






Figure 1 Self-reported kcal intake in pre-exercise supplementation (PRE-SUPP) and post-exercise
supplementation (POST-SUPP) groups. T1, Baseline; T2, Midpoint; T3, Endpoint. Data are presented as
means± SD. ∗, significantly different from T1 (P < 0.05).

Figure 2 Self-reported macronutrient intake in pre-exercise supplementation (PRE-SUPP) and post-
exercise supplementation (POST-SUPP) groups. T1, Baseline; T2, Midpoint; T3, Endpoint. Data are pre-
sented as means±SD. ∗, significantly different from T1 (P < 0.05).
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Body mass
For body weight and DXA-determined total mass, probability approached significance
for an effect of time (P = 0.07–0.09), with a tendency for weight and DXA-determined
total mass to decrease from baseline to week 10 in both groups. For left-arm total mass,
probability approached significance for an effect of group (P = 0.08), with groupPRE-SUPP
having a tendency for greater left arm total mass compared to group POST-SUPP. There
were no other significant effects or interactions for body mass or segmental total mass.
Effect sizes were small for both groups.

Fat mass
There was a significant effect of time for left arm fat mass (P = 0.008). Post-hoc analysis
revealed significantly lower left arm fat mass at T2 and T3 compared to T1 (adjusted
P = 0.01–0.02). Probability approached significance for right arm fat mass to decrease
from baseline to week 10 (P = 0.09). For left leg fat mass, there was a significant effect
of time (P = 0.0005). Post-hoc analysis revealed significantly lower left leg fat mass at
T2 and T3 compared to T1 (adjusted P = 0.0004–0.01). Right leg fat mass also showed a
significant effect of time (P = 0.02), with right leg fat mass being lower at T3 compared
to T1 (adjusted P = 0.02). For overall fat mass, there was a significant effect of time
(P = 0.001), with fat mass at T3 being significantly lower than T1 (adjusted P = 0.0004).
Total DXA-determined body fat percentage showed a significant effect of time (P = 0.002),
with T3 being significantly lower than T1 (adjusted P = 0.001). Effect sizes were small for
both groups. Overall the findings show a modest reduction in body fat for both groups
over the course of the study.

Lean mass
For left arm leanmass, probability approached significance for an effect of group (P = 0.09),
with group PRE-SUPP having a tendency for greater left arm lean mass compared to group
POST-SUPP. For right arm lean mass, probability approached significance for an effect of
time (P = 0.09), with a tendency for right arm lean mass to increase from baseline to week
10. There were no other significant effects or interactions for total lean mass or segmental
lean mass. Effect sizes were small for both groups. Overall the findings show little change
in lean mass across groups.

Muscle thickness
For biceps thickness, probability approached significance for an effect of group (P = 0.06),
with group POST-SUPP tending to be greater than group PRE-SUPP. In addition,
probability approached significance for an effect of time (P = 0.09), with a tendency
for biceps thickness to increase from baseline to week 10. There were no other significant
effects or interactions for measures of muscle thickness. Effect sizes were small for both
groups, with the exception of biceps thickness, which showed a moderate effect size in
POST-SUPP. Overall the findings show a modest advantage for POST-SUPP on increases
in biceps thickness, with minimal changes in other hypertrophic measures. Individual
changes in muscle thickness are displayed in Figs. 3–5.
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Figure 3 Biceps thickness. Individual changes in biceps thickness for PRE and POST. Values in mms. T1,
Baseline; T3, Endpoint.

Maximal strength
There was a significant effect of time for 1RM squat (P = 0.003), with T3 being significantly
greater than T1 (adjusted P = 0.002). For 1RM bench, probability approached significance
for an effect of time (P = 0.07), with a tendency for an increase from baseline to week 10.
Effect sizes were small for both groups.

DISCUSSION
To the authors’ knowledge, this is the first study to directly investigatemuscular adaptations
when consuming protein either immediately before or after resistance exercise in a cohort
of trained young men. The primary and novel finding of this study was that, consistent
with the research hypothesis, the timing of protein consumption had no significant effect
on any of the measures studied over a 10-week period. Given that the PRE-SUPP group did
not consume protein for at least 3 h post-workout, these findings refute the contention that
a narrow post-exercise anabolic window of opportunity exists to maximize the muscular
response and instead lends support to the theory that the interval for protein intake may
be as wide as several hours or perhaps more after a training bout depending on when the
pre-workout meal was consumed.

Both PRE-SUPP and POST-SUPP groups significantly increasedmaximal squat strength
by 3.7% and 4.9%, respectively. Moreover, probability approached significance for greater
changes in maximal bench press strength for PRE-SUPP and POST-SUPP, with increases
of 2.4% and 3.3%, respectively. There were no significant differences in either of these

Schoenfeld et al. (2017), PeerJ, DOI 10.7717/peerj.2825 11/20

https://peerj.com
http://dx.doi.org/10.7717/peerj.2825


0.000

10.000

20.000

30.000

40.000

50.000

60.000

70.000

80.000

90.000

T1 T3 T1 T3

PRE POST

M
e

d
ia

l 
Q

u
a

d
 T

h
ic

k
n

e
s
s

 (
m

m
)

Figure 4 Medial quadriceps thickness. Individual changes in medial quadriceps thickness for PRE and
POST. Values in mms. T1, Baseline; T3, Endpoint.

measures between groups. Our findings are consistent with those of Candow et al. (2006),
who found that consumption of a 0.3 g/kg protein dose either before or after resistance
training produced similar increases in 1RM leg press and bench press in a cohort of
untrained elderly men over 12 weeks. Conversely, the findings are somewhat in contrast
with those of Esmarck et al. (2001), who found that consuming an oral liquid protein
dose immediately after exercise produced markedly greater absolute increases in dynamic
strength compared to delaying consumption for 2 h post-workout (46% versus 36%,
respectively), although the values did not reach statistical significance. The reasons for
discrepancies between studies is not clear at this time.

Neither group demonstrated significant gains in lean mass of the arms or legs over
the course of the study. With respect to direct measures of muscle growth, probability
approached significance for an increase in biceps brachii thickness (p= 0.06) while
no significant changes were noted in the triceps brachii and quadriceps femoris. No
interactions were found between groups for any of these outcomes. Results are again
consistent with those of Candow et al. (2006), who found similar increases in muscle
thickness of the extremities regardless of whether protein was consumed before or after
training. Alternatively, our findings are in sharp contrast to those of Esmarck et al. (2001),
who reported a 6.3% increase in muscle cross sectional area in a cohort of elderly men who
received protein immediately after resistance training while those delaying consumption
for 2 h displayed no hypertrophic changes. The findings of Esmarck et al. (2001) are
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Figure 5 Lateral quadriceps thickness. Individual changes in lateral quadriceps thickness for PRE and
POST. Values in mms. T1, Baseline; T3, Endpoint.

curious given that numerous studies show marked hypertrophy in an elderly population
where no specific dietary restrictions were provided (Frontera et al., 1988; Tracy et al.,
1999; Ivey et al., 2000; Roth et al., 2001); it therefore seems illogical that delaying protein
consumption for just 2 h post-exercise would completely eliminate any increases in muscle
protein accretion. Moreover, subjects in Esmarck et al. (2001) study who consumed protein
immediately post-workout experienced gains similar to that shown in other research studies
that did not provide a timed protein dose (Verdijk et al., 2009; Frontera et al., 1988;Godard,
Williamson & Trappe, 2002). Thus, there did not appear to be a potentiating effect of
post-exercise supplementation in Esmarck et al. (2001) study. Considering the very small
sample size of the non-timed group (n= 6), this calls into question the validity of results
and raises the possibility that findings were due to a statistical anomaly.

Acute studies attempting to determine an ‘‘anabolic window’’ relative to the resistance
training bout have failed to yield consistent results. In a similar way that temporal
comparisons of nutrient administration in the post-exercise period have been equivocal
(Levenhagen et al., 2001; Rasmussen et al., 2000), comparisons of whether protein/amino
acid administration is more effective pre- or post-exercise have also been conflicting.
Tipton et al. (2001) reported that 6 g essential amino acids (EAA) co-ingested with 35 g
sucrose immediately pre-exercise resulted in a significantly greater and more sustained
MPS response compared to immediate post-exercise ingestion of the same treatment.
A subsequent investigation by Tipton et al. (2007) reported no difference in net muscle
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protein balance between 20 g whey protein ingested immediately pre- versus immediately
post-exercise. Although it is tempting to assume that there is an inherent difference
in whole protein versus free amino acids, Fujita et al. (2009) reported similar increases
in post-exercise MPS when healthy, young subjects consumed a solution of EAA (0.35
g/kg/FFM)−1 and carbohydrate (0.5 g/kg/FFM)−1 versus being fasted prior to a bout of
high-intensity lower body resistance training. Collectively, the acute data do not indicate
conclusive evidence of a specific temporal dosing bracket where intact protein or amino
acid administration enhances resistance training adaptations.

A caveat to our findings is that despite extensive counseling efforts to ensure that
subjects maintained a consistent caloric surplus, both groups substantially reduced their
energy intake from baseline. The reason for this discrepancy is not clear, but it can be
speculated that subjects may have considered the supervised study an opportunity to
lose body fat while gaining muscle, and thus taken it upon themselves to adjust energy
intake accordingly. The reduction in calories over the study period resulted in a significant
reduction in body fat, with losses of 1.3 and 1.0 kg for PRE-SUPP and POST-SUPP,
respectively. It is well-documented that maintaining a caloric deficit is suboptimal for
building muscle. In the absence of regimented exercise, there is generally a loss of lean
body mass; for every pound of weight lost, approximately 25% comes from FFM (Varady,
2011). Adoption of a higher protein diet and regular resistance training can attenuate these
losses and even promote slight increases in muscle mass depending on factors including
training status, initial body fat levels, and the extent of caloric restriction (Garthe et al.,
2011; Stiegler & Cunliffe, 2006). That said, to achieve robust hypertrophic gains requires
a sustained non-negative energy balance (Garthe et al., 2013). Taken in this context, our
findings indicate that PRE-SUPP and POST-SUPP strategies are similarly effective in
enhancing muscle development during calorically-restricted fat loss and cannot necessarily
be extrapolated to a mass-building program that incorporates an energy surplus.

The study had several notable limitations. First, the sample size was fairly small,
increasing the possibility of null findings due to type II errors. Second, subjects trained
using a 3-day-a-week resistance training program. Given that subjects were resistance-
trained men with ample lifting experience, it is possible that a higher volume routine
might have produced different results. Third, the free-living nature of the study prevented
close monitoring of activity levels outside of the research setting, and it remains possible
that this may have impacted results. Fourth, the study did not have a wash-out period;
thus, differences between the study protocol from the subject’s pre-training routine may
have influenced results from a novelty standpoint. Fifth, we did not monitor energy
expenditure outside of training sessions as well as during sleep; it is unclear whether the
timing would have affected such outcomes. Sixth, self-report dietary records are known
to have a high degree of variance from actual nutritional intake (Mertz et al., 1991); thus,
caution must be used in the interpretation of food-consumption data. Seventh, the study
employed a 3 day-per-week total body RT routine. Although this routine has been shown
to produce significant hypertrophic increases in the target population (Schoenfeld et al.,
2015a; Schoenfeld et al., 2015b; Schoenfeld et al., 2016), it remains possible that results may
have differed if subjects trained with a split-body routine that allowed for a greater total
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weekly training. Eighth, DXA has been shown to be prone to potential confounding by
changes in hydration status (Nana et al., 2012). Although we attempted to minimize these
changes by instructing subjects to refrain from physical activity and food consumption
prior to testing, it remains possible that body composition changes were influenced by
alterations in hydration. Finally, muscle thickness was measured only at the middle portion
of the muscle. Although this region is generally considered to be indicative of whole muscle
growth, we cannot rule out the possibility that greater changes in proximal or distal muscle
thickness occurred in one protocol versus the other.

CONCLUSION
It has been hypothesized that protein ingestion in the immediate post-exercise period
is the most critical nutrient timing strategy for stimulating MPS, and on a chronic
basis, optimizing muscular adaptations. In the face of this common presumption, the
comparison of protein timed immediately pre- versus post-exercise has both theoretical
and practical importance due to individual variations in the availability and/or convenience
of protein dosing relative to training. In the present study, the presence of a narrow
‘‘anabolic window of opportunity’’ was not demonstrated as reflected by the fact that
PRE-SUPP group showed similar changes in body composition and strength to those who
consumed protein immediately post-exercise. Across the range of measures, there were no
meaningful results consistently attributable to pre- versus post-exercise protein ingestion.
The implications of these findings are that the trainee is free to choose, based on individual
factors (i.e., preference, tolerance, convenience, and availability), whether to consume
protein immediately pre- or post-exercise.

Nevertheless, the conditions of the present study warrant consideration. Despite specific
instruction to maintain a caloric surplus, subjects fell into hypocaloric balance (objectively
indicated by bodyweight and fat mass reductions). This raises the possibility that the results
might be limited to scenarios where there is a sustained energy deficit. Previous work
recommends covering the bases by ingesting protein at 0.4–0.5 g/kg of lean body mass in
both the pre- and post-exercise periods (Aragon & Schoenfeld, 2013). This seems to be a
prudent approach in the face of uncertainty regarding the optimization of nutrient timing
factors for the objectives of muscle hypertrophy and strength.
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