to 
four different training programs (6), though 
I don’t think the acute hormonal responses 
were necessarily the causative factor driving 
the different training responses. A study by 
Jones et al found that a (conveniently) propri-
etary genetic algorithm could predict whether 
people could respond best to power-type or 
strength endurance-type training (7); I’m a 
little skeptical of that study since some of the 
researchers who ran the study work for the 
company that owns the proprietary algorithm, 
and they didn’t make the algorithm public to 
let other researchers attempt to replicate their 
findings. There’s at least one study (8) find-
ing that different variants of the ACE gene 
predict whether people benefit more from 
moderate versus low training volumes (sim-
ilar to the present study). On the resistance 
training side of things, that’s all we have so 
far, in addition to the present study’s ribo-

somal findings. It’s clear that different people 
do, in fact, respond better or worse to various 
training styles, but there’s just not much re-
search examining the potential mechanisms. 
Some people do better with higher or lower 
volumes, some people do better with higher 
or lower frequencies, some people do better 
with higher or lower intensities, and with-
out simply troubleshooting, we just don’t yet 
have many good ways to predict the style of 
programming an individual will respond best 
to. The present study (1) was approximate-
ly the fourth step in a sparse line of research 
leading toward a future where, hopefully, we 
can better predict the styles of programming 
that will allow each individual to thrive.

Next Steps
There’s already a decent body of research 
looking for genes that predict how well peo-
ple will respond to training in general, but 
we’re generally lacking studies examining 
whether genes can predict what style of train-
ing an individual will respond best to (except 
for the Jones study with the proprietary al-
gorithm). If we found that gene testing could 

 APPLICATION AND TAKEAWAYS

1. Overall, higher volumes still tend to promote more muscle growth and larger strength 
gains.

2. Not everyone benefits from higher training volumes. Some percentage of people respond 
similarly well to both lower volumes (to a point) and higher (to a point). A small minority 
of people actually respond better to low volumes.

3. Whether or not you’re able to pump out a bunch of new ribosomes may predict whether 
ramping up training volume will help you build more muscle and strength.

66

https://www.ncbi.nlm.nih.gov/pubmed/18550956
https://www.ncbi.nlm.nih.gov/pubmed/27274104
https://www.ncbi.nlm.nih.gov/pubmed/16003539
https://www.ncbi.nlm.nih.gov/pubmed/31813190


be useful for this application, that would be 
a big improvement over measuring changes 
in ribosome content – which requires multi-
ple muscle biopsies – since you can sequence 
a genome from just a cheek swab or blood 
draw.
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Study Reviewed: Impact of Low Volume Concurrent Strength Training Distribution on 
Muscular Adaptation. Kilen et al. (2020)

A new study showed that strength gains can still be made even 
with high amounts of aerobic training. This article breaks down 

the recent data and provides a clear guide on how you can 
implement cardio in a way that will have a minimal effect on your 

size and strength.

 B Y  M I C H A E L  C .  Z O U R D O S

Penalty: Reduction in Gains  
for Interference
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If performing concurrent training attenu-
ates your rate of gains (i.e. the interfer-
ence effect), it’s unlikely that you’ll wind 

up in the penalty box for interference; how-
ever, it is true that the magnitude of the in-
terference effect is generally overstated. In 
reality, many studies that show the interfer-
ence effect are designed to cause it. In other 
words, the amount and mode of aerobic ex-
ercise determines the magnitude of the inter-
ference. For example, if you run for an hour a 
day, 4-6 days per week, then the interference 
effect will be pretty pronounced. However, 
if you cycle 3 days per week for 30 minutes 
each time, the interference with hypertrophy 
and strength will be pretty minimal. The pres-
ently reviewed study (1) had a sample size of 
290 members of the Danish military; all 290 
subjects performed regular military training 
and then were split into three groups for two 
hours of additional training per week. One 
concurrent training group, the “micro-train-
ing” group, performed four 15-minute aero-

bic sessions and four 15-minute strength ses-
sions per week with each session separated by 
a minimum of two hours, and no more than 
three total training sessions were allowed on 
one day. A “classic training” group also per-
formed 15-minute workouts, but performed 
four of them (two aerobic followed by two 
lifting) consecutively. A “standard” group 
performed two 60-minute sessions per week, 
both of which had a mix of running and lift-
ing. For each group, the aerobic training mo-
dality was always running, and the running 
progressed from moderate intensity to inter-
vals. Additionally, all groups performed ~20 
hours of regular military training. Strength 
improved more consistently in the micro and 
classic groups than in the standard group, and 
the micro group also increased type IIa fiber 
type proportion by 5%. No individual group 
improved vastus lateralis (lateral quadriceps) 
size, but there was an increase in type II fi-
ber area when all groups were combined. In 
general, the magnitude of change from pre- 

 KEY POINTS

1. Danish military conscripts performed three different concurrent training protocols 
over nine weeks.

2. One group, micro-training, performed 15-minute strength and running sessions 
that were separated by two hours. A classic training group performed 30 minutes 
of running immediately followed by 30 minutes of lifting twice per week. A 
standard group performed two 60-minute sessions per week, both of which 
combined running and lifting.

3. Overall, there were not particularly meaningful differences between groups, but 
strength and hypertrophy still tended to occur. This study shows that minimal 
resistance training and high amounts of running can still lead to gains. This 
article provides all the pertinent details on how to implement cardio in a way that 
minimizes the interference effect.
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to post-study was pretty low; however, that 
shouldn’t be too surprising when we consider 
the low total volume of lifting and the high 
amount of additional military training. How-
ever, this study does have a few gems that can 
further our knowledge of concurrent training. 
This article will point out those gems and will 
provide a clear and comprehensive view on 
how to incorporate cardio in a way that will 
minimize the interference effect.

Purpose and Hypotheses
Purpose

The purpose of this study was to investigate 
whether splitting up concurrent training ses-
sions into eight 15-minute sessions (two total 
hours per week) affected strength, muscle fi-
ber type distribution, and satellite cell num-
ber differently than two 60-minute sessions 
of combined aerobic and resistance training 
(two total hours per week) over nine weeks.

Hypotheses  

The authors predicted that strength gains 
would be greater with the 15-minute exercise 
bouts compared to the hour-long combined 
training sessions. 

Subjects and Methods
Subjects

Danish military members (men, n = 285; 
women, n = 6) had pull-up, shot put, and long 
jump performance tested. Further, a subgroup 
of 87 men consented to strength testing and 
muscle biopsies. Descriptive details of the 
entire sample of the subgroup are in Table 1.

Study Design

290 members of the Danish military were 
split into three groups. All engaged in con-
current training for nine weeks; however, 
only 87 subjects had strength and hypertro-
phy assessed. All groups trained for a total 
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of two hours per week as part of the study. 
In addition to the study-specific training, all 
subjects performed normal military training 
which was described as, “a high amount of 
lower extremity low-intensity aerobic activ-
ity (e.g. standing or marching with 0–10 kg 
loads) for up till 20 h weekly.” One group, 
the micro-training group, performed eight 
15-minute sessions per week (four lifting 
and four running) with no more than three 
sessions on the same day, and daily sessions 
separated by at least two hours. The classic 
training group performed four consecutive 
15-minute sessions twice per week. The pa-
per is not entirely clear, but it seems that the 
first two 15-minute sessions in the classic 
group were both running and the last two 
both lifting, which essentially amounts to 30 
minutes of running followed by 30 minutes 
of lifting for one hour of concurrent train-
ing twice per week. Therefore, the micro 
and classic groups each performed exactly 
one hour of lifting and one hour of running 
per week as part of the study. Lastly, a stan-
dard group performed two one-hour sessions 
twice per week, both of which combined run-
ning and lifting in the same session; however, 
training in the standard group was not strictly 
controlled. The paper stated that ~40% of the 
standard group’s one-hour session consisted 
of resistance training and the other ~60% was 
“running or muscular-endurance training.” 
The paper also notes that the standard train-
ing varied each week to fit within the mili-
tary basic training program, while noting that 
the micro-training and classic training groups 
were strictly controlled. The only other de-
tail regarding the standard group is that the 
muscular endurance training was described 

as multi-joint exercises performed with short 
rest. The available details of the 15-minute 
strength and running sessions used in the mi-
cro-training and classic training groups can 
be seen in Table 2.

Outcome Measures

All individuals had their standing long jump, 
shot put performance, and number of body 
weight pull-ups performed tested; however, 
we won’t focus on the long jump and shot 
put results in our interpretation. Additional-
ly, a subsample of 87 subjects consented to 
testing maximal voluntary contraction force 
of the knee extensors, maximum voluntary 
contraction force of the elbow flexors, and 
hand grip strength, and also to have a muscle 
biopsy taken on their vastus lateralis (later-
al quadriceps). Assessments from the biop-
sy were: fiber type distribution percentages, 
muscle fiber area, and the number of satellite 
cells per fiber. All tests were done before and 
after the nine weeks.
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Findings
Strength and Performance

Results for pull-up performance and maximal 
voluntary contraction strength can be seen in 
Table 3. Number of pull-ups performed in-
creased in both the micro-training and classi-
cal training groups, and that increase in both 
groups was greater (p<0.05) than the standard 
group, which did not improve pullup perfor-
mance. All groups significantly (p<0.05) in-
creased knee extension strength with no group 
differences, while no group experienced a 
statistically significant increase in hand grip 
strength, and only the micro-training group 
improved elbow flexor strength.

Fiber Area, Satellite Cell Number, and Fi-
ber Type Distribution

Due to the smaller sample size associated with 
the biopsy measures, these assessments were 
analyzed within each group and with all groups 
combined together as one large cohort. The 
standard group had a significant (p<0.05) in-
crease in type I fiber area (+26.56%); however, 
no other group experienced an increase in mus-
cle size nor were there any group differences. 
When all groups were combined, there was a 

significant increase in type II fiber area (p<0.05, 
+12.81%), but no change in type I fiber area 
(p>0.05). There was no significant change in 
satellite cells per fiber (p>0.05) within any in-
dividual group. However, when all groups were 
combined, there was a significant increase in 
the number of satellite cells per type II fiber 
(p<0.01, +33.33%) and an increase when type I 
and II fibers were combined (p<0.05, +22.22%); 
however, there was no significant change in the 
number of satellite cells per type I fiber. The 
muscle growth and satellite cell findings can be 
seen in Table 4AB.

The micro-training group experienced a 5.1% 
increase in their type IIa fiber proportion. 
There were no other statistically significant 
changes within an individual group; howev-
er, that was likely due to the low sample size 
for this measure, which can be seen in Fig-
ure 1. When all groups were combined, and 
the statistical power was greater, there was 
a 3.7% decrease in type I fiber distribution, 
which was statistically significant (p<0.05).

Interpretation
This study had a fair number of findings that 
may have caused the previous section to be-

73



come convoluted. So, in this interpretation, 
let’s first recap those findings before inter-
preting them. Afterward I will aim to provide 
a clear picture of how to program to mini-
mize the interference effect.

Findings Recap and 
Analysis
Strength increased for most measures in the 
micro and classic training groups, while the 
only strength improvement in the standard 
group was for knee extension. Further, the 
classic group had a significantly greater im-
provement in number of pull-ups performed 
compared to the standard group. Therefore, 
it seems that the standard group did not con-
sistently improve strength as much as the 
other two groups. For hypertrophy, there was 
a significant increase in type I fiber area in 

the standard group, and a significant increase 
in type II fiber area for all groups combined. 
Satellite cells per type II fiber and all fibers 
combined increased within the entire cohort.

In general, the magnitude of changes in this 
study were pretty modest regardless of group, 
and the researchers do indeed allude to why 
this was the case. Toward the end of the pub-
lished paper, the researchers state that “low 
amounts” of resistance training during basic 
military training should be used by soldiers, 
and that “this initial strength” program should 
be followed by a much more comprehensive 
program, which should result in more “ro-
bust” gains. From these words, we can gather 
that the military conscripts in this study had 
relatively little resistance training experience 
(i.e. initial program), they were in the middle 
of basic training, and that the resistance train-
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ing volume was quite low, which it was. In-
deed, the volume was six total sets per week 
for only five reps per set. The subjects did 
make some progress, but this is just not a ro-
bust training program. Now, consider that not 
only was one hour of running performed per 
week as part of the study, but all subjects per-
formed an additional 20 hours of combined 
aerobic exercise, standing, and/or marching 
every week. This additional training easily 
could have attenuated the rate of strength and 
hypertrophy; however, to be fair, we cannot 
say that happened with 100% certainty, or that 
the interference effect manifested due to any 
of the study protocols, because the study did 
not include a resistance training only group. 
Additionally, it shouldn’t come as a surprise 
that the standard group tended to have low-

er strength gains, because their program was 
different than the micro and classic train-
ing groups. Specifically, the standard group 
trained one hour twice per week doing train-
ing that was described as ~40% resistance 
and ~60% endurance training per session, 
while the other two groups spent 50% of their 
time lifting weights. Other factors potentially 
affecting the low rate of improvement were 
that the classic group performed running and 
lifting sessions back to back with running 
performed first, and the micro-training group 
performed running and lifting sessions within 
two hours of each other. Previous literature 
has clearly demonstrated that volume per-
formance declines by ~25% on lower body 
training when lifting is performed four hours 
after aerobic exercise, and volume perfor-
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mance was still affected at eight hours fol-
lowing aerobic training (3). Additionally, as 
Greg noted last month, a 2012 meta-analysis 
(4) found that running caused a greater inter-
ference effect than cycling.

A final reason to consider for the low mag-
nitude of change in this study is that subjects 
may have been in a caloric deficit due to the 
extreme amount of additional military train-
ing. While post-study body mass values were 
not presented to confirm this, it seems likely. 
In fact, Murach and Bagley (5) suggested that 
the interference effect all but disappears when 
a caloric deficit is avoided with concurrent 
training. In the original concurrent training 
study, Hickson 1980 (6), untrained subjects 
lost 0.8kg of body mass over 10 weeks, yet 
still improved back squat strength by 25% 
while performing six days of both endurance 
training and lifting. Therefore, there is a prec-
edent for novice lifters to have large strength 
gains with concurrent training in the initial 
stages. However, the largest change in max-

imal voluntary contraction force in the pres-
ently reviewed study was ~15%, and many 
changes of the within-group strength changes 
were below that (Table 3). 

All of the above is to say that a myriad of fac-
tors (low resistance training volume, using 
running instead of cycling, lifting immediate-
ly following running, an enormous amount 
of additional military training, and a likely 
caloric deficit) contributed to the low rate of 
adaptations. However, this is not necessarily 
a knock on the study; rather, the study was 
designed to see if the minimal strength pro-
gram could improve strength and muscle size 
in military conscripts undergoing basic train-
ing. In that case, the study succeeded and it 
provides a good framework for the authors 
going forward. Additionally, there were still 
increases for most measures of strength, and 
when combining groups to increase statis-
tical power, there was still hypertrophy de-
spite the study’s design. For hypertrophy, the 
standard group actually improved type I fiber 
area, which could be explained by the fact that 
this group’s program was not monitored and 
was more endurance-based than the micro 
and classic groups. The significant increase in 
type IIa fiber distribution in the micro-train-
ing group, but no change in the classic group, 
could be due to the classic group performing 
lifting immediately after running instead of 
getting a two-hour break. The fact that type 
II fiber growth didn’t occur within any indi-
vidual group, and only when all groups were 
combined also shouldn’t be surprising. Hyper-
trophy takes longer to manifest than strength 
in the initial stages of training (7); however, 
the results do show that muscle growth tended 

THE INTERFERENCE 
EFFECT ALL BUT 
DISAPPEARS WHEN 
A CALORIC DEFICIT 
IS AVOIDED WITH 
CONCURRENT TRAINING
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to occur even with low volume. The increase 
in satellite cells per fiber demonstrates a pos-
itive adaptation, as more satellite cells per fi-
ber are associated with more myonuclei per 
fiber, which could lead to the ability to support 
a larger fiber area (8). We have covered this 
concept previously, as more myonuclei per 
myofiber were shown to be related to a greater 
ability to gain muscle mass.

An interesting part of this study is that there 
may be a practical benefit to the concept of 
micro-training. The greater proportion of type 
IIa fibers at post-study in the micro-train-
ing group could be due to the fact that the 
micro group had a two-hour break between 
running and lifting. On the other hand, the 
classic group performed the training back to 
back and the standard group performed an 
hour-long cardio session, both of which may 
have caused a greater reliance on type I fibers.  
Thus, it makes sense that interconversions to-
ward type IIa fibers were only made in the mi-
cro-training group. In practice, one potential 
mistake with concurrent training is training 
lower body lifting in too close of proximity 
to aerobic exercise due to time constraints. If 
you have to train both modalities of exercise in 
close proximity, it makes sense to perform the 
lifting first (assuming lifting is your priority), 
so that performance is unaffected. However, 
if constrained for time, perhaps using a few 
“micro” sessions of just 15 minutes of lifting 
spread throughout the week could be of ben-
efit. You could save the squats and deadlifts 
for non-cardio days or perform a couple sets 
of squats in a micro-session prior to aerobic 
exercise. If you treat squats and deadlifts that 
way, then if you have to perform lower body 

lifting after aerobic exercise, you could only 
perform assistance work in that spot. None 
of that is the “optimal” approach, and it may 
never come into play for you; however, the 
concept of micro-training is interesting, and it 
does give you the potential to split up training 
and ensure that the major lifts remain mostly 
unaffected by cardio.

Concurrent Training –  
In General
For this section, we are going to look at con-
current training from the perspective of the 
lifter. Presumably, the lifter is performing 
aerobic exercise to lose weight for physique 
or weight class reasons or for general health 
benefits, and the former necessitates a caloric 
deficit. In these cases, the lifter does not really 
care about the aerobic exercise performance, 
rather the lifter cares about the additional 
caloric expenditure and possibly the cardio-
vascular benefit that accompanies the addi-
tional exercise. With that in mind, the lifter 
wants to avoid the interference effect. The 
good news is, if this is you, there are some 
straightforward strategies that you can use to 
implement cardio in a way that minimizes the 
interference effect, even if you are in an ener-
gy deficit. To clarify, if you are interested in 
maximizing performance on both an aerobic 
training discipline and lifting, then eventu-
ally something will have to give. Further, if 
you are an aerobic athlete, adding in appro-
priate resistance training can indeed help to 
improve performance (9). Thus, Table 5 is a 
one-stop-shop of sorts that illustrates every-
thing you can do as a lifter to implement car-
dio in a logical and common sense manner.
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I imagine that most of what’s in Table 5 isn’t 
too surprising, as we have in part covered this 
before (one, two, three); however, I always like 
to clarify when discussing concurrent training 
because it’s a topic that is unnecessarily com-
plicated by many. One point that does need to 
be addressed from the above table is the idea 
of using sprinting or HIIT as the primary mode 
of cardio. If someone were to say that, from 

a mechanistic point of view, using sprinting is 
better than moderate duration steady state car-
dio to avoid the interference effect, then that 
would technically be correct. However, this 
is one of the cases where what’s optimal isn’t 
always practical. For one, sprinting causes a 
significant amount of muscle damage in ath-
letes such as soccer and rugby players who are 
already used to sprinting, with effects lasting 
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up to 48-72 hours (12). If your sprints are on 
a bicycle, that is certainly a better option than 
running sprints, but the fatigue will still likely 
be greater than it would be with moderate in-
tensity steady state cycling. So, sure, HIIT is 
mechanistically similar to lifting, but if you get 
in two or three HIIT sessions per week and two 
or three lower body lifting sessions per week, 
then at some point the fatigue from HIIT may 
bleed into one of your lower body training ses-
sions and compromise performance. Indeed, 
a meta-analysis shows that HIIT can indeed 
attenuate strength gains (13 - MASS review), 
which suggests that some of these practical 
limitations may come into play. Additional-
ly, HIIT is just much more mentally difficult 
to complete (granted not for everyone) than 
moderate steady state cardio is. If you lift in 
the morning every day and your goal is to get 
three cardio sessions in per week after work or 
school when you are already fatigued, it’s not 
going to be easy to adhere to three HIIT ses-
sions per week. However, it’s probably reason-
able to knock out a couple 30-minute cycling 
sessions at 50-60% VO2max. Besides, cycling 
a couple times per week for 30 minutes at a 
moderate intensity has been shown to have ab-
solutely no negative effect on hypertrophy and 
strength gains (14). If that last sentence sounds 
surprising, remember that at its outset, this ar-
ticle noted that most studies are designed to in-
duce the interference effect, but when studies 
use minimal amounts of cardio, the effect is 
negligible. Therefore, sprinting can be a good 
idea, but always consider whether you or your 
client can fully adhere to all the sprinting, espe-
cially if the individual is a physique athlete and 
in a prolonged caloric deficit, in which case en-
ergy levels may be low.

A final note on incorporating cardio for the lift-
er is that you can be quite flexible since aero-
bic performance is generally not the goal. I’ve 
said in MASS before that hypertrophy train-
ing is more forgiving than strength training. 
In other words, if you’re training for hypertro-
phy, you don’t have a specific lifting perfor-
mance goal; rather, your performance is your 
physique. Therefore, you have more freedom 
as a physique athlete to vary rep ranges and 
choose exercises that you like, whereas a pow-
erlifter has to squat, bench press, and deadlift 
with low reps for a decent amount of the time. 
So, if you are not concerned with your aerobic 
performance, then you can mix in HIIT, steady 
state cycling, elliptical training, rowing, swim-
ming, and really anything that doesn’t bend 
the rules in Table 5 too much to achieve the 

IF YOU ARE NOT CONCERNED 
WITH YOUR AEROBIC 

PERFORMANCE, THEN YOU 
CAN MIX IN HIIT, STEADY STATE 
CYCLING, ELLIPTICAL TRAINING, 

ROWING, SWIMMING, AND 
REALLY ANYTHING THAT DOESN’T 

BEND THE RULES IN TABLE 5 
TOO MUCH TO ACHIEVE THE 

DESIRED CALORIC EXPENDITURE 
OR HEALTH BENEFITS.
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desired caloric expenditure or health benefits. 
You can even use a flexible template with your 
aerobic exercise. For example, you could aim 
to complete 12 cardio sessions within a month 
and stipulate that six will be HIIT and the oth-
er six can be any non-running mode of cardio, 
and then perform the sprints on days in which 
your energy levels are the highest. Lastly, and 
I know this may be blasphemy, but although 
this article has talked about how running is a 
poor choice (and it is), if you like running then 
you should do it. Running once or twice per 
week for a few miles isn’t enough to cause sig-
nificant interference as long as it is not done 
prior to lifting, or potentially 24 hours before a 
heavy lower body day; just be smart about it.

Next Steps
I honestly feel that the concurrent training lit-
erature is pretty well-established at this point. 
However, I think the proposal above of a flexi-
ble template to determine the modality of aero-
bic exercise has merit. If lifters needed to com-

plete 18 time-equated cardio sessions over two 
months and nine of them were HIIT and nine 
are moderate intensity steady state, I’d bet that 
session rating of perceived exertion and per-
haps the enjoyment of training would be better 
compared to a group who performed 18 HIIT 
sessions. In that design, a group should also be 
included which performed 18 steady state ses-
sions. Two other aspects of concurrent train-
ing that I’d like to see investigated are train-
ing status and individualization. Specifically, 
much of the concurrent training literature is on 
novice to intermediate lifters; but how much 
cardio causes the interference effect in well-
trained lifters? In terms of individualization, I 
suspect that high responders don’t see the in-
terference effect to the same degree. So, se-
lecting individuals with a high, moderate, and 
low number of satellite cells per myofiber and 
running them through individual magnitudes 
of resistance training volume, but the same 
magnitude of aerobic exercise, would be a 
good start to see if high responders are more 
resistant to the interference effect.

 APPLICATION AND TAKEAWAYS

1. This study showed that minimal resistance training, even in the presence of high 
amounts of aerobic exercise, can still cause modest strength and size gains.

2. Conceptually, the idea of micro-training may have some merit. Specifically, if 
you consistently perform aerobic and resistance training back to back, then try 
performing some lower body lifting in a very short session at another time to 
avoid the back-to-back scenario.

3. Overall, if you are performing cardio as a typical lifter, refer to Table 5 above as 
your cheat sheet for how to incorporate cardio and mostly erase the interference 
effect. The only caveat to Table 5 is that even though HIIT may be ideal from 
a mechanistic perspective, high amounts of it can be impractical, so including 
some steady state cardio may be more sustainable for some
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Study Reviewed: Evenly Distributed Protein Intake over 3 Meals Augments Resistance 
Exercise–Induced Muscle Hypertrophy in Healthy Young Men. Yasuda et al. (2020)

Protein Distribution Matters, 
To An Extent

 B Y  E R I C  T R E X L E R

One of the most common questions in the world of nutrition is, 
“How much protein should I eat, and when?” A new study adds 

some nuance to the conversation, and suggests that protein 
distribution matters in some contexts. Read on to find out if 

you’re maximizing the impact of the protein in your diet.
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How much protein should we eat, and 
when? For lifters with strength and 
physique goals, it’s a question that 

has dominated nutrition discussions for de-
cades. For a time, it was generally thought 
that more frequent protein feedings were in-
herently better, as they provided a “steady 
drip” of amino acids into the bloodstream, 
fueling muscle protein synthesis around the 
clock. Then, mechanistic research introduced 
some more nuance to the conversation, indi-
cating that the protein synthesis response to 
a single protein bolus has a limit, and there 
appears to be a “refractory” period between 
protein feedings (that is, a dose of protein 
doesn’t re-stimulate muscle protein synthesis 
if it’s consumed within a couple hours or so of 
a previous protein feeding) (2). These mecha-
nistic findings would suggest that we’re bet-
ter off splitting our protein between multiple 
meals, and spacing them throughout the day 

in a manner that allows for a maximal spike in 
protein synthesis, a maximal number of times 
per day. However, as Dr. Helms discussed in 
a previous MASS article, these mechanistic 
rationales have some shortcomings. Many 
studies that shape our understanding of acute 
responses to protein are conducted with sub-
jects in a fasted state, net muscle accretion is 
dictated by both muscle protein synthesis and 
breakdown, and the protein dose required to 
maximize protein synthesis is impacted by 
the magnitude of the prior training stimu-
lus. Further, the mechanistic rationale would 
seem to suggest that we can maximize our 
muscle gains by paradoxically low total pro-
tein intakes (~4-5 daily servings of ~0.24g/
kg of protein, for a total of ~1.0-1.25g/kg of 
daily protein), whereas the available research 
generally indicates that protein intakes at 
or above 1.6g/kg are most likely to support 
maximal gains in fat-free mass (3). In addi-

 KEY POINTS

1. The presently reviewed study (1) evaluated the effects of two different diets (one 
with a high-protein breakfast and even protein distribution; another with a low-
protein breakfast and uneven protein distribution) on strength and lean mass 
following 12 weeks of resistance training.

2. Both groups made gains in strength and lean mass, but the high-protein breakfast 
group had slightly larger increases for all five strength outcomes and total lean 
soft tissue, although none of these between-group differences were statistically 
significant.

3. The protein distribution literature doesn’t paint an entirely clear picture yet, and 
it’s a virtual certainty that total caloric intake, total protein intake, and an adequate 
training stimulus are far more important than protein distribution or timing. 
Nonetheless, there are potential benefits and no clear drawbacks from aiming to get 
about 3-5 sufficiently sized (≥0.24g/kg) doses of protein throughout the day if you’re 
interested in absolutely maximizing your gains.
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tion, at the surface level, it seems to be con-
tradicted by studies showing equivalent body 
composition results with intermittent fasting 
or time-restricted feeding interventions. 

Fortunately, a new study came along this 
month to add more nuance to the protein 
distribution discussion. In the presently re-
viewed study (1), subjects were random-
ly assigned to one of two groups: one had 
a low-protein breakfast (~8g) with a higher 
protein dinner (~55g), while the other had 
a more equal protein distribution between 
breakfast (~23g) and dinner (~32g). Both 
groups had approximately the same total 
daily protein intake (high-protein breakfast 
group = 89 ± 6g, equivalent to 1.3g/kg body 
mass; low-protein breakfast group = 97 ± 3g, 
equivalent to 1.45g/kg body mass). Through-
out the 12-week dietary intervention, subjects 
completed a supervised resistance training 
program three times per week. There were no 
statistically significant interaction effects for 
the strength and body composition measures 
taken, but the high-protein breakfast group 
had slightly more favorable strength increas-
es for all five exercises tested (leg curl, leg 
extension, arm curl, row, chest press), and 
had slightly more favorable increases in lean 
soft tissue (2.5 ± 0.25kg versus 1.8 ± 0.26kg). 

So, can we finally conclude that uneven pro-
tein distribution impairs muscle and strength 
gains? Read on to find out why the conclu-
sion isn’t quite that simple. 

Purpose and Hypotheses
Purpose

The primary purpose of the presently re-
viewed study was to determine if having an 
adequate bolus of protein at breakfast led to 
greater increases in lean mass in response to 
a 12-week resistance training program. In ad-
dition, the researchers evaluated the interven-
tion’s effects on strength adaptations as well. 
For the purpose of this study, an “adequate” 
bolus of protein was defined as ≥0.24g/kg of 
body mass, based on a study indicating that 
this dose was sufficient to acutely maximize 
muscle protein synthesis in young men (4).

Hypotheses

The authors did not explicitly state a hypoth-
esis. However, based on the way the intro-
duction is written, it seems like they sus-
pected that more evenly distributed protein, 
resulting in a larger protein bolus at break-
fast, would have a more favorable impact on 
increases in lean mass. 
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Subjects and Methods 
Subjects

This study recruited 33 healthy men between 
the ages of 18-26. Potential participants were 
excluded if they smoked, had been resistance 
training within the past year, had any chron-
ic diseases, or were on any medications. Of 
the 33 subjects, 17 were randomly assigned 
to the high-protein breakfast group, and 
16 were assigned to the low-protein break-
fast group. Five subjects in the high-protein 
breakfast group dropped out of the study due 
to difficulty adhering to the diet intervention 
(n = 3) or “injury and surgery” (n = 2). In 
the low-protein breakfast group, one subject 
dropped out due to difficulty adhering to the 
diet intervention, and one dropped due to sur-
gery. We don’t know exactly what those in-
juries or surgeries were, but the authors not-
ed that they were not directly related to the 
intervention. As a result of this attrition, the 
study ended with 12 subjects in the high-pro-
tein breakfast group and 14 subjects in the 
low-protein breakfast group; their baseline 
characteristics are presented in Table 1.

Methods

As previously noted, subjects were randomly 
assigned to one of two groups. The high-pro-
tein breakfast group received a standardized 
breakfast meal consisting of yogurt, grano-
la, and whey protein, while the low-protein 
breakfast group received the same breakfast 
without whey protein, and instead had their 
whey protein serving with dinner. As a result, 
the diets were designed so that the high-pro-
tein breakfast group would achieve an “ad-
equate” intake of protein at all three meals 

of the day, whereas the low-protein breakfast 
group would have an inadequate protein in-
take at breakfast, with a much larger intake at 
dinner. The diets were intended to be approx-
imately equal in terms of total protein intake 
and total energy intake, but it’s important to 
note that only the standardized breakfasts and 
whey protein shakes were provided for sub-
jects, so the actual dietary assessments were 
based on self-reported three-day food records 
that were completed at baseline and at week 
12 of the intervention. Before the start of the 
study, participants were educated about how 
to complete accurate food records, and they 
also took photographs of their food and com-
pleted face-to-face interviews with a dietitian 
to verify the accuracy of their food records. 

Throughout the 12-week study, participants 
completed a supervised resistance training 
program. Workouts were 3 days per week (36 
total sessions), and subjects were allowed to 
choose the timing of their training (morning 
session or afternoon session). The first 8 ses-
sions were for familiarization purposes; af-
ter that, participants did 3 sets of 10 for each 
exercise, with the final set taken to failure, 
and loads were incrementally increased from 
session to session based on the repetitions 
achieved in the final set. It’s not 100% clear 
exactly what exercises were included in the 
training program, but the strength outcomes 
in the study included 1RM for leg curl, leg 
extension, arm curl, row, and chest press, so 
I’m assuming that those were the exercises 
performed during each workout. These per-
formance outcomes were secondary out-
comes, as the main focus of the study was to 
assess changes in body composition variables 
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(total lean soft tissue mass, appendicular lean 
soft tissue mass, bone mineral content, and 
fat mass), which were measured via DEXA. 

Finally, it’s important to note that the authors 
used standard error rather than standard de-
viation throughout their paper, and I have 
followed suit for this article. In many cases, 
when you see something like “105 ± 12kg,” 

you’re inclined to interpret that as a mean of 
105kg, and a standard deviation of 12kg. The 
standard deviation simply gives an indication 
of how tightly the values are clustered around 
the mean value (smaller standard deviation, 
tighter clustering around the mean). Standard 
error is the same kind of thing, but it has a 
slightly different formula, which makes it a 
smaller number. If you want to convert stan-
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dard error to standard deviation, you can just 
multiply the standard error by the square root 
of the sample size. So if a group has 12 sub-
jects, and the standard error is 4.0, you’d mul-
tiply 4.0 by the square root of 12, and you’d 
have the standard deviation for that group. 

Findings
Nutrient intakes for both groups at baseline 
and at week 12 are presented in Table 2. 
The high-protein breakfast group consumed 
slightly fewer calories based on the week 12 
assessment (2456 ± 147 versus 2543 ± 114), 
but they were pretty close given that the 
numbers are based on self-reported intakes 
in a free-living population (that is, subjects 
who are not confined to a metabolic ward 
for the duration of the trial). As expected, 
the high-protein breakfast group had higher 
protein at breakfast (22.6 ± 0.02g versus 7.68 
± 0.03g), and lower protein intake at dinner 
(32.4 ± 3.06g versus 55.4 ± 3.17g). Overall, 
the high-protein breakfast group actually had 

less total daily protein intake (89.4 ± 5.51g 
[1.30 g/kg] versus 97.1 ± 3.46g [1.45 g/kg]). 
This wasn’t statistically significant, but it’s 
potentially notable given the nature of the 
study. The high-protein breakfast group also 
had higher daily intake of carbohydrate (323 
± 16.4 versus 315 ± 15.1) and lower intake 
of fat (84.4 ± 8.22g versus 94.5 ± 5.55g), but 
these were not statistically significant either.

For the strength training sessions, neither 
total workload performed nor total reps 
completed over the course of the 12-week 
training program were significantly dif-
ferent between groups. Interestingly, the 
high-protein breakfast group opted to com-
plete a smaller percentage of their work-
outs in the morning (37.3 ± 5.2%) than the 
low-protein breakfast group (57.1 ± 5.3%), 
opting instead to complete more of their 
sessions in the afternoon. When it comes to 
actual strength outcomes, there were no sta-
tistically significant interaction effects ob-
served. However, as you can see in Figure 
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1, the high-protein breakfast group tended to 
improve slightly more than the low-protein 
breakfast group for each individual lift.

Both groups had very similar changes in body 
weight and BMI, with both groups gaining 
about 2kg of total weight. The high-protein 
breakfast group lost about 0.5kg of fat mass 
while the low-protein breakfast group gained 
about 0.03kg of fat mass, but these changes 
were non-significant and are too small to con-
sider noteworthy given the margin of error 
associated with DEXA measurements. The 
authors noted that the high-protein breakfast 
group gained more total lean soft tissue than 
the low-protein breakfast group (2.50 ± 0.25 
kg vs 1.77 ± 0.26 kg); this was not statisti-
cally significant (p = 0.056), but a p-value 
of 0.056 warrants some degree of closer in-
spection, particularly with groups this small. 
The groups had virtually identical changes in 
appendicular lean soft tissue (1.14 ± 0.18 kg 
vs. 1.14 ± 0.17 kg); as a point of clarification, 

this appendicular measure only includes the 
arms and legs, and ignores the head and trunk 
region. As a result, we can infer that the dif-
ferences in total lean soft tissue were almost 
exclusively attributable to differences in the 
trunk rather than the arms or legs. Changes 
in lean soft tissue, both at the group level and 
individual level, are presented in Figure 2.

Interpretation
It seems as if a lot of people frame the protein 
distribution discussion in terms of whether or 
not it matters, but I struggle to imagine any-
one would truly argue that it doesn’t. For ex-
ample, I can’t imagine there are many people 
who would suggest that eating an enormous 
bolus of protein once every 14 days is suf-
ficient for optimizing muscle protein accre-
tion. Same things goes for every 7 days, or 
even every 2 days. As a result, I think over 
99% of people would agree that, at the most 
basic level, it matters. In reality, a more nu-

89



anced discussion pertains to how much it 
matters, the circumstances and settings in 
which it matters, and exactly how precise our 
approach to protein distribution needs to be.

Before we contextualize the current findings 
within the broader literature, let’s acknowl-
edge some limitations of this study. Total 
protein intake wasn’t shockingly low in this 
study, but it was still comfortably below the 
1.6-2.2g/kg range that is commonly recom-
mended for promoting hypertrophy (3). As 
a result, some might argue that protein dis-
tribution could become less relevant as total 
protein is increased to 1.6g/kg and beyond. 
In addition, the magnitude of between-group 
body composition differences was quite 
small (a difference of 0.73kg for total lean 
soft tissue), particularly when you consider 
the measurement error that is associated with 
DEXA scans. The authors also offered very 
little detail regarding the pre-visit standard-
ization procedures for DEXA scans, which 
could be really important when we’re talking 
about changes this small. Along those lines, 
there was virtually no difference for appen-
dicular lean soft tissue, with all of the lean 
soft tissue differences occurring in the trunk 
region, which tends to be more sensitive to 
acute fluctuations induced by things like 
acute water consumption and contents of the 
gastrointestinal tract. Along those lines, it’s 
important to note that lean soft tissue of the 
trunk cannot be viewed synonymously with 
muscle mass of the trunk, as this region in-
cludes a ton of lean soft tissue that is not 
muscle (5). The study also featured a pretty 
small sample size; while this generally makes 
it less likely to observe super low p-values, 

it also increases the likelihood that we might 
see fluctuations in the mean values that are 
really “noise” rather than an actual generaliz-
able effect. Finally, subjects were allowed to 
choose their training session timing (morning 
versus afternoon), and more subjects in the 
low-protein breakfast group tended to opt for 
morning training sessions. The reasoning for 
this isn’t known, but it’s possible that indi-
viduals in the high-protein breakfast group 
felt more full than they otherwise would, and 
weren’t enthusiastic about a morning workout 
on a full stomach. While the evidence-based 
fitness community has largely moved away 
from stressing over ultra-precise protein tim-
ing before and after workouts, this was a co-
hort of individuals eating three meals per day, 
and the low-protein breakfast group was get-
ting about 7-8g of protein at breakfast, after 
an overnight fast. I’m not saying you need 
an enormous post-workout protein shake to 
be in your hand before you rack your last 
set of the day, and we don’t know the exact 
timing of these morning sessions in proximi-
ty to breakfast and lunch, but it’s not hard to 
imagine that some subjects were implement-
ing suboptimal peri-workout protein timing 
strategies. 

Having said all of that, let’s look at some of 
the positive features of the study. While the 
findings were not statistically significant, they 
were internally consistent, which counts for 
something. For example, if you see that one 
group had (non-significantly) larger gains in 
leg extension strength, but (non-significantly) 
smaller gains in leg press strength, you’re in-
clined to believe that you’re just seeing some 
noise in the data, rather than a discernible 
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pattern. In the current study, the high-protein 
breakfast group experienced small advantag-
es in comparison to the low-protein break-
fast group, but they were internally consistent 
across all strength outcomes and lean soft tis-
sue of the trunk. While I previously acknowl-
edged that trunk lean soft tissue includes a 
ton of lean mass that isn’t skeletal muscle, we 
also can’t adopt the overly simplistic idea that 
trunk soft tissue is just “organs and stuff”– it 
includes core musculature, pecs, lats, and up-
per back, in addition to some of the muscula-
ture surrounding the shoulders and hips. The 
findings also fit quite nicely with our mech-
anistic understanding of how dietary protein 
contributes to muscle protein accretion. We 
know that an insufficient bolus of protein 
fails to maximize the acute muscle protein 
response, but beyond a certain point, adding 
more and more protein to a single bolus does 
not further increase muscle protein synthesis. 
We also know that muscle protein synthesis 
is acutely increased following a bolus of di-
etary protein, but this is a transient effect, and 
adding an additional bolus shortly after the 
first one does not have an additive effect on 
muscle protein synthesis. We essentially aim 
to maximize muscle protein synthesis with a 
sufficiently large dose of protein, wait out the 
refractory period for a couple hours or so, then 
we have another opportunity to induce another 
maximal increase in muscle protein synthesis. 
The results also appear to indicate that there 
is more to the story than total protein intake 
alone, as the low-protein breakfast group ac-
tually tended to eat more protein per day (89.4 
± 5.51g [1.30 g/kg] versus 97.1 ± 3.46g [1.45 
g/kg]; not statistically significant). So, even 
though the low-protein breakfast group more 

than made up for it at the dinner meal, their 
strength and body composition outcomes were 
still a little less favorable. 

In the interest of full transparency, this ex-
planation of our current understanding of 
protein timing and distribution is oversim-
plified. For example, the concept of the re-
fractory period was established using tightly 
controlled experimental designs that gen-
erally provided the initial protein or amino 
acid bolus in a fasted state, did not incor-
porate resistance exercise, and focused on 
muscle protein synthesis alone while ne-
glecting protein breakdown, which is also a 
major contributor to net protein balance (6). 
In addition, it would be incorrect to suggest 
that a protein dose greater than the amount 

IF YOU’RE LOOKING TO ADD 
SOME MUSCLE MASS, YOU 

NEED A ROBUST TRAINING 
STIMULUS, AN ADEQUATE 

AMOUNT OF TOTAL CALORIES, 
AND AN OPTIMAL AMOUNT OF 

TOTAL DAILY PROTEIN INTAKE. 
THOSE THREE FACTORS ARE 

GOING TO EXPLAIN THE 
OVERWHELMING MAJORITY 

OF YOUR RESULTS.
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required to acutely maximize muscle pro-
tein synthesis is necessarily “wasteful.” 
In fact, research shows that even though a 
larger dose may not further increase mus-
cle protein synthesis, it does reduce protein 
breakdown to a greater extent (6), which 
would tilt protein balance more positively. 
That doesn’t necessarily discount the pos-
sibility that there are some diminishing re-
turns with super large protein boluses, such 
that the relative gram-for-gram effect on net 
muscle accretion is reduced with exception-
ally large boluses, but it definitely refutes 
the idea that the excess protein is totally 
wasted in terms of net protein balance. This 
also intuitively makes sense; a very literal 
application of protein dosing based on max-
imizing acute muscle protein synthesis and 
refractory periods would suggest that some-
one could essentially maximize their gains 
by consuming about 1-1.25g/kg of protein 
per day (that is, a dose of 0.24g/kg, spaced 4 
or 5 times throughout the day). This contra-
dicts a pretty large body of evidence indicat-
ing that 1.6-2.2g/kg per day is a much safer 
bet for total daily protein intake if maximiz-
ing hypertrophy is the goal (3).

While this literature supporting our theoret-
ical understanding of protein distribution is 
certainly incomplete in nature, there is some 
experimental evidence that lends support. In 
2017, Norton et al (7) reported that an even 
distribution of protein across all three meals 
led to greater muscle mass in adult rats com-
pared to uneven distribution, which involved 
suboptimal protein intakes at breakfast and 
lunch, with a large bolus of protein at din-
ner. In a human study with a much shorter 

study timeline, Areta and colleagues (8) test-
ed three different protein timing strategies 
following a bout of resistance exercise: one 
group had eight 10g doses every 1.5 hours, 
a second group had four 20g doses every 3 
hours, and a third group had two 40g doses 
every 6 hours. Results indicated that the 20g 
doses every 3 hours were most effective for 
stimulating muscle protein synthesis. An-
other human study found that equal protein 
distribution (~30g per meal, for 3 meals each 
day) led to greater rates of 24-hour muscle 
protein synthesis than a skewed distribution 
(~11g, ~16g, and ~63g at breakfast, lunch, 
and dinner), although this study did not in-
volve a resistance training component (9). In 
addition, there is some evidence indicating 
that pre-sleep protein ingestion may enhance 
resistance training adaptations; while it’s cer-
tainly possible that an increase in total protein 
intake is driving some of these positive ben-
efits, it’s also quite plausible that pre-sleep 
protein intake confers an additional benefit 
by exploiting another daily opportunity to 
stimulate muscle protein synthesis (10).

Before we get too carried away with protein 
distribution and timing, let’s contextualize 
the conversation a little bit by focusing on 
practical application. If you’re looking to 
add some muscle mass, you need a robust 
training stimulus, an adequate amount of to-
tal calories, and an optimal amount of total 
daily protein intake. Those three factors are 
going to explain the overwhelming majority 
of your results in terms of hypertrophy, and 
all other factors (including protein distribu-
tion and timing) are of secondary or tertiary 
importance. However, if you’re interested in 
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maximizing your likelihood of maximizing 
hypertrophy, protein distribution is a factor 
worth considering. Notably, I would suspect 
that the relative benefit of “improving” your 
protein distribution is diminished as we ap-
proach optimal distribution. For example, 
the magnitude of improvement is probably 
pretty sizable if you switch from an utterly 
suboptimal distribution, such as consuming 
a huge protein dose every third day, to con-
suming a dose of protein each day. The jump 
from once a day to twice a day is probably 
smaller, twice a day to thrice a day is proba-
bly even smaller, and I would suspect that it 
gets pretty hard to reliably identify tangible, 
meaningful improvements when you start 
going beyond three sizable protein doses per 
day. Plus, once you get up above the 5-6 dos-
es per day range, you can theoretically run 
into scenarios where it’s hard to ensure that 
each individual protein dose is large enough 
to maximize muscle protein synthesis, or the 
protein feedings become so frequent that they 
more or less blend together.

At the surface level, intermittent fasting (also 
known as time-restricted feeding) advocates 
may be eager to reject this approach to pro-
tein timing and distribution, but I don’t think 
it’s necessarily that incompatible with in-
termittent fasting. For example, we’ve seen 
instances within the intermittent fasting lit-
erature where lean mass gains are seeming-
ly impaired by intermittent fasting (11), and 
other instances in which intermittent fasting 
has no negative impact on adaptations to re-
sistance training (12). However, the method-
ological differences between these two studies 
are pretty informative; in the study showing 

an apparent impairment of lean mass gains, 
the feeding window was four hours long, and 
the time-restricted feeding group consumed 
about 1g/kg of protein per day while the com-
parison group consumed about 1.4 g/kg per 
day (11). In contrast, the study showing no 
impairment of hypertrophy featured an eight-
hour feeding window, and all groups con-
sumed about 1.6g/kg of protein (12). If you’re 
working with an eight-hour window and ade-
quate total protein for the day, it seems quite 
feasible to work three large daily protein bo-
luses into your diet. Would you benefit from 
adding a fourth, either upon waking or prior 
to bed? Possibly, but it probably wouldn’t 
make a huge impact if you were applying a 
solid training stimulus, eating enough pro-
tein overall, and already getting three sepa-
rate boluses of protein each day. It should be 

IF YOU’RE REALLY INTENT ON 
ABSOLUTELY MAXIMIZING 
YOUR GAINS, YOU MIGHT 

CONSIDER TAKING A CLOSER 
LOOK AT YOUR PROTEIN 
DISTRIBUTION TO MAKE 

SURE YOU’RE GETTING 3-5 
SUFFICIENTLY LARGE (≥0.24G/

KG) DOSES OF PROTEIN 
THROUGHOUT THE DAY.
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really clear by now, based on both published 
research and practical experience, that people 
can make excellent gains while implement-
ing intermittent fasting. Even in the current 
study, the low-protein breakfast group made 
solid gains on only two protein meals per day, 
and you could make a strong argument that 
their gains were hardly distinguishable from 
those of the high-protein breakfast group. So, 
the results of this study should not be used 
to suggest that intermittent fasting is an un-
equivocal gains-killer. Rather, the decision 
to use an intermittent fasting approach ulti-
mately comes down to an assessment of the 
costs and benefits; while it may be beneficial 
in terms of things like convenience or hun-
ger control, it might be slightly less optimal 
in terms of stimulating muscle protein syn-
thesis. However, the jump from less optimal 
to more optimal may only confer a marginal 
improvement in terms of muscle or strength 
gains, while making your diet drastically less 
compatible with your personal preferences. 

So, if you’re looking to make solid gains, you 
should feel pretty comfortable using a wide 
range of protein distribution and timing strat-
egies, provided that you’re training effective-
ly and generally eating enough protein and 
calories each day. However, if you’re really 
intent on absolutely maximizing your gains, 
you might consider taking a closer look at 
your protein distribution to make sure you’re 
getting 3-5 sufficiently large (≥0.24g/kg) 
doses of protein throughout the day. I can’t 
imagine a scenario in which there’s an ad-
verse effect of achieving a balanced spread of 
protein intake throughout the day (aside from 
inconvenience), and it has some potential for 
a modest benefit.

Next Steps
One of the tricky things about interpreting this 
body of literature is that it often requires us 
to make indirect inferences from studies that 
aren’t specifically designed to evaluate op-

 APPLICATION AND TAKEAWAYS

People can make really great gains using low meal frequencies that restrict their protein 
intake to a narrow time window. In addition, it’s safe to say that meal frequency and 
timing aren’t nearly as important as having a robust training stimulus, eating the correct 
number of calories, and taking in sufficient total daily protein. However, the results of this 
study agree with some other literature suggesting that there might be modest strength 
and hypertrophy benefits associated with a more even distribution of protein throughout 
the day. It’s clearly not a huge effect, and there are some instances when the benefits 
of lower protein frequency with a skewed protein distribution, such as convenience or 
hunger management, outweigh the potential benefits of higher protein frequency with 
more even protein distribution throughout the day. However, for individuals who are solely 
focused on maximizing their gains, there might be a slight advantage to obtaining 3-5 
sufficiently large (≥0.24 g/kg) doses of protein throughout the day. 
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timal protein distribution. For example, we 
might make inferences based on studies about 
pre- or post-workout protein supplementation, 
time-restricted feeding, or acute protein syn-
thesis responses to a single meal, with stud-
ies that may or may not include a resistance 
training component. However, we’re actually 
interested in looking at the effect of protein 
distribution on hypertrophy or strength gains 
over time. I’d love to see a big, 12 (or more) 
week study that includes a structured resis-
tance training program. All three groups eat 
the same amount of protein, split among 2, 3, 
or 4 meals (if you wanted a more extreme ap-
proach, you could go with 1/3/5 meals per day, 
but you might have trouble finding a group of 
people that are willing to eat over 1.6g/kg of 
protein at a single meal every day). Each meal 
would be designed to deliver a large enough 
protein dose to maximize the acute muscle 
protein synthesis response, and meals would 
be spaced as evenly as possible throughout the 
day to account for the possibility of refracto-
ry periods between meals. I suspect that three 
meals might be a little bit better than two, and 
four might be just slightly better than three, 
but I’d love to see exactly how meaningful (or 
meaningless) the differences among groups 
would be. This would tell us a lot about how 
big or small of a sacrifice you might be making 
when you let convenience dictate your meal 
frequency instead of our current mechanistic 
understanding of protein distribution.
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Females Fatigue Slower than Males 
Largely Due to Differences in Blood Flow

 B Y  G R E G  N U C K O L S

It’s fairly common knowledge that female lifters are less fatigable in 
the gym than male lifters. However, that relationship is surprisingly 

nuanced, and it’s primarily driven by a factor most people don’t 
immediately suspect: blood flow.

Study Reviewed: Sex Differences in Fatigability and Recovery Relative to the 
Intensity-Duration Relationship. Ansdell et al. (2019)
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here are a lot of myths floating around 
about sex differences in fatigability 
when lifting. The most common myth 

is that female lifters can do some ridiculous 
amount of reps with loads very close to their 
1RMs (I’m sure it’s true in some cases, but 
there’s plenty of data refuting that idea on av-
erage). I also commonly hear that female lift-
ers are only less fatigable because they have 
lower “neuromuscular efficiency” (that also 
doesn’t have any empirical support). In actu-
ality, female lifters are generally less fatigable 
in the gym than male lifters, though the pri-
mary reasons seem to be simple differences in 
muscle mass and strength and differences in 
the regulation of blood flow during exercise, 
leading to more efficient oxygen delivery and 
waste clearance. And if anything, the differ-
ences in blood flow may be more important 
than the differences in strength.

The present study (1) is the first that we’ve 
reviewed for MASS that investigates sex dif-
ferences in fatigability. It used exercise proto-
cols that aren’t very relevant for most MASS 
readers – intermittent isometric knee exten-
sions at low intensity – but this study helps 

frame a couple of larger points I wanted to 
make about sex differences in fatigability. 
This study itself, however, found that critical 
intensity is higher for female lifters than male 
lifters, that time to task failure at 10% above 
critical intensity is higher for female lifters 
than male lifters, and that differences in blood 
flow largely explain these differences.

Purpose and Hypotheses
Purpose

This study had three main purposes:

1. To compare the relative torque at which 
critical intensity is attained in males and 
females.

2. To examine the mechanisms contribut-
ing to fatigue during prolonged isometric 
tasks above and below critical intensity.

3. To compare short-term rates of recovery 
between males and females, along with 
their physiological underpinnings.

Hypotheses

The authors hypothesized that critical inten-

 KEY POINTS

1. Critical intensity – an estimate of the level of muscular effort that can be maintained 
indefinitely – is higher in the quads for females than males during intermittent isometric 
contractions.

2. At 10% above critical intensity, females were still able to sustain contractions for more 
than twice as long as males.

3. These differences are likely due, primarily, to sex differences in blood flow during 
muscular contractions and recovery. These blood flow differences are likely relevant in 
“normal” training as well, and not just low-intensity isometric training.

T
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sity would occur at a higher relative torque 
in females than males due to superior oxygen 
availability, that time to task failure would be 
similar between the sexes when contractions 
are performed at 10% above critical intensity, 
and that short-term recovery after fatiguing 
exercise would be faster in females.

Subjects and Methods
Subjects

Nine male and nine female subjects complet-
ed this study. Training status of the partici-
pants wasn’t stated. All of the female subjects 
were on monophasic contraceptive pills and 
were tested during the 21-day period of the 
month when they were taking active pills, in 
order to negate any possible effects of hor-
monal fluctuations.

What is Critical Intensity?

Before we press on, it’s worth understanding 
what critical intensity is. Critical intensity is 
a generalization of critical power, which is 
a relatively common measure in endurance 
research. Critical intensity and critical pow-
er both refer to the intensity or work rate at 
which a physiological steady state can be es-
tablished and maintained during exercise. In 
other words, at or below critical power, some 
local and systemic physiological changes 
will occur (heart rate increases, cardiac out-
put increases, muscle pH will drop, etc.), but 
they will plateau pretty quickly, so that per-
formance can be maintained for a long time 
(infinitely, in theory, were it not for gradual 
decreases in neural drive over time). Above 
critical intensity or critical power, a physio-
logical steady state will not be established, 

such that heart rate will keep trending up, 
metabolic stress will keep trending up, and 
fatigue will accumulate if you maintain your 
work rate, eventually leading to exhaustion. 
Critical intensity and critical power represent 
the dividing line between acutely fatiguing 
and acutely non-fatiguing levels of exercise. 
If you’re more familiar with the “anaerobic 
threshold” or “lactate threshold,” critical 
power is a similar concept, though it’s gener-
ally slightly lower.

You can calculate critical intensity one of two 
ways. You start by performing 3-5 exercise 
trials of differing intensities that lead to ex-
haustion in 2-15 minutes. Then, you can ei-
ther plot the relationship between work rate 
and time to task failure (which will be curvi-
linear) and find the horizontal asymptote of 
the resulting function, or you can plot the re-
lationship between total work performed (or 
total impulse) and time to task failure, and 
calculate the (linear) slope of the resulting 
trendline; this is illustrated in Figure 1. The 
second option is preferred, because it also 
allows you to calculate another value, called 
W’. W’ is the y-intercept of the linear trend-
line, and roughly represents one’s “reserve” 
of possible work above W’. Thus, exercise 
above critical intensity or critical power “de-
pletes” W’, and when it’s all gone, exhaus-
tion occurs. Rest or exercise below critical 
intensity/power allows for the reconstitution 
of W’, via ATP and phosphocreatine resyn-
thesis, clearance of metabolic waste prod-
ucts, shifts back toward homeostatic pH lev-
els, etc.

I realize that this is all a bit technical, but 
it’s necessary background information to un-
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derstand this study. You can think of critical 
intensity as the threshold between a rate of 
work you could literally maintain all day (for 
example, doing one biceps curl with a broom-
stick every 5 minutes. I assume all MASS 
readers could manage that without any issues 
whatsoever), and a rate of work that would 
eventually tire you out (for example, if you 
do one rep at 30% of your max every 3 sec-
onds, you’ll be able to do a lot of reps, but 

you will eventually be unable to perform an-
other rep). You can think of W’ as the reserve 
of energy that runs out when you exert your-
self at a level above critical intensity, which 
must recharge if you want to perform well on 
the next set, a bit like a battery. If you’re still 
confused, Gatorade actually has a pretty solid 
explainer on this topic.

Experimental Design
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Figure 1  Relationship between total impulse and time to task failure 
(TTF) in males and females in the current study

Critical intensity is calculated for each individual by finding the slope of their TTF-impulse trendline, 
and W' is the y-intercept of that trendline
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Note that I’m not going to describe all of the 
measures in this study in a ton of detail. It’s 
worth understanding critical intensity, as crit-
ical intensity is a crucially important concept 
in this study. However, many of the measures 
are neuromuscular assessments that would 
primarily be relevant to neuromuscular phys-
iologists, not most MASS readers (lifters, 
trainers, and coaches). It would take a lot of 
time to explain them all, and understanding 
them isn’t crucial for understanding the as-
pects of the study that are relevant to the ma-
jority of MASS readers. I’m just making this 
note so that the handful of neuromuscular 
physiology nerds who read MASS will know 
that it may be worth their time to pull up the 
full text of this article.

The study took place over seven lab visits. 
The first was simply a familiarization visit. 
Visits 2-5 were comprised of trials designed 
to estimate critical intensity, and visits 6 and 
7 were comprised of trials 10% above and 
10% below each subject’s critical intensity.

During the familiarization visit, the sub-
jects got comfortable with performing knee 
extensions on an isometric dynamometer. 
They then performed a baseline neuromus-
cular function assessment, including a maxi-
mal voluntary contraction (MVC). After five 
minutes of rest, they performed a fatiguing 
task at an intensity of 60% of MVC; the task 
consisted of intermittent contractions, con-
sisting of three second contractions inter-
spersed with two seconds of rest between 
contractions. They performed an MVC every 
minute during the fatiguing task. They had a 
visual guide to know if they were reaching 
their target force during the 60% contrac-

tions, and failure was defined as an inability 
to exceed 60% of MVC on three consecutive 
contractions. Immediately after task failure, 
they performed a post-exercise neuromuscu-
lar assessment.

During visits 2-5, the subjects completed 
the same fatigue protocol as they completed 
during visit 1, with intensities ranging from 
40% to 80% of MVC. Intensity was 60% on 
visit 2, and on visits 3-5, intensities were ran-
domized, with the aim of achieving failure 
within 2-15 minutes. These four fatigue pro-
tocols were used to estimate critical intensity 
and W’.

Visits 6 and 7 were the primary experimen-
tal visits. They involved the same sort of fa-
tigue protocol, with intensities 10% above 
and 10% below each subject’s critical inten-
sity. During the supramaximal intensity tri-
al (+10%), the protocol was continued until 
exhaustion. During the submaximal intensity 
trial (-10%), the protocol was continued for 
45 minutes for all subjects, since they would 
theoretically never reach failure. Tests of 
neuromuscular function followed the supra-
maximal and submaximal intensity trials, oc-
curring immediately after completion of the 
protocol, and after 15, 30, and 45 minutes of 
rest.

All visits were separated by at least 48 hours.

Findings
During sessions 2-5, the female subjects 
needed to complete their fatigue protocols at 
higher intensities than the male subjects in 
order to match time to task failure between 
groups, meaning the female subjects had rel-
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atively greater strength endurance at intensi-
ties ranging from 40-80% MVC. For exam-
ple, at the highest intensity used during this 
part of the study, males had a mean time to 
task failure of 217 seconds with 61% MVC, 
while females had a mean time to task fail-
ure of 216 seconds with 71% MVC. When 
intensity was roughly matched, the differenc-
es were even more pronounced. For example, 
when females used 61% MVC, their time to 
task failure averaged 486 seconds – more 
than double the males’ time of 217 seconds. 
This can be seen in Figure 2, along with per-
formance during the supramaximal (critical 
intensity +10%) trial.

MVC force was significantly greater for 
males (708 ± 119 N vs. 458 ± 59 N; p < 
0.001), but absolute critical intensity wasn’t 
significantly different between sexes (143 ± 

26 N vs. 123 ± 26 N; p = 0.109). When nor-
malized to MVC force, critical intensity was 
significantly greater for the female subjects 
(24.7 ± 2.5% vs. 20.8 ± 2.3%; p = 0.003). 
There were no significant differences for W’.

During the supramaximal trial (critical inten-
sity +10%), time to task failure was more than 
twice as long for the female subjects (3742 ± 
1035 vs. 1826 ± 765 seconds; p<0.001). Fol-
lowing the supramaximal trial, MVC force 
recovered at virtually the same rate for males 
and females during the first 30 minutes of 
rest. From 30 to 45 minutes, rate of recovery 
seemed to be nominally greater for the fe-
male subjects (recovering to baseline, while 
MVC force was still more than 10% below 
baseline in males, on average), but there was 
a lot of individual variability, so that differ-
ence wasn’t statistically significant.
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During and following the submaximal tri-
al (critical intensity -10%), there were some 
small differences in some of the nitty gritty 
neuromuscular measures, but actual force 
output decreased to a similar degree in both 
sexes (and plateaued well before the termina-
tion of the trial, as one would expect for ex-
ercise below critical intensity), and recovery 
of MVC force also didn’t significantly differ 
between sexes.

Notably, blood flow-related variables dif-
fered between the sexes during both the su-
pramaximal and submaximal trials. During 
the supramaximal trial, levels of oxygenat-
ed hemoglobin in the quads decreased in the 
male subjects and actually increased in the 
female subjects. Deoxygenated hemoglobin 
increased in both sexes, but it increased dra-
matically more in the male subjects (~600% 
over baseline in the male subjects vs. ~100% 
over baseline in the females). During the sub-
maximal trial, levels of oxygenated hemoglo-
bin in the quads went virtually unchanged in 
the male subjects while it increased in the 
female subjects. Levels of deoxygenated he-
moglobin increased in the male subjects and 
didn’t change in the female subjects, though 
that difference wasn’t statistically significant.

Interpretation
I wish I had this study on hand when I was do-
ing my thesis research, because it illustrates 
several points and concepts I had to piece 
together from multiple studies and presents 
them all in one tidy package.

The two main takeaways of this study are that 
females are less fatigable than males (i.e. they 

have more strength endurance) and that the 
difference in fatigability is largely driven by 
differences in blood flow and oxygen deliv-
ery. A more subtle point is that the differences 
in blood flow are important during both mus-
cle contraction and muscle relaxation.

So, just to recap a lot of literature, females 
fatigue at a slower rate than males during 
isometric resistance training, and the differ-
ence is larger with low-intensity contractions 
than high-intensity contractions. There’s less 

15

10
Males Females

20

25

30

35 P = 0.003

C
rit

ic
al

 in
te

ns
ity

 (%
M

VC
)

Figure 3  Critical intensity and W' in the two groups

10000

Males Females

20000

30000
P = 0.850

W
' (

N
·s

)

The differences in critical intensity was statistically significant

104



research on dynamic training with normal 
machines or free weights, but it also tends to 
suggest that females fatigue at a slower rate 
than males and have greater strength endur-
ance. There are three primary reasons why 
that’s the case: 1) females have a higher per-
centage of type I muscle fibers, on average; 
2) females have a lower reliance on glyco-
lytic metabolism at submaximal exercise in-
tensities (partially due to differences in fiber 
type, and partially independent of differences 
in fiber type); 3) females are better able to 
perfuse their muscles with blood during re-
sistance exercise to deliver oxygen and clear 

waste products (partially due to the fact that 
they simply have smaller muscles, and par-
tially independent of that fact). If you want 
to read a comprehensive discussion of mech-
anisms, I’d strongly recommend a review pa-
per by Sandra Hunter (2), and if you want to 
read a summary of all of the studies in this 
area using “normal” resistance exercise, you 
can check out chapter 2 of my thesis (which 
is finally published).

This study builds on prior research by chang-
ing the reference point that training intensity 
is normalized to: critical intensity rather than 
maximal force output. The authors hypothe-
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sized that critical intensity would be higher 
in females, but that time to task failure 10% 
above critical intensity would be similar 
in males and females. In other words, they 
thought the major difference between the 
sexes was critical intensity, but that if criti-
cal intensity was used as the reference point 
for training intensity, the sex differences in 
fatigability would vanish. Much to the con-
trary, though critical intensity was higher in 
females (meaning they could sustain inter-
mittent contractions at ~25% MVC essential-
ly forever, whereas males would only be able 
to sustain intermittent contractions at ~20% 
MVC), contractions at 10% above critical in-
tensity were also more sustainable in males 
than females.

The key in this study, and (I believe) the key 
to understanding the differences in fatigabil-
ity between male and female lifters generally 
is blood flow.

To start with, it’s worth contextualizing these 
results within the larger body of isometric 
research, since that’s something MASS read-
ers probably aren’t overly familiar with. In 
Hunter’s 2014 review (2), she found that time 
to task failure during isometric contractions 
was greater in females, and that the differ-
ence between the sexes decreased as intensi-
ty increased, from a ~35% difference at very 
low intensities (<20% 1RM) to a ~15% dif-
ference at maximal intensity. In the present 
study, when considering the supramaximal 
trial and the four trials used to calculate crit-
ical intensity, time to task failure was more 
than double that of males with intensities 
ranging from ~30% 1RM to ~60% 1RM. 
That’s an enormous difference from the prior 
studies on isometric exercise. What explains 
the difference? The intermittent nature of the 
contractions. The studies in Hunter’s analy-
sis used continuous contractions, while the 
present study used intermittent contractions 
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with a pattern of three seconds contracting, 
followed by two seconds of rest.

To illustrate why those little two-second 
breaks are so important, let’s examine two 
studies (3, 4). The first study (3) essential-
ly contained two experiments in one. It in-
volved holding a continuous isometric elbow 
flexion contraction at 20% MVC. It com-
pared a group of 20 strength-matched males 
and females and a larger cohort of both sex-
es that wasn’t strength-matched. In the non-
strength-matched cohort, time to task fail-
ure was longer in the females (1024 vs. 681 
seconds), in line with other research on sex 
differences in fatigability. In the strength-
matched cohort, however, time to task failure 
was similar between the sexes (864 vs. 819 
seconds). So, for continuous contractions, it 
seems that the sex difference in fatigability 
may simply be reflective of strength differ-
ences between the sexes, rather than some 

other underlying physiological characteris-
tic. Now let’s consider the second study (4). 
It also compared strength-matched males and 
females performing isometric elbow flex-
ion, this time at 50% MVC, but it used inter-
mittent contractions (6 second contractions 
interspersed with 4 seconds of rest). In this 
study, in spite of the groups being matched 
for strength, time to fatigue was almost three 
times greater for females (1408 vs. 513 sec-
onds).

So, what explains these findings? As men-
tioned previously, females have a greater pro-
portion of type I muscle fibers and a lower 
reliance on glycolytic metabolism, but those 
things didn’t seem to matter much (if any) 
during continuous contractions when strength 
was matched. Rather, the biggest factor seems 
to be blood flow. Females tend to have small-
er muscles than males, and smaller muscles 
don’t occlude blood vessels quite as much 
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when they contract. Thus, when not matched 
for strength, females are less fatigable than 
males during continuous contractions, while 
males and females fatigue at a similar rate 
when matched for strength (and thus muscle 
size, since strength is very strongly correlat-
ed with muscle cross-sectional area). When 
contraction intensity increases, the amount 
of blood vessel occlusion increases in both 
sexes, so the relative difference in fatigability 
decreases as well. But how does that explain 
the finding that there are huge differences in 
fatigability with intermittent contractions? 
The answer also has to do with blood flow: 
resistance exercise causes a greater vasodila-
tory response in females (5), and females also 
tend to have greater capillary density than 
males (6). So, when the muscles relax and 
the occlusive force on the blood vessels drop, 
(relatively) more blood can rush into females’ 
muscles, delivering more oxygen and clear-
ing waste products. Thus, even when males 
and females are strength-matched, as in the 
second study discussed in the prior paragraph 
(4), they’d fatigue at the same rate during 
each six-second contraction, but the females 
would be able to make much better use of 
each four-second relaxation period, eventual-
ly leading to a nearly three-fold difference in 
time to task failure.

So, at this point, you may be wondering: “Is 
any of this stuff you’ve been rambling about 
actually important for the sort of strength 
training I do?” That would be a fair question. 
After all, isometric contractions at ~30-35% 
1RM aren’t all that similar to the sort of train-
ing MASS readers tend to do. However, I’d 
strongly contend that it is relevant.

Again, I’ll refer you to my thesis research 
(I’m really glad it’s been published on Pro-
Quest, so I can finally discuss it in detail). 
It assessed fatigability in two ways: reps to 
failure during a single set of bench press at 
75% 1RM, and total reps completed during 
a fatigue protocol consisting of sets of 5 reps 
at 75% 1RM with 90 seconds of rest be-
tween sets. Reps to failure during a single 
set is somewhat analogous to the continu-
ous isometric contractions (though muscular 
effort varies throughout a dynamic rep, the 
muscles are always under load and contract-
ing to some degree, without true relaxation), 
and the fatigue protocol is analogous to the 
intermittent isometric contractions. Reps 
to failure at 75% 1RM were very similar in 
males and females (an average of 9.0 reps 
for females, and 8.6 reps for males). How-
ever, total reps completed during the fatigue 
protocol differed dramatically; the female 
subjects completed almost twice as many to-

THE TWO MAIN TAKEAWAYS 
OF THIS STUDY ARE THAT 

FEMALES ARE LESS FATIGABLE 
THAN MALES AND THAT THE 

DIFFERENCE IN FATIGABILITY 
IS LARGELY DRIVEN BY 

DIFFERENCES IN BLOOD FLOW 
AND OXYGEN DELIVERY.
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tal reps, on average (58.3 vs. 29.6). During 
each set of the fatigue protocol, velocity de-
creased by a similar amount in both sexes, 
while velocity recovered to a greater degree 
from the last rep of one set to the first rep 
of the next set in the female subjects. Thus, 
intra-set fatigue was similar, but the female 
subjects recovered to a greater degree during 
each 90-second recovery period. Because of 
this, even though fatigue occurred at a similar 
rate during each set (which is what we’d ex-
pect; with dynamic contractions, males and 
females tend to be similarly fatigable during 
a single set with loads above ~70% 1RM), fe-
males accumulated fatigue at a much slower 
rate throughout the fatigue protocol because 
they were able to recover more effectively 
between sets. I was mainly interested in func-
tional outcomes, so I didn’t use extra equip-
ment to assess blood flow like the authors in 
the presently reviewed study, but I’d almost 
bet that a difference in blood flow during the 
recovery period, leading to differences in ox-

ygen delivery and waste clearance, was the 
primary factor underpinning the difference in 
performance I saw.

I recognize that this may be a lot of informa-
tion to process, but there are a few clear take-
aways regarding sex differences in fatigue:

1. As a general statement, female lifters are 
less fatigable during resistance training 
than male lifters.

2. The difference in fatigability depends par-
tially on contraction type. The difference 
in fatigability during a single set is fair-
ly large and very consistent for isometric 
contractions, but smaller and somewhat 
less consistent for dynamic contractions.  

3. The difference in fatigability depends par-
tially on intensity. The difference is larg-
er for low-intensity training and smaller 
for high-intensity contractions. Even with 
dynamic contractions, females are consis-
tently less fatigable than males with loads 
below 60-70% 1RM.

4. The difference in fatigability depends par-
tially on absolute strength. In the typical 
situation where males are stronger than 
females, the difference is larger. When 
males and females are strength-matched, 
the difference is either smaller or negated, 
depending on context.

5. The difference in fatigability across an 
entire training session probably depends 
somewhat on whether lifters are training 
to failure on each set. Since decrements in 
performance with failure training are due 
to muscle damage and neural fatigue to a 
larger degree when compared to non-fail-

FEMALES RECOVER FASTER 
WHEN GIVEN TIME TO REST 
UNDER CIRCUMSTANCES 
WHEN REST INTERVALS ARE 
CONTROLLED, AND THUS 
ACCUMULATE FATIGUE 
AT A SLOWER RATE.
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ure training, the metabolic differences 
resulting from differences in blood flow 
likely don’t matter quite as much, making 
fatigability more similar between the sex-
es.

6. The difference in fatigability depends 
heavily on the presence of rest intervals. 
Whether it’s 2-4 second rest intervals be-
tween isometric contractions or normal 
rest intervals between sets, females re-
cover faster when given time to rest un-
der circumstances when rest intervals are 
controlled, and thus accumulate fatigue at 
a slower rate.

So, what are the practical implications here? 
First off, compared to their male counterparts, 
female lifters will probably end up needing to 
train with either a) more reps per set b) more 
sets with the same reps or c) slightly heavier 
for the same reps and sets, on average. As al-
ways, that won’t be true for all people at all 
times, but it will tend to be true the majority 
of the time. If you use some form of autoreg-
ulation, those differences should take care of 
themselves and arise organically. However, 
if you use rigid, pre-made training programs, 
it’s worth keeping the target audience in 
mind. If you’re a female lifter, and you’re in-
terested in following a training program that 
was probably written with a predominantly 
male audience in mind, it may not be a bad 
idea to add a couple sets, because it’s likely 
the program will be easier for you than it was 
intended to be. Furthermore, if you train both 
male and female clients, it’s probably not 
a bad idea to allow for longer rest intervals 
with your male clients. I’m very confident 
that females recover to a greater degree than 

males do if both are given 90-second rest 
intervals, but it’s entirely possible that they 
would recover to roughly the same degree if, 
for example, females rest for 2 minutes be-
tween sets while males rested for 3 minutes, 
thus equalizing the rate of fatigue across the 
entire training session (to be clear, those are 
random numbers. It may be 2 minutes vs. 5 
minutes, or it may be 2 minutes vs. 2.5 min-
utes). Finally, as always, make sure you assess 
yourself or your clients as individuals, rather 
than simply sex categories. While sex does 
make a difference, the difference between in-
dividuals within each sex can be larger than 
the average difference between sexes. In the 
presently reviewed study (1), you can see 
that when looking at the individual times to 
fatigue in Figure 4 in this article, and in my 
thesis study, the range of total reps performed 
during the fatigue protocol was 41 for males 

COMPARED TO THEIR MALE 
COUNTERPARTS, FEMALE 

LIFTERS WILL PROBABLY END 
UP NEEDING TO TRAIN WITH 

EITHER A) MORE REPS PER 
SET B) MORE SETS WITH THE 
SAME REPS OR C) SLIGHTLY 

HEAVIER FOR THE SAME REPS 
AND SETS, ON AVERAGE.
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(13-54) and 105 for females (19-124), com-
pared to a mean difference between sexes of 
28.4. Knowing a lifter’s sex tells you some-
thing about their fatigability, but it should 
best be seen as a nudge in one direction or 
another, with individual experimentation still 
playing the largest role in personalizing train-
ing plans.

Next Steps
I know I’m biased here, but I’d like to see 
more research investigating sex differences in 
fatigability that uses a protocol similar to my 
thesis study. I think it’s a pretty good model 
for simultaneously capturing both intra-set 
fatigue and inter-set recovery, with more eco-
logical validity than the types of experimen-
tal designs more commonly used in fatigue 
research. Since I only investigated the bench 
press, I’d love to see a similar study using ei-
ther squats or leg press to see if my findings 
generalize to lower body training as well.

 APPLICATION AND TAKEAWAYS

Female lifters tend to be less fatigable than male lifters, though it’s impossible to pin 
down a single figure to express how much less fatigable they are. The relative difference 
depends on a multitude of factors, including contraction type, training intensity, the 
magnitude of strength differences, whether training is taken to failure or not, and whether 
fatigability is assessed during a single set or across multiple sets interspersed with rest 
periods. Depending on what mix of variables you’re working with, female lifters could be 
2-3x less fatigable, or there could be no difference in fatigability whatsoever. However, 
while there are other relevant physiological differences between males and females, 
including differences in fiber types and substrate utilization, sex differences in fatigability 
during resistance exercise seem to primarily be driven by differences in blood flow during 
both exercise and recovery.
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VIDEO: Volume Cycling

Some evidence suggests that really high volumes are beneficial for muscle 
growth in short-term studies. However, what works for eight weeks may not 

be advisable over the long-term. This video examines the evidence for cycling 
volume and discusses how this approach may be more sustainable than always 

performing really high volumes.

Click to watch Michael's presentation.
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VIDEO: Translating Nutrition 
Guidelines to Life

Imagine sitting at the dinner table on a holiday with your family. Someone looks 
at you and says “I’ve gotten serious about lifting, do you have any nutrition 
advice?” If you told them “eat 1.6 to 2.2 grams of protein daily per kilogram 

of bodyweight”, they’d either think it was a joke, or they’d nod and smile, but 
nothing about their nutrition habits would change. In this presentation, you’ll 

learn how to turn quantitative guidelines into eating patterns. 

Click to watch Eric's presentation.
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