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ABSTRACT
Background: There is much debate regarding the source/quality of dietary proteins in supporting indices of skeletal

muscle anabolism.

Objective: We performed a systematic review and meta-analysis to determine the effect of protein source/quality

on acute muscle protein synthesis (MPS) and changes in lean body mass (LBM) and strength, when combined with

resistance exercise (RE).

Methods: A systematic search of the literature was conducted to identify studies that compared the effects of ≥2 dose-

matched, predominantly isolated protein sources of varying “quality.” Three separate models were employed as follows:

1) protein feeding alone on MPS, 2) protein feeding combined with a bout of RE on MPS, and 3) protein feeding combined

with longer-term resistance exercise training (RET) on LBM and strength. Further subgroup analyses were performed

to compare the effects of protein source/quality between young and older adults. A total of 27 studies in young (18–35

y) and older (≥60 y) adults were included.

Results: Analysis revealed an effect favoring higher-quality protein for postprandial MPS at rest [mean difference (MD):

0.014%/h; 95% CI: 0.006, 0.021; P < 0.001] and following RE (MD: 0.022%/h; 95% CI: 0.014, 0.030; P < 0.00001) in

young (model 1: 0.016%/h; 95% CI: −0.004, 0.036; P = 0.12; model 2: 0.030%/h; 95% CI: 0.015, 0.045; P < 0.0001)

and older (model 1: 0.012%/h; 95% CI: 0.006, 0.018; P < 0.001; model 2: 0.014%/h; 95% CI: 0.007, 0.021; P < 0.001)

adults. However, although higher protein quality was associated with superior strength gains with RET [standardized

mean difference (SMD): 0.24 kg; 95% CI: 0.02, 0.45; P = 0.03)], no effect was observed on changes to LBM (SMD: 0.05

kg; 95% CI: −0.16, 0.25; P = 0.65).

Conclusions: The current review suggests that protein quality may provide a small but significant impact on indices of

muscle protein anabolism in young and older adults. However, further research is warranted to elucidate the importance

of protein source/quality on musculoskeletal aging, particularly in situations of low protein intake. J Nutr 2021;151:1901–

1920.

Keywords: aging, lean body mass, muscle protein synthesis, protein, resistance exercise training, sarcopenia,

strength

Introduction

The regulation of skeletal muscle is a complex process
that hinges on the dynamic balance between muscle protein
synthesis (MPS) and muscle protein breakdown (1–4). Although
promoting skeletal muscle anabolism is important for general
health and performance, maintaining skeletal muscle across
the life span is particularly important given its multifaceted
role in maintaining whole-body metabolic homeostasis and
locomotory capabilities. Numerous studies have shown that
resistance exercise training (RET) combined with the ingestion

of sufficient dietary protein leads to greater hypertrophy in
both young and older individuals than RET alone (5). However,
although young individuals demonstrate a pronounced muscle
anabolic response to these stimuli, a blunted response has
been observed in older adults [termed anabolic resistance (6–
8)], which reinforces recommendations for higher daily protein
intakes to support muscle maintenance (≥1.2 g · kg−1 · day−1)
(9, 10).

The acute MPS response and accompanying chronic adapta-
tions of skeletal muscle to RET may be dependent not only on

C© The Author(s) 2021. Published by Oxford University Press on behalf of the American Society for Nutrition. This is an Open Access article distributed under the
terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction
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dose (10–13) and timing of protein intake around resistance ex-
ercise (RE) (14–18) but also the source or quality of protein (19–
22). Systematic reviews and meta-analyses have been conducted
on the effects of protein dose (i.e., 9) and timing (i.e., 14) but
not protein source/quality, per se. The quality of a given protein
is defined by a number of factors, including the amino acid (AA)
content (particularly leucine), AA profile and AA bioavailability
(i.e., digestibility) combined with protein and/or AA needs, and
the digestion kinetics and delivery of AAs to biological tissues
for protein synthesis (23). For example, it is generally accepted
that most plant-based proteins exhibit lower digestibility
(24, 25), contain an incomplete essential amino acid (EAA)
profile (24, 25), and thus may not adequately support muscle
anabolism compared with dose-matched animal-based proteins.
Furthermore, different animal protein sources display divergent
EAA profiles, rates of digestibility, and capacity for MPS
stimulation (e.g., milk-derived whey compared with casein).

Despite a number of comparisons of the muscle anabolic
properties (i.e., impacts on MPS, intramuscular signaling,
muscle strength, muscle hypertrophy) between protein sources
of differing quality, conflicting evidence exists on the importance
of protein quality for postprandial MPS and enhancing RET-
mediated gains in muscle mass and strength. Although previous
reviews have discussed the effect of protein source/quality on
muscle remodeling (i.e., 21, 22), there is a clear need for
further extensive statistical analyses to understand whether
higher-quality protein sources induce favorable changes in MPS,
strength, and lean body mass (LBM). Consequently, the primary
purpose of this review was to determine the effects of different,
predominantly isolated, protein sources of varying quality when
combined with RE on acute postprandial MPS (at rest and
with exercise) and longer-term changes in strength and LBM.
We conducted a systematic review and random-effects meta-
analysis that was more inclusive in nature compared with
previous narrative reviews to provide a contemporary evidence-
based assessment on the role of protein source/quality on indices
of muscle anabolism. We also undertook further subgroup
analyses to determine the effect of protein source/quality
between young (18–35 y) and older (≥60 y) individuals.
We hypothesized that, when matched for dose, higher-quality
protein sources would be associated with superior postprandial
MPS and enhanced LBM and strength accretion with prolonged
RET and that this magnitude of effect would be greater in older
individuals.

Methods
Search strategy
A literature search was conducted on Ovid EMBASE (1974 to October
1, 2020) and MEDLINE (1946 to October 1, 2020). The following
search terms were used: muscle protein synth∗, muscle protein synthesis,

This work was not supported by any grants external to the University of
Birmingham. Dunhill Medical Trust supported the salary of PTM.
Author disclosures: The authors report no conflicts of interest.
Address correspondence to LB (e-mail: L.breen@bham.ac.uk).
Supplemental Tables 1–4 are available from the “Supplementary data” link in
the online posting of the article and from the same link in the online table of
contents at https://academic.oup.com/jn/.
Abbreviations used: AA, amino acid; CON, control (quality) protein; EAA,
essential amino acid; HIGH, high-quality protein; LBM, lean body mass; MD,
mean difference (for meta-analysis); MPS, muscle protein synthesis; RCT,
randomized control trials; RE, resistance exercise (i.e., acute bout); RET,
resistance exercise training; RM, repetition maximum; SMD, standardized mean
difference (for meta-analysis).

MPS, fractional synth∗, fractional synthetic rate, FSR, phenylalanine,
postprandial, protein quality, protein, essential amino acids, EAA,
essential amino, DIAAS, PDCAAS, milk, whey, casein, soy, rice, wheat,
pea, egg, hypertrophy, strength, training, resistance, exercise. The search
was limited by identifying human studies only. Boolean operators and
and or were used to combine search terms. The search strategy is
presented in Supplemental Table 1. Reference lists of reviews focusing
on protein nutrition and skeletal muscle metabolism were also scanned,
and additional studies were identified that were relevant to this topic.

Eligibility criteria

Type of studies.
Any study that included a comparison between ≥2 protein sources was
considered eligible for inclusion. Both randomized and nonrandomized
control trials were included for the acute postprandial MPS and RE-
induced postprandial studies (models 1 and 2, respectively; see Figure
1A) as randomization is not always possible and/or these studies are
not labeled as randomized control trials (RCT). All chronic protein-
supplemented training studies (model 3) eligible for inclusion were
required to be RCTs.

Participants.
Studies that recruited healthy young or healthy older individuals were
included. The mean age of the young individuals was set between 18
and 35 y, and the mean age for older participants was set at ≥60 y. This
age limit was chosen as it has been reported that sarcopenia manifests
during the fourth and fifth decade of life (26). As such, any study in
which the mean age of participants was between 36 and 59 y was not
included in the current review. Any other condition known to directly
influence postprandial MPS, RE-induced MPS, or training adaptations
was excluded to narrow the focus on the specific effect of protein
source/quality on muscle remodeling.

Types of intervention.
If a study compared ≥3 protein sources, the protein defined as the
highest quality would then be compared, independently, with all other
eligible proteins included within that study. Most studies included
were of isolated supplemental protein sources due to the difficulty
in directly assessing protein quality, per se, with whole foods as
other nonprotein constituents may influence our primary outcome
measures (27, 28). We decided to take a case-by-case semiquantitative
approach to categorizing the protein quality of each protein source
within each study as either high-quality (HIGH) or a lower-quality
control (CON) protein. Protein quality was evaluated using a holistic
approach of: total EAA content, leucine content, nonessential AA
content, the limiting indispensable AA content, and, where possible,
digestible indispensable amino acid score (i.e., DIAAS) to account for
differences in digestibility. Protein dose was closely matched between
protein sources. The final decision when categorizing a protein as either
high or low quality was done qualitatively by 4 authors (DOH, RNM,
PTM, and JIQ), considering all of the aforementioned combined with
the postprandial time period of MPS assessment (for models 1 and
2) and the expected digestion and absorption characteristics. Where
doses of specific AAs were not provided, estimates were computed
based on information provided within each study and stated explicitly
within the results (see Tables 1 and 2). Blends of proteins, AA-enriched
supplements, and/or supplements with differential processing strategies
were excluded unless a decision could be drawn to distinctively
differentiate the protein quality between the experimental arms. For
each study, the protein dose was considered either optimal (≥0.25 g
· kg −1 , ∼20 g, or ≥1.6 g · kg−1 · day −1 of protein for young and
≥0.4 g · kg −1 , ∼30 g, or ≥1.6 g · kg−1 · day −1 of protein for older) or
suboptimal (<0.25 g · kg −1 , <20 g, or <1.6 g · kg−1 · day −1 of protein
for young and <0.4 g · kg −1 , <30 g, or <1.6 g · kg−1 · day −1 of protein
for older) (9, 10). Although we acknowledge the potential influence
of habitual dietary intake on postprandial MPS, the paucity reporting
and/or controlling diet for models 1 and 2 meant that studies were not
excluded based on habitual dietary intake. Given studies within these
models assessed acute changes to MPS following an overnight fast, we
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FIGURE 1 (A) Preferred Reporting Items for Systematic Reviews and Meta-Analyses flowchart for study selection. (B) A diagrammatic
illustration of the 3 different models constructed for reporting evidence for/against lower- compared with higher-quality proteins. MPS, muscle
protein synthesis.

would not expect habitual diet to have a marked effect on limiting AAs
associated with a protein source and, therefore, a subsequent impact on
our primary outcome measure. Although it appears that protein feeding
prior to an experimental trial does not have a marked effect on the MPS
response to subsequent feeding and/or exercise, we decided to exclude
studies that did not enforce a fasted period prior to MPS assessment
to reduce any potential confounding influence on our main outcome
measure. For the acute exercise bout (i.e., model 2), only studies that
used RE were included. Training programs (i.e., model 3) were only
included if training was ≥6-wks as it has been shown that this is the
minimum timeframe to display significant changes in LBM (29, 30).
Studies for model 3 were also only included if there were ≥2 sessions
per week, at least 50% of the training program incorporated resistance-
based exercise (i.e., including concomitant training), and adherence to
the training program was >85%.

Types of outcome measure.
For the acute studies (i.e., models 1 and 2), the primary outcome
measure was MPS. The assessment of postprandial MPS was set at a
maximum of 8 h following the anabolic stimulus (i.e., feeding only)
to account for differences in the absorption kinetics between fast-
and slow-release proteins and within 24 h for model 2 (feeding plus
RE), as muscle remains sensitive to anabolic stimuli, elevating MPS
above baseline for an extended period of up to 24 h following the
completion of RE (31). For studies where 2 protein boluses were
consumed (i.e., 29), the assessment of MPS following the second bolus
was not included to avoid any impact of a prior protein ingestion on
the subsequent MPS response, in line with our fasted-state inclusion
criteria. All studies in models 1 and 2 were required to have used the
precursor-product model for calculation of fractional synthetic rate for
in vivo MPS assessment in humans (32). Accordingly, any study using
either a 2- or 3-pool arteriovenous model to assess MPS was excluded.
The primary outcome measure for chronic training studies (i.e., model
3) was changes to LBM and/or strength. Studies were excluded if limb
girth or skinfold calipers were used to determine LBM. Nevertheless,
following a systematic review of the literature, of the 10 studies included
within model 3, only 1 used hydrostatic body composition analysis
(33), with the remaining studies using DXA to measure LBM (20, 34–
41). Strength was assessed with 1–12 (or total) repetition maximum
(RM), isokinetic, isometric, or isotonic strength. When there were
several measures of the assessment of strength within 1 research study,
the final decision for selecting the appropriate muscle group/action
was completed by general consensus. Due to their relevance to
locomotory function, compound lower body exercises and assessments
of maximal strength (i.e., 1 RM, maximum voluntary contraction) were
preferred.

Data collection and analysis

Study selection.
Figure 1 summarizes the study selection process. Assessment of titles
and abstracts generated by the literature search was conducted by
2 independent reviewers (DOH and RNM). Any titles and abstracts
that were deemed relevant to this review or potentially eligible for
inclusion were kept, and the full-text articles were then obtained.
The subsequent full-text assessment for eligibility was conducted by
2 independent reviewers (DOH and JIQ) (see Figure 1B). For all
assessments, any disagreements between the 2 reviewers was resolved by
consensus and, where necessary, a third and fourth reviewer (RNM and
PTM).

Heterogeneity and risk of bias.
Heterogeneity was assessed by χ2 and I2, with an α value of
P < 0.05. Funnel plots that display trial treatment effect estimates
against SE were visually inspected to determine publication bias in
meta-analyses with ≥10 studies. However, no studies were removed
based on publication bias assessment. A risk of bias assessment
was completed using a domain-based questionnaire in line with
the Cochrane Handbook for Systematic Reviews of Interventions
(Chapter 8) using the following domains: randomization, allocation
concealment, blinding of participants, blinding of outcome, incomplete
data, selective reporting, and other bias. For each domain, a score
was given as 1 (low risk), 0 (unclear risk), or –1 (high risk). This
assessment was completed by 3 independent reviewers (DOH, RNM,
and JIQ), and any disagreements were resolved by consensus. If a
study had a score of 0, it was excluded from the meta-analysis
(n = 0).

Data management.
Three independent reviewers (DOH, SJE, and PTM) extracted all
data from the studies deemed eligible for inclusion. All data were
extracted on a study arm level to ensure that all relevant data obtained
were used (i.e., if a study compared >2 eligible protein sources).
Where relevant data were not reported, the corresponding author was
contacted and a request submitted for additional data. If additional
data were not acquired, an estimate was used that was completed
by 2 independent reviewers (DOH and SJE) and/or was calculated
using baseline values and/or percentage change, where appropriate,
and verified by a third reviewer (PTM). Where it was not possible to
obtain raw data from the study publication and/or contact with the
authors, data extraction from tables or by interpolation from figures
was completed using the Web Plot Digitizer (WebPlotDigitizer v4.3;
Pacifica).

Protein source/quality and muscle anabolism 1903

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/7/1901/6225248 by U

niversity of Birm
ingham

 user on 20 July 2021



TA
B

LE
1

S
um

m
ar

y
of

th
e

in
cl

ud
ed

st
ud

ie
s

in
m

od
el

1
(e

ffe
ct

of
pr

ot
ei

n
so

ur
ce

/q
ua

lit
y

on
po

st
pr

an
di

al
m

us
cl

e
pr

ot
ei

n
sy

nt
he

si
s)

an
d

m
od

el
2

(e
ffe

ct
of

pr
ot

ei
n

so
ur

ce
/q

ua
lit

y
on

re
si

st
an

ce
ex

er
ci

se
–i

nd
uc

ed
po

st
pr

an
di

al
m

us
cl

e
pr

ot
ei

n
sy

nt
he

si
s)

in
yo

un
g

an
d

ol
de

r
ad

ul
ts

1

St
ud

y
ID

au
th

or
,y

ea
r

St
ud

y
ar

m
Pa

rti
ci

pa
nt

s,
n

Gr
ou

p,
ag

e,
y

Bo
dy

m
as

s,
kg

Se
x,

M
/F

To
ta

lp
ro

te
in

do
se

,g
EA

A
do

se
,g

Le
uc

in
e

co
nt

en
t,2

g

Re
si

st
an

ce
ex

er
ci

se
pr

ot
oc

ol
(if

ap
pl

ic
ab

le
)

M
ai

n
fin

di
ng

s
(p

os
tp

ra
nd

ia
lM

PS
,f

ra
ct

io
na

l
sy

nt
he

tic
ra

te
,%

/h
)

Be
nd

ts
en

,2
01

9
(4

2)
Yo

un
g

Hy
dr

ol
yz

ed
w

he
y

(H
IG

H)
18

24
±

1
75

±
2

M
15

6.
2

1.
9

—
N

SD
in

M
yo

fib
ril

la
r(

M
yo

M
PS

)b
et

w
ee

n
w

he
y

(0
.0

58
±

0.
00

7%
/h

)c
om

pa
re

d
w

ith
ei

th
er

hy
dr

ol
yz

ed
po

rc
in

e
m

us
cl

e
(0

.0
63

±
0.

01
1%

/h
)o

r
hy

dr
ol

yz
ed

po
rc

in
e

bl
oo

d
(0

.0
48

±
0.

00
7%

/h
)i

n
he

al
th

y
m

en
.P

os
tp

ra
nd

ia
lp

er
io

d:
0–

15
0

m
in

Hy
dr

ol
yz

ed
po

rc
in

e
bl

oo
d

pr
ot

ei
n

18
24

±
1

75
±

2
M

15
6.

1
1.

7
—

Hy
dr

ol
yz

ed
po

rc
in

e
m

us
cl

e
pr

ot
ei

n

18
24

±
1

75
±

2
M

15
3.

1
0.

8
—

Bu
rd

,2
01

2
(4

3)
Ol

d
BM

I3

W
he

y
is

ol
at

e
(H

IG
H)

9
72

±
1

26
±

2
M

20
10

.2
2.

8
—

M
yo

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
05

)w
ith

w
he

y
(0

.0
43

±
0.

00
9%

/h
)c

om
pa

re
d

w
ith

m
ic

el
la

rc
as

ei
n

(0
.0

24
±

0.
00

5%
/h

)i
n

he
al

th
y

el
de

rly
m

en
.P

os
tp

ra
nd

ia
lp

er
io

d:
0–

24
0

m
in

M
ic

el
la

rc
as

ei
n

7
72

±
1

kg
/m

2
M

20
8.

2
1.

6
—

Bu
rd

,2
01

2
(4

3)
Ol

d
BM

I3

W
he

y
is

ol
at

e
(H

IG
H)

9
72

±
1

26
±

2
M

20
10

.2
2.

8
Un

ila
te

ra
lk

ne
e

ex
te

ns
io

ns
;3

se
ts

of
10

re
pe

tit
io

ns
at

ea
ch

pa
rti

ci
pa

nt
’s

10
RM

M
yo

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
05

)w
ith

w
he

y
(0

.0
55

±
0.

00
9%

/h
)c

om
pa

re
d

w
ith

m
ic

el
la

rc
as

ei
n

(0
.0

35
±

0.
00

5%
/h

)i
n

he
al

th
y

el
de

rly
m

en
.P

os
tp

ra
nd

ia
lp

er
io

d:
0–

24
0

m
in

M
ic

el
la

rc
as

ei
n

7
72

±
1

kg
/m

2
M

20
8.

2
1.

6

Bu
rd

,2
01

5
(4

4)
Yo

un
g

Sk
im

m
ilk

(H
IG

H)
12

22
±

1
74

±
3

M
30

13
.0

2.
7

Le
g

pr
es

s
an

d
kn

ee
ex

te
ns

io
ns

;4
se

ts
of

8–
10

re
pe

tit
io

ns
un

til
vo

lit
io

na
l

fa
tig

ue

N
SD

in
M

yo
M

PS
be

tw
ee

n
m

ilk
(0

.0
71

±
0.

01
7)

an
d

m
in

ce
d

be
ef

(0
.0

57
±

0.
02

1%
/h

)i
n

he
al

th
y

yo
un

g
m

en
.P

os
tp

ra
nd

ia
lp

er
io

d:
0–

30
0

m
in

M
in

ce
d

be
ef

12
22

±
1

74
±

3
M

30
13

.0
2.

5

Ch
ur

ch
w

ar
d-

Ve
nn

e,
20

19
(4

5)
Yo

un
g

W
he

y
(H

IG
H)

12
23

±
1

76
±

2
M

20
10

.1
2.

6
Co

nc
ur

re
nt

ex
er

ci
se

bo
ut

in
cl

ud
in

g
4

se
ts

of
8

N
SD

in
M

yo
M

PS
be

tw
ee

n
w

he
y

(0
.0

54
±

0.
00

7%
/h

)c
om

pa
re

d
w

ith
bo

th
m

ic
el

la
rc

as
ei

n
(0

.0
59

±
0.

00
2%

/h
)o

rm
ilk

(0
.0

59
±

0.
00

1%
/h

,
M

ic
el

la
rc

as
ei

n
12

24
±

1
73

±
3

M
20

9.
2

2.
0

M
ilk

12
24

±
1

74
±

2
M

20
7.

8
1.

7

(C
on

tin
ue

d)

1904 Morgan et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/7/1901/6225248 by U

niversity of Birm
ingham

 user on 20 July 2021



TA
B

LE
1

(C
on

tin
ue

d)

St
ud

y
ID

au
th

or
,y

ea
r

St
ud

y
ar

m
Pa

rti
ci

pa
nt

s,
n

Gr
ou

p,
ag

e,
y

Bo
dy

m
as

s,
kg

Se
x,

M
/F

To
ta

lp
ro

te
in

do
se

,g
EA

A
do

se
,g

Le
uc

in
e

co
nt

en
t,2

g

Re
si

st
an

ce
ex

er
ci

se
pr

ot
oc

ol
(if

ap
pl

ic
ab

le
)

M
ai

n
fin

di
ng

s
(p

os
tp

ra
nd

ia
lM

PS
,f

ra
ct

io
na

l
sy

nt
he

tic
ra

te
,%

/h
)

re
pe

tit
io

ns
(∼

80
%

1R
M

)f
or

bo
th

su
pi

ne
le

g
pr

es
s

an
d

se
at

ed
le

g
ex

te
ns

io
ns

fo
llo

w
ed

by
a

30
-m

in
co

nt
in

uo
us

cy
cl

e
(∼

60
%

of
m

ax
im

al
w

or
kl

oa
d)

P
>

0.
05

)i
n

he
al

th
y,

yo
un

g,
ac

tiv
e

m
en

.
Po

st
pr

an
di

al
pe

rio
d:

0–
36

0
m

in

Ch
ur

ch
w

ar
d-

Ve
nn

e,
20

19
(4

6)
Yo

un
g

W
he

y
(H

IG
H)

12
23

±
1

76
±

2
M

20
10

.1
2.

6
Co

nc
ur

re
nt

ex
er

ci
se

bo
ut

in
cl

ud
in

g
4

se
ts

of
8

re
pe

tit
io

ns
(∼

80
%

1R
M

)f
or

bo
th

su
pi

ne
le

g
pr

es
s

an
d

se
at

ed
le

g
ex

te
ns

io
ns

fo
llo

w
ed

by
a

30
-m

in
co

nt
in

uo
us

cy
cl

e
(∼

60
%

of
m

ax
im

al
w

or
kl

oa
d)

N
SD

in
M

yo
M

PS
be

tw
ee

n
w

he
y

(0
.0

54
±

0.
00

7%
/h

),
so

y
(0

.0
53

±
0.

01
3%

/h
,P

>
0.

05
)i

n
he

al
th

y,
yo

un
g,

ac
tiv

e
m

en
.P

os
tp

ra
nd

ia
lp

er
io

d:
0–

36
0

m
in

So
y

12
23

±
1

74
±

2
M

20
6.

8
1.

4

Di
de

rik
se

n,
20

11
(4

7)
Ol

d
W

he
y

(H
IG

H)
6

64
±

1
76

±
4

M
=

4;
F
=

2
15

.6
–3

0.
4

∼1
2.

3
∼3

.4
Bi

la
te

ra
ll

eg
pr

es
s

an
d

un
ila

te
ra

lk
ne

e
ex

te
ns

io
ns

;5
se

ts
of

8
re

pe
tit

io
ns

at
80

%
1R

M

N
SD

in
M

yo
an

d
co

lla
ge

n
M

PS
be

tw
ee

n
w

he
y

(0
.0

90
±

0.
01

2%
/h

)a
nd

ca
se

in
at

e
(0

.0
90

±
0.

00
7%

/h
,P

>
0.

05
)i

n
he

al
th

y
el

de
rly

in
di

vi
du

al
s.

Po
st

pr
an

di
al

pe
rio

d:
0–

36
0

m
in

Ca
se

in
at

e
6

70
±

2
76

±
6

M
=

3;
F
=

3
(0

.4
5

g/
kg

LB
M

)4

∼1
1.

0
∼2

.5

Go
ris

se
n,

20
16

(4
8)

Ol
d

W
he

y
(H

IG
H)

12
72

±
2

79
±

2
M

35
16

.6
4.

4
—

M
yo

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
05

)w
ith

w
he

y
(0

.0
41

±
0.

01
7%

/h
)c

om
pa

re
d

w
ith

w
he

at
(0

.0
35

±
0.

01
7%

/h
)a

nd
w

he
at

pr
ot

ei
n

hy
dr

ol
ys

at
e

(0
.0

32
±

0.
01

4%
/h

)i
n

he
al

th
y

ol
de

r
m

en
.N

SD
di

ffe
re

nc
e

w
as

ob
se

rv
ed

w
he

n
w

he
y

w
as

co
m

pa
re

d
w

ith
m

ic
el

la
rc

as
ei

n
(0

.0
50

±
0.

01
7%

/h
,P

>
0.

05
).

Po
st

pr
an

di
al

pe
rio

d:
0–

24
0

m
in

M
ic

el
la

rc
as

ei
n

12
73

±
1

75
±

3
M

35
14

.9
3.

2
—

W
he

at
12

68
±

1
77

±
2

M
35

9.
8

2.
5

—
W

he
at

pr
ot

ei
n

hy
dr

ol
ys

at
e

12
72

±
2

79
±

4
M

35
9.

9
2.

5
—

(C
on

tin
ue

d)

Protein source/quality and muscle anabolism 1905

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/7/1901/6225248 by U

niversity of Birm
ingham

 user on 20 July 2021



TA
B

LE
1

(C
on

tin
ue

d)

St
ud

y
ID

au
th

or
,y

ea
r

St
ud

y
ar

m
Pa

rti
ci

pa
nt

s,
n

Gr
ou

p,
ag

e,
y

Bo
dy

m
as

s,
kg

Se
x,

M
/F

To
ta

lp
ro

te
in

do
se

,g
EA

A
do

se
,g

Le
uc

in
e

co
nt

en
t,2

g

Re
si

st
an

ce
ex

er
ci

se
pr

ot
oc

ol
(if

ap
pl

ic
ab

le
)

M
ai

n
fin

di
ng

s
(p

os
tp

ra
nd

ia
lM

PS
,f

ra
ct

io
na

l
sy

nt
he

tic
ra

te
,%

/h
)

Ha
m

ar
sl

an
d,

20
17

(4
9)

Yo
un

g
N

at
iv

e
w

he
y

(H
IG

H)
10

25
±

2
70

±
12

M
=

5;
F
=

5
2

×
20

g5
10

.6
2.

7
Le

g
pr

es
s

an
d

kn
ee

ex
te

ns
io

ns
;4

se
ts

of
8

re
pe

tit
io

ns
to

fa
ilu

re
(i.

e.
,8

RM
)

M
yo

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
05

)w
ith

na
tiv

e
w

he
y

(0
.1

10
±

0.
06

6%
/h

)c
om

pa
re

d
w

ith
m

ilk
(0

.0
81

±
0.

04
7%

/h
)p

ro
te

in
in

yo
un

g
re

si
st

an
ce

-tr
ai

ne
d

m
en

an
d

w
om

en
.P

os
tp

ra
nd

ia
l

pe
rio

d:
60

–1
80

m
in

M
ilk

12
25

±
5

73
±

12
M

=
8;

F
=

4
2

×
20

g5
9.

3
2.

0

Ha
m

ar
sl

an
d,

20
19

(5
0)

Ol
d

N
at

iv
e

w
he

y
(H

IG
H)

11
73

±
3

70
±

12
M

=
6;

F
=

5
2

×
20

g
10

.6
2.

7
Le

g
pr

es
s

an
d

kn
ee

ex
te

ns
io

ns
;4

se
ts

of
8

re
pe

tit
io

ns
to

fa
ilu

re
(i.

e.
,8

RM
)

M
yo

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
05

)w
ith

na
tiv

e
w

he
y

(0
.1

19
±

0.
06

1%
/h

)c
om

pa
re

d
w

ith
m

ilk
(0

.0
68

±
0.

03
8%

/h
)p

ro
te

in
in

he
al

th
y

el
de

rly
m

en
an

d
w

om
en

.P
os

tp
ra

nd
ia

lp
er

io
d:

60
–1

80
m

in

M
ilk

10
75

±
4

76
±

18
M

=
7;

F
=

3
2

×
20

g
9.

3
2.

0

Oi
ka

w
a,

20
20

(5
1)

Ol
d

W
he

y
(H

IG
H)

10
67

±
2

80
±

13
F

30
15

.4
4.

3
—

M
yo

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
00

01
)

w
ith

w
he

y
(0

.0
35

±
0.

01
1%

/h
)c

om
pa

re
d

w
ith

co
lla

ge
n

(0
.0

30
±

0.
01

1%
/h

)i
n

he
al

th
y

ol
de

r
w

om
en

.P
os

tp
ra

nd
ia

lp
er

io
d:

0–
24

0
m

in

Co
lla

ge
n

10
69

±
4

71
±

17
F

30
5.

6
0.

9
—

Oi
ka

w
a,

20
20

(5
1)

Ol
d

W
he

y
(H

IG
H)

10
67

±
2

80
±

13
F

30
15

.4
4.

3
Fo

ur
se

ts
of

un
ila

te
ra

l
kn

ee
ex

te
ns

io
n

ex
er

ci
se

(∼
60

%
1R

M
)o

ft
he

do
m

in
an

tl
eg

M
yo

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
00

01
)

w
ith

w
he

y
(0

.0
51

±
0.

00
9%

/h
)c

om
pa

re
d

w
ith

co
lla

ge
n

(0
.0

35
±

0.
00

9%
/h

)i
n

he
al

th
y

ol
de

r
w

om
en

.P
os

tp
ra

nd
ia

lp
er

io
d:

0–
24

0
m

in

Co
lla

ge
n

10
69

±
4

71
±

17
F

30
5.

6
0.

9

Pe
nn

in
gs

,2
01

1
(5

2)
Ol

d
W

he
y

(H
IG

H)
16

73
±

1
76

±
2

M
20

9.
3

2.
4

—
M

ix
ed

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
05

)
w

ith
w

he
y

(0
.1

5
±

0.
08

%
/h

)c
om

pa
re

d
w

ith
bo

th
ca

se
in

(0
.0

8
±

0.
04

%
/h

)a
nd

ca
se

in
hy

dr
ol

ys
at

e
(0

.1
0
±

0.
04

%
/h

)i
n

he
al

th
y

ol
de

rm
en

.
Po

st
pr

an
di

al
pe

rio
d:

0–
36

0
m

in

Ca
se

in
16

74
±

1
75

±
3

M
20

7.
9

1.
4

—
Ca

se
in

hy
dr

ol
ys

at
e

16
74

±
1

76
±

2
M

20
7.

9
1.

4
—

Re
ite

ls
ed

er
,2

01
1

(5
3)

Yo
un

g
W

he
y

is
ol

at
e

(H
IG

H)
9

28
±

2
79

±
3

M
17

.5
8.

8
2.

1
Un

ila
te

ra
ls

ea
te

d
le

g
ex

te
ns

io
n;

10
se

ts
of

8
re

pe
tit

io
ns

at
80

%
1R

M

N
SD

in
M

yo
M

PS
be

tw
ee

n
w

he
y

(0
.1

23
±

0.
01

6%
/h

)a
nd

ca
se

in
(0

.0
98

±
0.

01
1%

/h
,

P
>

0.
05

)i
n

he
al

th
y

m
al

e
ad

ul
ts

.P
os

tp
ra

nd
ia

l
pe

rio
d:

60
–3

60
m

in
Ca

se
in

ca
se

in
at

e
9

28
±

2
79

±
3

M
17

.5
8.

1
1.

5

(C
on

tin
ue

d)

1906 Morgan et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/7/1901/6225248 by U

niversity of Birm
ingham

 user on 20 July 2021



TA
B

LE
1

(C
on

tin
ue

d)

St
ud

y
ID

au
th

or
,y

ea
r

St
ud

y
ar

m
Pa

rti
ci

pa
nt

s,
n

Gr
ou

p,
ag

e,
y

Bo
dy

m
as

s,
kg

Se
x,

M
/F

To
ta

lp
ro

te
in

do
se

,g
EA

A
do

se
,g

Le
uc

in
e

co
nt

en
t,2

g

Re
si

st
an

ce
ex

er
ci

se
pr

ot
oc

ol
(if

ap
pl

ic
ab

le
)

M
ai

n
fin

di
ng

s
(p

os
tp

ra
nd

ia
lM

PS
,f

ra
ct

io
na

l
sy

nt
he

tic
ra

te
,%

/h
)

Re
ite

ls
ed

er
,2

01
9

(5
4)

Ol
d

Ca
se

in
at

e
M

IP
RO

DA
N

40
(H

IG
H)

9
68

±
2

80
±

3
M

∼3
8

17
.9

3.
6

—
N

SD
in

M
yo

M
PS

be
tw

ee
n

ca
se

in
at

e
M

IP
RO

DA
N

40
(0

.0
45

±
0.

00
9%

/h
)a

nd
w

he
y

PE
PT

IG
EN

IF
-3

09
0

(0
.0

43
±

0.
01

3%
/h

,P
>

0.
05

)i
n

he
al

th
y

ol
de

r
m

al
es

.P
os

tp
ra

nd
ia

lp
er

io
d:

60
–3

60
m

in
W

he
y

PE
PT

IG
EN

IF
-3

09
0

10
69

±
2

85
±

3
M

(0
.4

5
g/

kg
LB

M
)4

17
.8

3.
3

—

Re
ite

ls
ed

er
,2

01
9

(5
4)

Ol
d

Ca
se

in
at

e
M

IP
RO

DA
N

40
(H

IG
H)

9
68

±
2

80
±

3
M

∼3
8

17
.9

3.
6

Un
ila

te
ra

ll
eg

ex
te

ns
io

ns
;1

0
se

ts
of

8
re

pe
tit

io
ns

at
70

%
1R

M

N
SD

in
M

yo
M

PS
be

tw
ee

n
ca

se
in

at
e

M
IP

RO
DA

N
40

(0
.0

43
±

0.
01

2%
/h

)a
nd

w
he

y
PE

PT
IG

EN
IF

-3
09

0
(0

.0
41

±
0.

01
3%

/h
,P

>
0.

05
)i

n
he

al
th

y
ol

de
r

m
al

es
.P

os
tp

ra
nd

ia
lp

er
io

d:
60

–3
60

m
in

W
he

y
PE

PT
IG

EN
IF

-3
09

0
10

69
±

2
85

±
3

M
(0

.4
5

g/
kg

LB
M

)4

17
.8

3.
3

Ta
ng

,2
00

9
(5

5)
Yo

un
g

W
he

y
hy

dr
ol

ys
at

e
(H

IG
H)

6
23

±
4

87
±

14
M

21
.4

10
.0

2.
3

—
M

ix
ed

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
01

)
w

ith
w

he
y

hy
dr

ol
ys

at
e

(0
.0

91
±

0.
00

6%
/h

)
co

m
pa

re
d

w
ith

m
ic

el
la

rc
as

ei
n

(0
.0

47
±

0.
00

4%
/h

)i
n

he
al

th
y

yo
un

g
m

en
.N

SD
w

as
ob

se
rv

ed
w

he
n

co
m

pa
rin

g
w

he
y

hy
dr

ol
ys

at
e

w
ith

so
y

(0
.0

77
±

0.
01

4%
/h

,P
>

0.
05

).
Po

st
pr

an
di

al
pe

rio
d:

0–
18

0
m

in

M
ic

el
la

rc
as

ei
n

6
23

±
4

87
±

14
M

21
.9

10
.1

1.
8

—
So

y
6

23
±

4
87

±
14

M
22

.2
10

.1
1.

8
—

Ta
ng

,2
00

9
(5

5)
Yo

un
g

W
he

y
hy

dr
ol

ys
at

e
(H

IG
H)

6
23

±
4

87
±

14
M

21
.4

10
.0

2.
3

Un
ila

te
ra

ll
eg

pr
es

s
an

d
kn

ee
ex

te
ns

io
ns

;4
se

ts
at

10
–1

2
RM

M
ix

ed
M

PS
w

as
si

gn
ifi

ca
nt

ly
el

ev
at

ed
in

w
he

y
hy

dr
ol

ys
at

e
(0

.1
50

±
0.

13
%

/h
)c

om
pa

re
d

w
ith

m
ic

el
la

rc
as

ei
n

(0
.0

69
±

0.
00

5%
/h

,P
<

0.
01

)
an

d
so

y
(0

.1
16

±
0.

01
0%

/h
,P

<
0.

05
)i

n
he

al
th

y
yo

un
g

m
en

.P
os

tp
ra

nd
ia

lp
er

io
d:

0–
18

0
m

in

M
ic

el
la

rc
as

ei
n

6
23

±
4

87
±

14
M

21
.9

10
.1

1.
8

So
y

6
23

±
4

87
±

14
M

22
.2

10
.1

1.
8

W
al

ra
nd

,2
01

6
(5

6)
Ol

d
So

lu
bl

e
m

ilk
pr

ot
ei

n
(H

IG
H)

8
72

±
1

70
±

2
M

15
7.

1
1.

8
—

M
yo

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

w
ith

so
lu

bl
e

m
ilk

pr
ot

ei
n

(0
.0

62
±

0.
02

5%
/h

)a
nd

ca
se

in
(0

.0
27

±
0.

03
2%

/h
,P

<
0.

05
)i

n
he

al
th

y
el

de
rly

m
en

.G
iv

en
fra

ct
io

na
lly

ev
er

y
20

m
in

.
po

st
pr

an
di

al
pe

rio
d:

0–
24

0
m

in

Ca
se

in
7

72
±

1
76

±
3

M
15

6.
6

1.
4

—

(C
on

tin
ue

d)

Protein source/quality and muscle anabolism 1907

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/7/1901/6225248 by U

niversity of Birm
ingham

 user on 20 July 2021



TA
B

LE
1

(C
on

tin
ue

d)

St
ud

y
ID

au
th

or
,y

ea
r

St
ud

y
ar

m
Pa

rti
ci

pa
nt

s,
n

Gr
ou

p,
ag

e,
y

Bo
dy

m
as

s,
kg

Se
x,

M
/F

To
ta

lp
ro

te
in

do
se

,g
EA

A
do

se
,g

Le
uc

in
e

co
nt

en
t,2

g

Re
si

st
an

ce
ex

er
ci

se
pr

ot
oc

ol
(if

ap
pl

ic
ab

le
)

M
ai

n
fin

di
ng

s
(p

os
tp

ra
nd

ia
lM

PS
,f

ra
ct

io
na

l
sy

nt
he

tic
ra

te
,%

/h
)

W
al

ra
nd

,2
01

6
(5

6)
Ol

d
So

lu
bl

e
m

ilk
pr

ot
ei

n
(H

IG
H)

8
73

±
1

70
±

2
M

30
14

.3
3.

6
—

N
SD

in
M

yo
M

PS
be

tw
ee

n
so

lu
bl

e
m

ilk
pr

ot
ei

n
(0

.0
53

±
0.

03
1%

/h
)a

nd
ca

se
in

(0
.0

50
±

0.
01

4%
/h

,P
>

0.
05

)i
n

he
al

th
y

el
de

rly
m

en
.

Gi
ve

n
fra

ct
io

na
lly

ev
er

y
20

m
in

.p
os

tp
ra

nd
ia

l
pe

rio
d:

0–
48

0
m

in

Ca
se

in
8

72
±

1
76

±
3

M
30

13
.2

2.
8

—

W
ilk

in
so

n,
20

07
(5

7)
Yo

un
g

Sk
im

m
ilk

(H
IG

H)
8

22
±

0
82

±
6

M
18

.2
∼7

.8
∼1

.6
Un

ila
te

ra
ll

eg
pr

es
s,

ha
m

st
rin

g
cu

rl,
an

d
kn

ee
ex

te
ns

io
n.

Fo
r

ea
ch

ex
er

ci
se

,4
se

ts
at

80
%

1R
M

(1
0

re
pe

tit
io

ns
fo

r
fir

st
3

se
ts

an
d

th
e

la
st

se
tt

o
ex

ha
us

tio
n)

M
ix

ed
M

PS
w

as
si

gn
ifi

ca
nt

ly
el

ev
at

ed
(P

<
0.

05
)

w
ith

m
ilk

(0
.1

0
±

0.
01

%
/h

)c
om

pa
re

d
w

ith
so

y
(0

.0
7
±

0.
01

%
/h

)p
ro

te
in

.P
os

tp
ra

nd
ia

lp
er

io
d:

0–
18

0
m

in

So
y

8
22

±
0

82
±

6
M

18
.2

∼7
.5

∼1
.3

Ya
ng

,2
01

2
(5

8)
Ol

d
W

he
y

(H
IG

H)
10

72
±

5
81

±
9

M
20

9.
2

2.
0

—
M

yo
M

PS
w

as
si

gn
ifi

ca
nt

ly
el

ev
at

ed
(P

<
0.

00
5)

w
ith

w
he

y
(0

.0
43

±
0.

00
9%

/h
)c

om
pa

re
d

w
ith

so
y

pr
ot

ei
n

(0
.0

29
±

0.
00

7%
/h

)i
n

ol
de

rh
ea

lth
y

m
en

.P
os

tp
ra

nd
ia

lp
er

io
d:

0–
24

0
m

in

So
y

10
72

±
6

78
±

11
M

20
7.

1
1.

6
—

Ya
ng

,2
01

2
(5

8)
Ol

d
W

he
y

(H
IG

H)
10

70
±

4
81

±
12

M
40

18
.4

4.
0

—
M

yo
M

PS
w

as
si

gn
ifi

ca
nt

ly
el

ev
at

ed
(P

<
0.

00
5)

w
ith

w
he

y
(0

.0
55

±
0.

00
9%

/h
)c

om
pa

re
d

w
ith

so
y

(0
.0

35
±

0.
00

8%
/h

)p
ro

te
in

in
ol

de
rh

ea
lth

y
m

en
.P

os
tp

ra
nd

ia
lp

er
io

d:
0–

24
0

m
in

So
y

10
70

±
5

77
±

9
M

40
14

.2
3.

2
—

Ya
ng

,2
01

2
(5

8)
Ol

d
W

he
y

(H
IG

H)
10

72
±

5
81

±
9

M
20

9.
2

2.
0

Un
ila

te
ra

lk
ne

e
ex

te
ns

io
ns

in
vo

lv
in

g
3

se
ts

at
10

RM

M
yo

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
00

1)
w

ith
w

he
y

(0
.0

55
±

0.
00

9%
/h

)c
om

pa
re

d
w

ith
so

y
(0

.0
41

±
0.

01
0%

/h
)p

ro
te

in
in

ol
de

rh
ea

lth
y

m
en

.P
os

tp
ra

nd
ia

lp
er

io
d:

0–
24

0
m

in

So
y

10
72

±
6

78
±

11
M

20
7.

1
1.

6

Ya
ng

,2
01

2
(5

8)
Ol

d
W

he
y

(H
IG

H)
10

70
±

4
81

±
12

M
40

18
.4

4.
0

Un
ila

te
ra

lk
ne

e
ex

te
ns

io
ns

in
vo

lv
in

g
3

se
ts

at
10

RM

M
yo

M
PS

w
as

si
gn

ifi
ca

nt
ly

el
ev

at
ed

(P
<

0.
00

1)
w

ith
w

he
y

(0
.0

82
±

0.
03

8%
/h

)c
om

pa
re

d
w

ith
so

y
(0

.0
56

±
0.

00
9%

/h
)p

ro
te

in
in

ol
de

rh
ea

lth
y

m
en

.P
os

tp
ra

nd
ia

lp
er

io
d:

0–
24

0
m

in

So
y

10
70

±
5

77
±

9
M

40
14

.2
3.

2

1
Va

lu
es

ar
e

m
ea

ns
±

S
D

s.
E

A
A

,e
ss

en
tia

la
m

in
o

ac
id

;M
P

S,
m

us
cl

e
pr

ot
ei

n
sy

nt
he

si
s;

M
yo

,m
yo

fib
ril

la
r;

N
R

,n
ot

re
po

rt
ed

;N
S

D
,n

o
si

gn
ifi

ca
nt

di
ffe

re
nc

e;
R

M
,r

ep
et

iti
on

m
ax

im
um

.
2
W

he
re

E
A

A
an

d/
or

le
uc

in
e

co
nt

en
t

w
as

no
t

pr
ov

id
ed

,t
ot

al
co

nt
en

t
is

pr
ov

id
ed

as
es

tim
at

es
ba

se
d

on
in

fo
rm

at
io

n
pr

ov
id

ed
w

ith
in

ea
ch

st
ud

y,
w

he
re

po
ss

ib
le

.
3
B

M
Ir

ep
or

te
d

in
th

e
ab

se
nc

e
of

bo
dy

m
as

s.
4
E

st
im

at
es

ba
se

d
on

ra
ng

e
of

do
se

s
pr

ov
id

ed
re

la
tiv

e
to

bo
dy

m
as

s.
5
Tw

o
se

pa
ra

te
do

se
s

of
a

20
-g

do
se

of
pr

ot
ei

n
pr

ov
id

ed
.

1908 Morgan et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/7/1901/6225248 by U

niversity of Birm
ingham

 user on 20 July 2021



TA
B

LE
2

S
um

m
ar

y
of

th
e

in
cl

ud
ed

st
ud

ie
s

in
m

od
el

3
(e

ffe
ct

of
pr

ot
ei

n
so

ur
ce

/q
ua

lit
y

w
he

n
co

m
bi

ne
d

w
ith

re
si

st
an

ce
ex

er
ci

se
tr

ai
ni

ng
on

lo
ng

er
-t

er
m

ad
ap

ta
tio

ns
to

le
an

bo
dy

m
as

s
an

d
st

re
ng

th
)i

n
yo

un
g

an
d

ol
de

r
ad

ul
ts

1

St
ud

y
ID

,
au

th
or

,y
St

ud
y

ar
m

Pa
rti

ci
pa

nt
s,

n
Bo

dy
m

as
s,

kg
Gr

ou
p,

ag
e,

y
Se

x,
M

/F
Pr

ot
ei

n
do

se
,

g
·d

−1
EA

A
do

se
,2

g
·d

−1

Re
si

st
an

ce
ex

er
ci

se
tra

in
in

g
pr

ot
oc

ol
Di

et
co

nt
ro

l
LB

M
M

us
cl

e
st

re
ng

th
Su

m
m

ar
y

of
m

ai
n

fin
di

ng
s

Br
ow

n,
20

04
(3

3)
Yo

un
g

W
he

y
9

81
±

3
20

±
0

M
33

12
.3

9-
w

k
w

ho
le

-b
od

y
st

re
ng

th
tra

in
in

g
in

co
rp

or
at

in
g

14
ex

er
ci

se
s;

3
se

ts
of

4–
6

re
pe

tit
io

ns

Di
et

re
co

rd
↑

—
N

SD
be

tw
ee

n
w

he
y

an
d

so
y

in
th

e
re

la
tiv

e
ch

an
ge

in
LB

M
(+

2.
2
±

2.
1

vs
.+

1.
7
±

1.
8%

)
in

ex
pe

rie
nc

ed
m

al
e

w
ei

gh
tli

fte
rs

So
y

9
79

±
5

22
±

0
M

33
7.

2
↑

—

Fa
br

e,
20

17
(3

4)
Yo

un
g

10
0%

fa
st

pr
ot

ei
n

[F
P(

10
0)

]
10

74
±

7
27

±
6

M
20

6.
1

9-
w

k
w

ho
le

-b
od

y
re

si
st

an
ce

tra
in

in
g.

Pa
rti

ci
pa

nt
s

tra
in

ed
4

d
pe

r-w
k

an
d

ev
er

y
3-

w
ks

,t
he

1R
M

w
as

in
cr

ea
se

d
fro

m
∼6

0%
1R

M
to

85
%

1R
M

w
ith

re
pe

tit
io

ns
lo

w
er

ed

Ye
s
+

Di
et

re
co

rd
↑

↑
N

SD
in

LB
M

be
tw

ee
n

FP
(1

00
)

(p
re

:5
8.

9
±

6.
8

vs
.p

os
t:

60
.4

±
7.

0
kg

)a
nd

FP
(2

0)
(p

re
:

62
.0

±
5.

4
vs

.p
os

t:
63

.4
±

5.
0

kg
)i

n
re

cr
ea

tio
na

lly
re

si
st

an
ce

-tr
ai

ne
d

m
en

.N
SD

in
sq

ua
t1

RM
be

tw
ee

n
FP

(1
00

)
(p

re
:9

6
±

26
vs

.p
os

t:
11

1
±

26
kg

)a
nd

FP
(2

0)
(p

re
:9

7
±

17
vs

.p
os

t:
11

1
±

17
kg

)

20
%

fa
st

pr
ot

ei
n

[F
P(

20
)]

10
78

±
7

26
±

5
M

20
5.

2
↑

↑

Gr
ys

on
,2

01
4

(3
5)

Ol
d

Le
uc

in
e-

ric
h

pr
ot

ei
n

(P
ro

la
ct

a)
8

84
±

2
61

±
1

M
10

5.
2

16
-w

k,
3

se
ss

io
ns

pe
r-w

k,
co

nc
ur

re
nt

en
du

ra
nc

e
an

d
re

si
st

an
ce

ex
er

ci
se

tra
in

in
g

in
vo

lv
in

g
w

ho
le

-b
od

y
re

si
st

an
ce

tra
in

in
g

w
ith

lo
ad

pr
og

re
ss

iv
el

y
in

cr
ea

se
d

th
ro

ug
ho

ut
th

e
tra

in
in

g
pr

og
ra

m

Di
et

re
co

rd
↔

↑
N

SD
in

LB
M

be
tw

ee
n

Pr
ol

ac
ta

(p
re

:6
0.

1
±

8.
8

vs
.p

os
t:

60
.7

±
8.

2
kg

)a
nd

PL
(p

re
:

62
.3

±
6.

3
vs

.p
os

t:
63

.1
±

7.
2)

in
ol

de
rh

ea
lth

y
m

en
.N

SD
in

M
VC

be
tw

ee
n

Pr
ol

ac
ta

(p
re

:
64

7
±

40
vs

.p
os

t:
66

2
±

51
N

)a
nd

PL
(p

re
:6

32
±

51
vs

.
po

st
:6

50
±

63
N

)

Pl
ac

eb
o

m
ilk

dr
in

k
(c

on
ta

in
in

g
4

g
of

to
ta

lm
ilk

pr
ot

ei
n)

9
82

±
1

61
±

1
M

10
1.

7
↔

↑

(C
on

tin
ue

d)

Protein source/quality and muscle anabolism 1909

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/7/1901/6225248 by U

niversity of Birm
ingham

 user on 20 July 2021



TA
B

LE
2

(C
on

tin
ue

d)

St
ud

y
ID

,
au

th
or

,y
St

ud
y

ar
m

Pa
rti

ci
pa

nt
s,

n
Bo

dy
m

as
s,

kg
Gr

ou
p,

ag
e,

y
Se

x,
M

/F
Pr

ot
ei

n
do

se
,

g
·d

−1
EA

A
do

se
,2

g
·d

−1

Re
si

st
an

ce
ex

er
ci

se
tra

in
in

g
pr

ot
oc

ol
Di

et
co

nt
ro

l
LB

M
M

us
cl

e
st

re
ng

th
Su

m
m

ar
y

of
m

ai
n

fin
di

ng
s

Ha
m

ar
sl

an
d,

20
19

(3
6)

Ol
d

N
at

iv
e

w
he

y
15

78
±

16
73

±
2

M
=

9;
F
=

6
40

20
.4

11
-w

k
w

ho
le

-b
od

y
re

si
st

an
ce

tra
in

in
g

pr
og

ra
m

;3
se

ss
io

ns
pe

r-w
k

co
m

pr
is

in
g

lo
ad

s
be

tw
ee

n
6R

M
an

d
12

RM

Di
et

re
co

rd
↑

↑
N

SD
in

LB
M

be
tw

ee
n

na
tiv

e
w

he
y

(p
re

:4
9.

5
±

10
.9

vs
.

po
st

:5
1.

3
±

10
.9

kg
)a

nd
m

ilk
(p

re
:4

9.
8

±
9.

2
vs

.p
os

t:
52

.1
±

9.
2

kg
)i

n
he

al
th

y,
ac

tiv
e

el
de

rly
m

en
an

d
w

om
en

.N
SD

in
le

g
pr

es
s

1R
M

be
tw

ee
n

na
tiv

e
w

he
y

(p
re

:
15

8
±

50
vs

.p
os

t:
21

2
±

63
kg

)a
nd

m
ilk

(p
re

:1
76

±
55

vs
.p

os
t:

22
2
±

56
kg

)

M
ilk

15
75

±
14

74
±

4
M

=
9;

F
=

6
38

.2
17

.2
↑

↑

Ha
m

ar
sl

an
d,

20
19

(3
7)

Yo
un

g

N
at

iv
e

w
he

y
18

78
±

12
29

±
6

M
=

10
;

F
=

8
40

20
.4

12
-w

k
w

ho
le

-b
od

y
re

si
st

an
ce

tra
in

in
g;

3
se

ss
io

ns
pe

r-w
k

co
m

pr
is

in
g

lo
ad

s
be

tw
ee

n
6R

M
an

d
12

RM

Di
et

re
co

rd
↑

↑
N

SD
in

LB
M

be
tw

ee
n

na
tiv

e
w

he
y

(p
re

:5
4.

2
±

8.
0

vs
.p

os
t:

57
.2

±
8.

2
kg

)a
nd

m
ilk

(p
re

:
53

.2
±

10
.7

vs
.p

os
t:

55
.8

±
11

.4
kg

)i
n

yo
un

g
un

tra
in

ed
in

di
vi

du
al

s.
N

SD
in

le
g

pr
es

s
1R

M
be

tw
ee

n
na

tiv
e

w
he

y
(p

re
:2

69
±

77
vs

.p
os

t:
34

4
±

83
kg

)a
nd

m
ilk

(p
re

:2
66

±
80

vs
.p

os
t:

34
3
±

74
kg

)

Dr
ie

d
m

ilk
18

78
±

16
29

±
6

M
=

10
;

F
=

8
38

.2
17

.2
↑

↑

Ha
rtm

an
,2

00
7

(2
0)

Yo
un

g

M
ilk

18
79

±
3

18
–3

03
M

35
∼1

5.
1

W
ho

le
-b

od
y

re
si

st
an

ce
tra

in
in

g
fo

r1
2-

w
k,

3
se

ss
io

ns
pe

r-w
k.

Pa
rti

ci
pa

nt
s

co
m

pl
et

ed
3–

4
se

ts
w

ith
re

pe
tit

io
ns

be
tw

ee
n

6
an

d
12

at
80

%
1R

M

Di
et

re
co

rd
↑

↑
M

ilk
de

m
on

st
ra

te
d

a
si

gn
ifi

ca
nt

ly
gr

ea
te

ri
nc

re
as

e
in

DX
A-

m
ea

su
re

d
fa

t-
an

d
bo

ne
-fr

ee
m

as
s

(p
re

:6
2.

4
±

1.
7

vs
.p

os
t:

66
.3

±
1.

6
kg

)
co

m
pa

re
d

w
ith

so
y

(p
re

:
64

.0
±

2.
5

vs
.p

os
t:

66
.8

±
2.

5
kg

)i
n

yo
un

g,
no

vi
ce

,m
al

e
w

ei
gh

tli
fte

rs
.N

SD
in

in
cl

in
e

le
g

pr
es

s
1R

M
be

tw
ee

n
m

ilk
(p

re
:1

86
±

11
vs

.p
os

t:
37

7
±

18
kg

)a
nd

so
y

(p
re

:2
13

±
15

vs
.p

os
t:

42
3
±

32
kg

)

So
y

19
83

±
4

18
–3

03
M

35
∼1

1.
9

↑
↑

(C
on

tin
ue

d)

1910 Morgan et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/7/1901/6225248 by U

niversity of Birm
ingham

 user on 20 July 2021



TA
B

LE
2

(C
on

tin
ue

d)

St
ud

y
ID

,
au

th
or

,y
St

ud
y

ar
m

Pa
rti

ci
pa

nt
s,

n
Bo

dy
m

as
s,

kg
Gr

ou
p,

ag
e,

y
Se

x,
M

/F
Pr

ot
ei

n
do

se
,

g
·d

−1
EA

A
do

se
,2

g
·d

−1

Re
si

st
an

ce
ex

er
ci

se
tra

in
in

g
pr

ot
oc

ol
Di

et
co

nt
ro

l
LB

M
M

us
cl

e
st

re
ng

th
Su

m
m

ar
y

of
m

ai
n

fin
di

ng
s

Jo
y,

20
13

(3
8)

Yo
un

g
W

he
y

is
ol

at
e

12
76

±
6

21
±

2
M

48
25

.1
8-

w
k

w
ho

le
-b

od
y

re
si

st
an

ce
tra

in
in

g
co

ns
is

tin
g

of
’h

yp
er

tro
ph

y’
se

ss
io

ns
(8

–1
2R

M
)

an
d

st
re

ng
th

se
ss

io
ns

(2
–5

RM
).

Pa
rti

ci
pa

nt
s

tra
in

ed
tw

ic
e

pe
r-w

k

Ye
s

↑
↑

N
SD

in
LB

M
be

tw
ee

n
w

he
y

is
ol

at
e

(p
re

:5
9.

6
±

5.
2

vs
.

po
st

:6
2.

8
±

5.
2

kg
)a

nd
ric

e
is

ol
at

e
(p

re
:5

8.
5
±

5.
5

vs
.

po
st

:6
1.

0
±

5.
6

kg
)i

n
yo

un
g

re
si

st
an

ce
-tr

ai
ne

d
m

al
es

.N
SD

in
le

g
pr

es
s

1R
M

be
tw

ee
n

w
he

y
is

ol
at

e
(p

re
:2

10
±

35
vs

.p
os

t:
29

0
±

40
kg

)a
nd

ric
e

is
ol

at
e

(p
re

:2
20

±
39

vs
.

po
st

:2
87

±
37

kg
)

Ri
ce

is
ol

at
e

12
76

±
6

21
±

2
M

48
17

.4
↑

↑

Ly
nc

h,
20

20
(3

9)
Yo

un
g

W
he

y
26

67
±

10
18

–3
53

M
=

10
;

F
=

16
19

9.
2

W
ho

le
-b

od
y

re
si

st
an

ce
tra

in
in

g
fo

r1
2-

w
k,

3
se

ss
io

ns
pe

r-w
k.

Tr
ai

ni
ng

se
ss

io
ns

va
rie

d
be

tw
ee

n
60

%
an

d
80

%
1R

M

Di
et

re
co

rd
↑

↑
N

SD
in

LB
M

be
tw

ee
n

w
he

y
(p

re
:

44
.5

±
8.

7
vs

.p
os

t:
46

.0
±

8.
9

kg
)a

nd
so

y
(p

re
:4

4.
1
±

10
.3

vs
.p

os
t:

45
.2

±
10

.3
kg

)
in

un
tra

in
ed

yo
un

g
m

en
an

d
w

om
en

.N
SD

in
pe

ak
kn

ee
fle

xi
on

or
ex

te
ns

io
n

to
rq

ue
be

tw
ee

n
w

he
y

(p
re

:1
24

±
40

vs
.p

os
t:

16
4
±

40
N
·m

)
an

d
so

y
(p

re
:1

32
±

45
vs

.
po

st
:1

60
±

44
N
·m

)

So
y

22
66

±
13

18
–3

53
M

=
7;

F
=

15
26

9.
5

↑
↑

Th
om

so
n,

20
16

(4
0)

Ol
d

Hi
gh

da
iry

pr
ot

ei
n

54
79

±
15

61
±

7
M

=
25

;
F
=

29
27

4
N

R
W

ho
le

-b
od

y
re

si
st

an
ce

tra
in

in
g

fo
r1

2-
w

k,
3

se
ss

io
ns

pe
r-w

k;
4

se
ts

pe
re

xe
rc

is
e

va
ry

in
g

fro
m

8–
12

re
pe

tit
io

ns

Ye
s

↑
↑

N
SD

in
LB

M
be

tw
ee

n
hi

gh
da

iry
pr

ot
ei

n
di

et
(p

re
:4

9.
6
±

11
.0

vs
.p

os
t:

50
.6

±
11

.2
kg

)
an

d
hi

gh
so

y
pr

ot
ei

n
di

et
(p

re
:

49
.4

±
11

.2
vs

.p
os

t:
50

.8
±

11
.2

kg
)i

n
he

al
th

y
ol

de
r

ad
ul

ts
.N

SD
in

kn
ee

ex
te

ns
or

M
VC

be
tw

ee
n

hi
gh

da
iry

pr
ot

ei
n

di
et

(p
re

:1
32

±
55

vs
.

po
st

:1
58

±
62

kg
)a

nd
hi

gh
so

y
pr

ot
ei

n
di

et
(p

re
:1

42
±

62
vs

.p
os

t:
16

1
±

62
N
·m

).

Hi
gh

so
y

pr
ot

ei
n

64
79

±
13

62
±

8
M

=
29

;
F
=

35
27

4
N

R
↑

↑

(C
on

tin
ue

d)

Protein source/quality and muscle anabolism 1911

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/7/1901/6225248 by U

niversity of Birm
ingham

 user on 20 July 2021



TA
B

LE
2

(C
on

tin
ue

d)

St
ud

y
ID

,
au

th
or

,y
St

ud
y

ar
m

Pa
rti

ci
pa

nt
s,

n
Bo

dy
m

as
s,

kg
Gr

ou
p,

ag
e,

y
Se

x,
M

/F
Pr

ot
ei

n
do

se
,

g
·d

−1
EA

A
do

se
,2

g
·d

−1

Re
si

st
an

ce
ex

er
ci

se
tra

in
in

g
pr

ot
oc

ol
Di

et
co

nt
ro

l
LB

M
M

us
cl

e
st

re
ng

th
Su

m
m

ar
y

of
m

ai
n

fin
di

ng
s

Si
gn

ifi
ca

nt
di

ffe
re

nc
e

in
to

ta
l

bo
dy

8R
M

be
tw

ee
n

hi
gh

da
iry

pr
ot

ei
n

(p
re

:1
49

±
51

vs
.

po
st

:2
80

±
88

kg
;c

ha
ng

e:
13

1
±

54
kg

)a
nd

hi
gh

so
y

pr
ot

ei
n

(p
re

:1
69

±
79

vs
.

po
st

:2
71

±
12

2
kg

;c
ha

ng
e:

10
2
±

51
kg

)
W

ilb
or

n,
20

13
(4

1)
Yo

un
g

W
he

y
8

66
±

5
20

±
2

F
48

∼2
1.

3
8-

w
k

pe
rio

di
ze

d
re

si
st

an
ce

tra
in

in
g

pr
og

ra
m

co
ns

is
tin

g
of

2
up

pe
r-b

od
y

an
d

2
lo

w
er

-b
od

y
w

or
ko

ut
s

pe
r-w

k
(4

se
ss

io
ns

pe
r-w

k)
.

Sp
or

t-s
pe

ci
fic

tra
in

in
g

w
as

co
m

pl
et

ed
al

on
gs

id
e

(b
as

ke
tb

al
l)

Di
et

re
co

rd
↑

↑
N

SD
be

tw
ee

n
w

he
y

(2
.3

±
1.

5%
)a

nd
ca

se
in

(2
.1

±
1.

5%
)

in
th

e
re

la
tiv

e
ch

an
ge

of
LB

M
in

tra
in

ed
fe

m
al

e
ba

sk
et

ba
ll

pl
ay

er
s.

Ca
se

in
an

d
w

he
y

su
pp

le
m

en
tg

ro
up

s
bo

th
ex

pe
rie

nc
ed

si
gn

ifi
ca

nt
st

re
ng

th
ga

in
s

fo
rb

ot
h

le
g

pr
es

s
1R

M
(w

he
y:

88
.7

±
43

.9
kg

;c
as

ei
n:

90
.0

±
48

.5
kg

)a
nd

be
nc

h
pr

es
s

1R
M

(w
he

y:
7.

5
±

4.
6

kg
;c

as
ei

n:
4.

3
±

4.
5

kg
),

bu
tt

he
re

w
as

no
si

gn
ifi

ca
nt

be
tw

ee
n-

gr
ou

p
di

ffe
re

nc
e

in
st

re
ng

th
ga

in
s

Ca
se

in
8

68
±

3
21

±
3

F
48

∼2
0.

3
↑

↑

1
Va

lu
es

ar
e

m
ea

ns
±

S
D

s.
A

rr
ow

s
re

pr
es

en
t

in
cr

ea
se

or
de

cr
ea

se
in

le
an

bo
dy

m
as

s
an

d/
or

st
re

ng
th

.F
P,

fa
st

pr
ot

ei
n;

LB
M

,l
ea

n
bo

dy
m

as
s;

M
P

S,
m

us
cl

e
pr

ot
ei

n
sy

nt
he

si
s;

M
VC

,m
ax

im
um

vo
lu

nt
ar

y
co

nt
ra

ct
io

n;
N

S
D

,n
o

si
gn

ifi
ca

nt
di

ffe
re

nc
e;

N
R

,n
ot

re
po

rt
ed

;P
L,

pl
ac

eb
o;

R
M

,r
ep

et
iti

on
m

ax
im

um
.

2
W

he
re

E
A

A
co

nt
en

t
w

as
no

t
pr

ov
id

ed
,t

ot
al

co
nt

en
t

is
pr

ov
id

ed
as

es
tim

at
es

ba
se

d
on

in
fo

rm
at

io
n

pr
ov

id
ed

w
ith

in
ea

ch
st

ud
y,

w
he

re
po

ss
ib

le
.

3
A

ge
ra

ng
es

pr
ov

id
ed

in
th

e
ab

se
nc

e
of

m
ea

ns
±

S
D

s.
4
Th

e
27

-g
pr

ot
ei

n
su

pp
le

m
en

t
w

as
pr

ov
id

ed
in

ad
di

tio
n

to
hi

gh
da

iry
/s

oy
pr

ot
ei

n
di

et
,r

es
pe

ct
iv

el
y.

1912 Morgan et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/151/7/1901/6225248 by U

niversity of Birm
ingham

 user on 20 July 2021



Method of data synthesis.
For models 1 and 2, MPS is provided as absolute postprandial rates,
as basal rates of MPS have been shown to not differ between a range
of populations and interventions (59–63). Furthermore, basal rates of
MPS were not always reported and/or not measured in selected studies.
For model 3, the relative change in LBM and strength was calculated
to account for potential differences between independent groups and
measurements. All studies that reported the SEM were converted to SD.
If a study only reported the baseline and preintervention values for LBM
and strength, the relative change SD was calculated using a computed
correlation coefficient (corr) and using the following equation according
to the Cochrane Handbook for Systematic Reviews of Interventions
(64):

�SD =
√

SDpre
2 + SDpost

2 − 2 × corr × SDpre × SDpost . (1)

Data were uploaded into RevMan (Review Manager, v5.4; The
Cochrane Collaboration). If a study compared ≥3 protein sources or
had multiple study arms (i.e., rested and exercise limb in a unilateral
limb model), then they were uploaded as separate studies to isolate the
intervention of interest. Further, where included studies had multiple
treatment arms, shared groups were split into ≥2 groups with smaller
sample sizes to account for “double-counts,” as per the Cochrane
Handbook for Systematic Reviews of Interventions (64). Although
we acknowledge that, as the resulting comparisons remain correlated,
this method only partially overcomes the unit-of-analysis error, this
approach allows for the inclusion of multiple treatment arms within
1 study and is conservative in its estimates of effect (64). Further, due
to the inclusion of both crossover and parallel trials in our analyses, we
must acknowledge that treating crossover trials as if they are parallel
trials contributes to unit-of-analysis error. However, this method of
analysis is conservative, in that crossover studies are under- rather than
overweighted (64).

Meta-analyses.
A random-effects meta-analysis was employed for all main outcome
measures. All meta-analyses were performed using RevMan (Review
Manager, v5.4; The Cochrane Collaboration), and data are presented
as the mean difference (MD) or standardized mean difference (SMD),
the respective 95% CIs, and effect size. SMD was used for model 3 as
LBM and strength were measured in a variety of ways. The MD or SMD
represents the size of the difference between the 2 proteins supplemented
within each study and its effect on postprandial MPS (model 1), RE-
induced MPS (model 2), and the relative change in LBM and strength
from pre- to postresistance training intervention (model 3). The SMD is
calculated as follows (64):

SMD = Di f f erence in mean outcome between groups
Standard deviation of outcome among participants

. (2)

Subgroup analysis was performed on all main outcomes in which
the studies were separated based on either investigating young or
older adults. An α value of 0.05 was set for statistical significance.
In addition to the meta-analytical assessment of protein source/quality
between young and older adults, a systematic qualitative assessment
of the efficacy of protein source/quality between age groups was also
completed due to low study numbers. Multiple sensitivity analyses
were performed for each model by excluding studies one at a time to
determine if any of the results were influenced by the studies that were
removed.

Results
Participant characteristics

A summary of each of the studies is presented throughout
Tables 1 and 2. The mean age for the young groups across all
3 models ranged between 20 and 29 y, and the older groups were
between 61 and 75 y. Of the 27 studies included, 18 exclusively
investigated males (20, 42, 43–46, 33, 52–58, 35, 38, 40) and
2 exclusively investigated females (51, 41), with the remainder

assessing a mix of sexes (47, 49, 50, 36, 37, 39, 40). A total of
7 included studies explicitly investigated individuals with RET
experience (i.e., ≥6 months prior to recruitment).

Protein supplementation

Most studies included in this meta-analysis compared whey
with casein, soy, and/or milk protein variations, with differ-
ences in the processing of each protein, including a mix of
hydrolysates, isolates, and concentrates (see Tables 1 and 2 for
summary). For model 1, the protein dose ranged from 15.0 to
40.0 g, which equated to 6.2–18.4 g and 3.1–17.8 g of EAAs
for the HIGH and CON proteins, respectively. Total leucine
content ranged from 1.8 to 4.4 g and 0.8 to 3.3 g, corresponding
to HIGH and CON. As selected studies in model 2 defined
the dose relative to lean body mass, the average dose was
calculated based on participant characteristics provided in each
study, ranging from protein doses of 17.5 to 40.0 g and EAA
content of 7.8 to 18.4 g and 5.6 to 17.8 g for HIGH and CON,
respectively. Total leucine content ranged from 1.6 to 4.3 g and
0.9 to 3.3 g for HIGH and CON, respectively. Protein dose for
model 3 within the protein supplement ranged from 10.0 to
48.0 g, which equated to 5.2–25.1 g and 1.7–20.3 g of EAAs for
HIGH and CON, respectively. Daily protein intake for model 3
was recorded at 1.5 ± 0.3 g · kg−1 · day−1 (n = 7).

Resistance exercise characteristics

A summary of the RET protocols can be seen within Tables 1
and 2 for models 2 and 3, respectively. For model 2, most
studies used a single bout of RE involving either leg press
and/or knee extensions. The total number of sets ranged from
3 to 10 per exercise (4.7 ± 2.3 sets), and repetitions ranged
from ∼8 to 12 (8.9 ± 1.1 repetitions). Five studies used a
unilateral limb model in which 1 leg was exercised and the
other was rested and, in these cases, could then be included
in both model 1 and model 2 (43, 51, 54, 55, 58). Two
studies incorporated both a resistance and endurance exercise
bout (i.e., concurrent), in which participants performed a
30-min continuous cycle following resistance exercise (45, 46).
For model 3, the length of training ranged from 8- to 16-wk
(11.0 ± 2.5 wk). All of the studies within this model involved
whole-body resistance exercise. Sessions ranged from 3 to 4
per week (3.3 ± 0.5 sessions/wk). One study involved both
whole-body resistance exercise and endurance training (35).
Another study investigated collegiate female basketball players,
which incorporated sport-specific training alongside a resistance
training program (41).

Meta-analysis

Protein quality demonstrated a significant effect on postprandial
MPS (Figure 2). Subgroup analysis revealed a significant effect
favoring HIGH in the older but not young adults. For model
2, there was a significant effect of protein quality on RE-
induced postprandial MPS favoring HIGH (Figure 3). Subgroup
analysis revealed a significant effect favoring HIGH in the
young and older adults. For model 3, there was no significant
effect on LBM across all studies when comparing HIGH with
CON, in young or older adults (Figure 4). However, although
a significant effect was observed favoring HIGH on strength
across all studies, no statistically significant effect was observed
within the independent groups of young and older adults (Figure
5).
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FIGURE 2 Forest plot of the results from a random-effects meta-analysis shown as the mean difference (MD) with 95% CIs on postprandial
muscle protein synthesis rates in young and older participants (model 1). Values on x-axes represent MD. For each study, the symbol represents
the standardized mean difference of the intervention effect with the horizontal line intersecting it as the lower and upper limits of the 95% CI.
The vertical line represents nil effect of either a lower- or higher-quality protein source. The rhombi represent the weighted young, older, and
total group’s mean difference. The left-hand side favors CON and right-hand side favors HIGH. Where studies have multiple eligible treatment
groups, the letters following the study year denote the separate study arm. CON, control protein; HIGH, high-quality protein.

Young compared with older adults

A systematic review of the literature was also conducted on
the efficacy of protein quality between age groups, and this
can be viewed within Supplemental Tables 2–4 for models 1–
3, respectively. For model 1, the relative change in postprandial
MPS across both age groups ranged from −18% to 130%
in favor of HIGH (MD: +41 ± 42%). The mean difference
in MPS between protein sources was marginally higher in the
older compared with the young (42% compared with 31%,
respectively) adults, albeit with a large degree of variation
and a small sample in the latter. Only 1 study arm, in older
participants, was associated with a lower mean stimulation of
MPS in HIGH compared with CON (whey: 0.050% · h−1;
casein: 0.053% · h−1) (48). One study in young participants
also reported a lower mean rate of MPS in HIGH compared
with CON (whey: 0.058% · h−1; porcine blood protein:
0.048% · h−1; porcine muscle protein: 0.063% · h−1), but
this was not statistically significant (42). For model 2, the
relative change in postprandial RE-induced MPS across both
age groups ranged from −9% to 117% in favor of HIGH
(MD: +33 ± 33%). The mean change between protein sources
was higher in older compared with young (38% compared
with 29%, respectively) adults. Only 2 study arms from the
same study (in young participants) were associated with a
lower mean stimulation of MPS in HIGH compared with CON
(whey: 0.054% · h−1; casein: 0.059% · h−1; milk: 0.059%
· h−1) (46). Another study, in older participants, reported
identical means between HIGH and CON (whey: 0.090% ·
h−1; caseinate: 0.090% · h−1) (47). For model 3, we identified
only 3 studies in older compared with 7 in young adults.

Combined with the large degree of variability in primary
outcome variables typically associated with longitudinal RET
intervention studies, no meaningful conclusions could be
drawn. However, in the limited evidence available, there was
no indication of an age-specific difference in the efficacy
of protein quality on longer-term changes to LBM and/or
strength.

Sensitivity analysis

Sensitivity analysis was performed by excluding studies one
at a time from each model to evaluate potential outlying
studies. However, the removal of any study did not influence the
difference in means or significance in postprandial MPS (model
1), RE-induced postprandial MPS (model 2), and LBM and/or
strength (model 3). Furthermore, in no instance did a fixed-
effect meta-analysis deliver a different magnitude of effect or
significance compared with the random-effects meta-analyses
employed within the present review. Similarly, use of SMD or
MD did not influence the final outcome of any models.

Discussion

Previous reviews have reached varying conclusions on the
efficacy of protein source/quality for indices of skeletal muscle
anabolism. Thus, we undertook the first comprehensive and
contemporary review to directly examine the efficacy of the
quality/source of dietary protein on indices of skeletal muscle
anabolism, including postprandial MPS (alone or after a single
bout of RE) and muscle adaptations to prolonged (≥6-wks)
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FIGURE 3 Forest plot of the results from a random-effects meta-analysis shown as the mean difference (MD) with 95% CIs on resistance
exercise–induced postprandial muscle protein synthesis in young and older participants (model 2). Values on x-axes represent MD. For each
study, the symbol represents the standardized mean difference of the intervention effect with the horizontal line intersecting it as the lower and
upper limits of the 95% CI. The vertical line represents nil effect of either a lower- or higher-quality protein source. The rhombi represent the
weighted young, older, and total group’s mean difference. The left-hand side favors CON and right-hand side favors HIGH. Where studies have
multiple eligible treatment groups, the letters following the study year denote the separate study arm. CON, control protein; HIGH, high-quality
protein.

RET in healthy younger and older adults. Our main findings
were that, in agreement with our hypothesis, higher-quality
dietary protein supplementation elevated postprandial MPS
(model 1) and RE-induced postprandial MPS (model 2) to
a greater extent than a dose-matched lower-quality control
protein. In addition, higher-quality dietary protein sources
augmented longer-term RET-induced increases in muscular
strength (model 3). In contrast to our hypothesis, no effect of
protein source/quality was observed for changes in LBM with
prolonged RET. These observations were consistent between
young and older individuals.

Muscle protein synthesis

Given the favorable EAA profile of complete proteins, it
has been suggested that protein source/quality may have an
important influence on MPS (22, 65, 66). Herein, we found
a small but significant effect of protein source/quality on
postprandial MPS (Figure 2) and the RE-induced postprandial
MPS response (Figure 3) favoring the higher-quality protein,
which equated to an average difference between CON and
HIGH of 41% and 33% in models 1 and 2, respectively. It is
interesting to note that the clear effect of protein source/quality
on postprandial MPS in models 1 (rest) and 2 (combined
with exercise) was apparent despite a number of these studies
assessing proteins of relatively high quality (i.e., whey compared
with casein). Indeed, assessing protein sources that could be
defined as being more distinctively different, as assessed via a
number of metrics of protein quality, may have produced even
more remarkable differences in postprandial MPS. Aside from

differences in AA composition and digestibility, the prominent
effect of protein source/quality on MPS might also be explained
by an artifact of the typical timeframe of MPS assessment (67,
68). However, we could not identify patterns that revealed a
superior effect of whey protein across all studies included in this
review when the timeframe of assessment of MPS was shorter,
and indeed, the average timeframe of assessment for models 1
and 2 was both >4 h. Although beyond the scope of this review,
it is pertinent to note that many lower-quality proteins are partly
defined by lower rates of digestibility and digestion kinetics,
which could explain the inferior muscle anabolic response
(48, 69–71).

Although we found a small number of studies whereby the
mean difference in postprandial MPS favored lower-quality
sources (45, 48), this may be due to this study providing
an optimal dose of protein to stimulate MPS or that the
comparator proteins (i.e., casein and milk compared with
whey) were still of relatively high quality (10). Nevertheless,
although the superior muscle anabolic properties of higher,
predominantly isolated, quality protein sources were apparent,
it is important to note that such conclusions are based on
dose-matched protein sources, and it may be possible to
ingest larger doses or combinations of lower-quality proteins
to elicit a similar MPS response to higher-quality sources
(24, 48, 72, 73).

Based on the notion that older individuals require higher
per-meal doses of protein to stimulate MPS and that there
appears to be a ceiling effect of protein dose for MPS
stimulation (6, 9, 10), we also speculated that the effect of
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FIGURE 4 Forest plot of the results from a random-effects meta-analysis shown as the standardized mean difference (SMD) with 95% CIs
on indices of lean body mass in young and older participants (model 3). Values on x-axes represent SMD. For each study, the symbol represents
the standardized mean relative difference (%) of the intervention effect with the horizontal line intersecting it as the lower and upper limits of
the 95% CI. The vertical line represents nil effect of either a lower- or higher-quality protein source. The rhombi represent the weighted young,
older, and total group’s mean difference. The left-hand side favors CON and right-hand side favors HIGH. CON, control protein; HIGH, high-quality
protein.

protein quality on indices of muscle anabolism may be greater
in older compared with younger individuals. However, the
effect of protein source/quality was comparable between young
and older individuals, albeit not statistically significant in
young individuals following feeding only. Interestingly, though,
evidence of an age-related muscle anabolic resistance (74) was

observed following protein feeding (old: 0.051 ± 0.029%
· h−1; young: 0.064 ± 0.017% · h−1) and protein feeding
combined with RE (old: 0.061 ± 0.025% · h−1; young:
0.083 ± 0.030% · h−1), with a ∼20% reduction in MPS in
older individuals broadly consistent with previous observations
(74).

FIGURE 5 Forest plot of the results from a random-effects meta-analysis shown as standardized mean difference (SMD) with 95% CIs on
indices of muscle strength (i.e., 1 repetition maximum; maximal voluntary contraction) in young and older participants (model 3). Values on
x-axes represent SMD. For each study, the symbol represents the standardized mean relative difference (%) of the intervention effect with the
horizontal line intersecting it as the lower and upper limits of the 95% CI. The vertical line represents nil effect of either a lower- or higher-quality
protein source. The rhombi represent the weighted young, older, and total group’s mean difference. The left-hand side favors CON and right-hand
side favors HIGH. CON, control protein; HIGH, high-quality protein.
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Lean body mass and strength

It is reasonable to expect that the superior effects of higher-
quality sources of protein on postprandial MPS may lead to
favorable long-term changes in RET-induced skeletal muscle
adaptation (i.e., strength and LBM). However, no significant
effect of protein source/quality was observed for the change
in LBM with chronic RET (Figure 4) in either young or
older individuals. By contrast, a significant effect on strength
was observed favoring HIGH (Figure 5), despite no detectable
statistically significant effect within the independent groups
of young or older adults. This disparity between the acute
(models 1 and 2) and chronic (model 3 LBM) findings is not
entirely surprising given the reported discord between acute
measures of MPS and longer-term skeletal muscle adaptation
(75). Specifically, measuring rates of MPS in a strictly controlled
laboratory environment may not readily translate to chronic
adaptations in free-living conditions, where many other factors
beyond acute postprandial MPS stimulation contribute to
longer-term RET muscle remodeling (75, 76). Furthermore, it
is worthy of note that although fat mass can be accurately and
precisely measured with DXA, the measurement of muscle mass
is more challenging. Indeed, DXA assesses “lean mass,” which
includes not only muscle mass but also soft tissues such as
vascular, fibrotic, and connective tissue, as well as organ weight
and water (77). Given that all but 1 study in our review used
DXA to assess changes in muscle mass, this may explain some
of the lack of observations in LBM despite a significant effect on
strength. Indeed, appendicular lean mass (as measured via DXA)
is commonly used in protein metabolism research as a surrogate
measure of skeletal muscle, yet it is only modestly correlated
with direct measures of muscle mass (77). Another explanation
for the lack of agreement between the MPS outcomes in model
2 and LBM changes in model 3 could be the low sample size
available for the meta-analyses for model 3, combined with the
well-described interindividual variability in longer-term skeletal
muscle remodeling and variability between the methods of
muscle mass assessment (78).

In contrast to the lack of effect of RET-induced LBM,
our observation that the source/quality of a daily protein
supplement across ≥6-wk RET had a discernible effect on
strength was remarkable given the multitude of other, arguably
more important factors that would influence muscle remodeling
responses (i.e., RET program variables, daily protein intake,
sleep, genetic predisposition etc.). Although such observations,
with the small number of studies available, may be a result
of a false-positive finding, it may also be worthy of note
that improvements to strength (due in part to elevated rates
of MPS) are often observed prior to significant changes in
LBM, and thus the training studies presented within this review
may have not been sufficiently long to detect significant and
meaningful differences between interventions. We identified
only 1 study within our inclusion criteria that might be
considered to have assessed a bona fide lower-quality protein
(rice isolate), but this was provided as a 48-g daily bolus
(17.4 g EAA), on top of a diet containing adequate daily
protein (∼1.9 g · kg−1 · day−1), which may have minimized
any potential effect of protein source/quality on RET outcomes
(38). Ultimately, the current consensus on the role of protein
source/quality on long-term changes to LBM and strength
with RET is inconclusive and warrants further well-designed
research studies, particularly longitudinal investigations, with
appropriate protein comparators and dietary controls. Studies
included in the present analysis focused predominantly on
measures of maximal strength, whereas the impact of protein

source on performance and functional outcomes in young and
older adults remains unclear. This point is important to consider
in future studies, particularly given the discord between RET-
induced adaptations in strength and functional performance in
older adults (79), as well as evidence suggesting that higher-
quality dietary protein is associated with functional status
(80).

Considerations

The present review presents a number of considerations and
limitations beyond those already discussed. First, in selected
cases, defining specific protein sources as higher or lower
quality was difficult. For example, Burd et al. (44) investigated
the effect of minced beef (containing 13.0 g EAA and 2.5 g
leucine) compared with skim milk (containing 13.0 g EAA
and 2.7 g leucine). Although we classified skim milk as
the higher-quality protein given our quality-defining criteria
outlined above, it would be reasonable to suggest that the
minced beef may be of equivalent quality based on the
nutrient density of this food source. This current review is
also subject to the available research to date, which has
investigated a limited number of complete protein sources of
varying quality with a focus primarily on isolated dairy-source
supplements. As most of an individual’s dietary protein intake
comes from whole-food sources, the relative dearth of such
foods as independent variables in the current analysis not only
highlights a general limitation of work in this field but also
limits the real-world translation and ecological validity of our
findings. Indeed, compared with whole-food proteins, isolated
proteins are typically devoid of other nutrients and demonstrate
more rapid digestion and absorption kinetics, making them
ideally suited to acute MPS investigations over a several-
hour postprandial timeframe (67). By contrast, whole-food
protein sources contain other non-protein-derived nutrients that
may affect intramuscular anabolic signaling, MPS, and tissue
remodeling (27, 28).

It should also be acknowledged that the assessment of
protein source/quality in this review did not differentiate
between studies of mixed and isolated myofibrillar MPS. This
is important, as the MPS response to protein nutrition may be
more accurately detected in the myofibrillar fraction compared
with mixed muscle (containing myofibrillar, collagenous, and
sarcoplasmic proteins) (31). Our search revealed 4 studies
that did not assess myofibrillar MPS in isolation. Although
the removal of any single study did not influence the final
outcome of our models (assessed via sensitivity analysis), the
individual study responses within our analyses may need to
be considered against the specific protein fraction assessed.
Finally, as aforementioned, it is pertinent to note that we
included both crossover and parallel trials in our analyses. In
doing so, crossover trials were treated as parallel trials and,
therefore, carried less weight. However, the removal of all
selected crossover studies did not markedly affect our final
outcome measures and/or the size of any potential effect.

Although not a primary purpose of the present analysis,
a review of the literature revealed a higher mean difference
on postprandial MPS of higher-quality protein sources under
conditions of suboptimal (<0.24 g · kg−1 for young and <0.4 g
· kg−1 for old) compared with optimal (+53% and +26%,
respectively) protein provision, which opens up an interesting
and clinically relevant avenue for future research. Similarly, for
model 2, the relative change in RE-induced postprandial MPS
was higher with suboptimal (+48%) compared with optimal
(+24%) protein doses. Interestingly, analysis indicated that
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the role of protein source/quality on MPS stimulation may
be more pronounced in older individuals at suboptimal doses
(model 1: 16% compared with 69%; model 2: 17% compared
with 55%, for optimal and suboptimal, respectively), whereas
such marked differences between doses were not observed
in young individuals. The notion that protein source/quality
may be important for MPS stimulation in older adults under
suboptimal intakes is supported by data demonstrating that
increasing the proportion of leucine in a low dose of EAA
enhanced postprandial MPS in older but not younger adults
(81). Therefore, it may be prudent for older adults to consider
ingesting higher-quality protein to support muscle anabolism,
particularly when the per-meal protein dose may be suboptimal
for maximal or, indeed, insufficient for robust MPS stimulation.
However, more research on whole foods is required to confirm
such speculation. Importantly, although many of the studies
included in our review are not conclusive on their own, together
they present a persuasive pattern for a superior impact of higher-
quality proteins on markers of muscle anabolism.

Conclusions

To our knowledge, we performed the first systematic review and
meta-analysis comparing the effect of different, predominantly
isolated, protein sources of varying quality on the acute
postprandial MPS response at rest and in combination with
a resistance exercise bout. We also investigated changes
in whole-body skeletal muscle mass and strength following
supplementation of different protein sources during prolonged
resistance exercise training programs. Protein source/quality
demonstrated a significant effect on postprandial MPS both at
rest and following resistance exercise. However, although we
found a significant effect of protein source/quality on changes
in strength with prolonged resistance exercise training, protein
source/quality was not associated with favorable changes to
lean body mass compared with the lower-quality control
proteins. Future research is warranted to assess a more diverse
range of protein sources of divergent quality and with whole
foods as opposed to isolated protein sources to maximize
ecological validity and application.
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