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Abstract
Aim: Bioactive	collagen	peptides	(CP)	have	been	suggested	to	augment	the	func-
tional,	structural	(size	and	architecture),	and	contractile	adaptations	of	skeletal	
muscle	to	resistance	training	(RT),	but	with	limited	evidence.	This	study	aimed	
to	determine	if	CP	vs.	placebo	(PLA)	supplementation	enhanced	the	functional	
and	underpinning	structural,	and	contractile	adaptations	after	15	weeks	of	lower	
body	RT.
Methods: Young	healthy	males	were	randomized	to	consume	either	15	g	of	CP	
(n = 19)	or	PLA	(n = 20)	once	every	day	during	a	standardized	program	of	progres-
sive	knee	extensor,	knee	flexor,	and	hip	extensor	RT	3	times/wk.	Measurements	
pre-		and	post-	RT	included:	knee	extensor	and	flexor	isometric	strength;	quadri-
ceps,	hamstrings,	and	gluteus	maximus	volume	with	MRI;	evoked	twitch	contrac-
tions,	1RM	lifting	strength,	and	architecture	(with	ultrasound)	of	the	quadriceps.
Results: Percentage	 changes	 in	 maximum	 strength	 (isometric	 or	 1RM)	 did	
not	 differ	 between-	groups	 (0.684	≤	p	≤	0.929).	 Increases	 in	 muscle	 volume	 were	
greater	(quadriceps	15.2%	vs.	10.3%;	vastus	medialis	 (VM)	15.6%	vs.	9.7%;	 total	
muscle	volume	15.7%	vs.	11.4%;	[all]	p	≤	0.032)	or	tended	to	be	greater	(hamstring	
16.5%	 vs.	 12.8%;	 gluteus	 maximus	 16.6%	 vs.	 12.9%;	 0.089	≤	p	≤	0.091)	 for	 CP	 vs.	
PLA.	There	were	also	greater	increases	in	twitch	peak	torque	(22.3%	vs.	12.3%;	
p = 0.038)	and	angle	of	pennation	of	the	VM	(16.8%	vs.	5.8%,	p = 0.046),	but	not	
other	muscles,	for	CP	vs.	PLA.
Conclusions: CP	supplementation	produced	a	cluster	of	consistent	effects	indi-
cating	greater	skeletal	muscle	remodeling	with	RT	compared	 to	PLA.	Notably,	
CP	supplementation	amplified	the	quadriceps	and	total	muscle	volume	increases	
induced	by	RT.

K E Y W O R D S
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1 	 | 	 INTRODUCTION

Human	muscle,	tendinous	tissue,	and	their	correspond-
ing	 collagen-	rich	 extracellular	 matrix	 (ECM)	 produce	
and	transmit	muscular	force	to	the	skeleton	and	are	sen-
sitive	to	environmental	factors	such	as	mechanical1,2	and	
nutritional3,4	 stimuli.	 Consequently,	 resistance	 training	
(RT),	 or	 a	 combination	 of	 RT	 and	 nutrition,	 facilitates	
remodeling	 these	 tissues	 to	 enhance	 physical	 function	
and	 resilience,5,6	 injury	 prevention/rehabilitation,7,8	 or	
healthy	 aging.9	The	 musculotendinous	 remodeling	 that	
occurs	 after	 RT	 includes	 increases	 in	 muscle	 size	 (hy-
pertrophy10),	 force	 per	 unit	 muscle	 area	 (specific	 ten-
sion11),	 muscle	 fascicle	 reorganization,12	 and	 enhanced	
tendon	 mechanics	 (stiffness13).	 Collagen	 supplementa-
tion	has	been	proposed	as	a	valuable	nutritional	adjunct	
to	 RT,	 with	 the	 capacity	 to	 accentuate	 structural	 and	
functional	 adaptations,14,15	 but	 this	 possibility	 remains	
controversial.16

Bioactive	 peptides	 are	 defined	 as	 peptide	 fragments	
with	2–	45	amino	acid	residues	that	exert	a	beneficial	effect	
on	body	functions	and/or	health.17,18	While	traditionally	it	
was	believed	that	all	ingested	peptides	and	proteins	were	
digested	 down	 to	 their	 constituent	 amino	 acids	 in	 the	
human	gut,	 it	 is	now	apparent	 that	certain	peptides	can	
cross	the	intestinal	epithelium	under	normal	conditions,	
enter	 the	 circulation,	 and	 exert	 systemic	 effects	 includ-
ing	antihypertensive,	antimicrobial,	immunomodulatory,	
and	antioxidant	effects,	 among	others.19–	21	Collagen	 is	a	
well-	established	 human	 food	 source	 of	 peptides,	 some	
of	which	appear	to	enter	the	blood	intact22,23	and	have	a	
range	of	bioactive	properties.24

Collagen	 has	 been	 found	 to	 enhance	 synthesis	 or	
growth	 in	 a	 range	 of	 musculoskeletal	 tissues,	 such	 as	
cartilage,25	ligament,26	and	bone.27,28	Specific	to	muscu-
lotendinous	tissues,	collagen	peptides	have	been	shown	
to	 induce	myoblast	differentiation	and	myotube	hyper-
trophy	in	mouse	skeletal	muscle	cells	in-	vitro	by	activat-
ing	 the	 mTOR	 signaling	 pathway,29	 upregulate	 human	
gene	expression	related	to	signal	transduction	pathways	
activated	in	muscular	remodeling30	and	there	is	emerg-
ing	evidence	that	collagen	supplementation	in	humans	
can	enhance	 the	 rehabilitation	of	 injured	 tendons.31–	33	
These	 benefits	 may	 be	 due	 to	 the	 ability	 of	 bioactive	
collagen	 peptides	 to	 upregulate	 the	 synthesis	 of	 ECM	
proteins	 in	various	 tissues	via	a	stimulatory	cell	effect,	
while	 also	 providing	 the	 specific	 amino	 acid	 building	
blocks	 for	 body	 collagens.34	 Furthermore,	 the	 skeletal	
muscle	ECM	is	a	dynamic	environment	that	appears	to	
have	the	capacity	to	regulate	myogenesis	and	muscle	re-
generation	 (i.e.,	 remodeling35)	 and	 there	 is	 strong	 evi-
dence	for	a	role	of	ECM	components	(e.g.,	collagen	VI36	
and	 fibronectin37)	 in	 regulating	 the	 activity	 of	 muscle	

satellite	 stem	 cells,	 which	 are	 known	 to	 play	 a	 potent	
role	in	muscle	remodeling	and	hypertrophy.

Collagen	 peptide	 (CP)	 supplementation	 has	 been	
found	to	augment	RT-	induced	strength	gains	in	some14,15	
but	 not	 all	 studies.38,39	 Furthermore,	 these	 studies	 have	
consistently	reported	greater	gains	in	fat-	free	mass	for	CP	
vs.	placebo,	assessed	with	relatively	crude	 indices	 (dual-	
energy	 x-	ray	 absorptiometry	 or	 bioelectrical	 impedance	
analysis14,15,38),	 with	 the	 magnitude	 of	 some	 of	 the	 re-
ported	gains	causing	some	controversy	among	scientists.16	
The	gold	standard	measures	of	muscle	size	are	magnetic	
resonance	 imaging	 (MRI)	 or	 computed	 tomography,40	
but	 to	 date,	 no	 studies	 have	 assessed	 the	 efficacy	 of	 CP	
supplementation	 to	 augment	 RT-	induced	 increases	 in	
muscle	size	 (volume	or	cross-	sectional	area)	using	 these	
techniques.	The	capacity	of	CPs	to	enhance	the	changes	in	
muscle	architecture	(pennation	angle	and	fascicle	length)	
and	maximum	voluntary-	specific	tension	after	RT	also	re-
mains	unknown	but	could	be	sensitive	to	changes	in	the	
ECM	and/or	lateral	force	transmission.41

Therefore,	the	aim	of	this	study	was	to	determine	if	CP	
vs.	 placebo	 (PLA)	 supplementation	 enhanced	 primarily	
functional	 (strength),	 and	 secondarily	 muscle	 structural	
(size	 and	 architecture,	 assessed	 with	 MRI	 and	 ultra-
sound),	 mechanical	 (skeletal	 muscle-	specific	 tension),	
and	contractile	(evoked	twitch)	adaptations	after	15	weeks	
of	RT.	We	hypothesized	that	CP	supplementation	would	
accentuate	the	gains	in	muscle	strength	and	size	(volume)	
with	RT,	compared	to	placebo.

2 	 | 	 RESULTS

2.1	 |	 Group characteristics at baseline

There	 were	 no	 pre-	intervention	 differences	 (unpaired	
t-	test,	 0.058	≤	p	≤	0.746)	 between-	groups	 for	 age	 (CP	
27.0	±	5.0;	 PLA	 24.4	±	3.2	 y),	 height	 (CP	 1.79	±	0.09;	
PLA	 1.80	±	0.08	m),	 body	 mass	 (CP	 73.3	±	12.0;	 PLA	
75.8	±	11.5	kg),	 or	 habitual	 physical	 activity	 (IPAQ).	
Similarly,	there	were	no	pre-	intervention	differences	(un-
paired	 t-	test,	 0.332	≤	p	≤	0.661)	 between-	groups	 for	 knee	
extension	 maximum	 voluntary	 torque	 (MVT),	 knee	 ex-
tension	one	repetition	maximum	(1RM),	or	knee	flexion	
MVT.	 Quadriceps	 volume	 (unpaired	 t-	test,	 p  =  0.356),	
architecture	 (pennation	 angle	 (θP)	 p  =  0.053;	 fascicle	
length	 (LF)	 p =  0.196),	 specific	 tension	 (p =  0.295),	 and	
evoked	 twitch	 responses	 (0.508	≤	p	≤	0.870)	 were	 similar	
for	 both	 groups	 pre-	intervention.	 Finally,	 volume	 of	 the	
hamstrings	(unpaired	t-	test,	p = 0.593),	gluteus	maximus	
(p  =  0.193),	 and	 total	 of	 the	 trained	 muscles	 (i.e.,	 Σ	 of	
quadriceps,	hamstrings,	and	gluteus	maximus;	p = 0.339)	
did	not	differ	between-	groups	at	pre-	intervention.
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2.2	 |	 Dietary assessment, physical 
activity, and body mass

There	 were	 no	 between-	group	 differences	 in	 abso-
lute	 or	 relative	 (to	 body	 mass)	 energy	 or	 macronutri-
ent	 intake	 (unpaired	 t-	test,	 0.159	≤	p	≤	0.736;	 Table  1).	
After	 accounting	 for	 supplementation	 there	 were	 no	
differences	 between-	groups	 for	 energy,	 carbohydrate,	
or	 fat	 intake	 (absolute	 or	 relative;	 unpaired	 t-	test,	
0.209	≤	p	≤	0.843),	 but	 protein	 intake	 was	 greater	 for	
CP	 than	 PLA	 (absolute	 and	 relative;	 0.027	≤	p	≤	0.031;	
Table 1).	Habitual	physical	activity	(i.e.,	excluding	su-
pervised	RT)	of	both	groups	was	unchanged	throughout	
the	intervention	period	(paired	t-	test,	0.239	≤	p	≤	0.592)	
and	 showed	 no	 between-	group	 interaction	 effect	
(ANOVA:	group	×	time,	p = 0.413;	CP,	Pre	2067	±	1377,	
Week-	152	249	±	1123;	 PLA,	 Pre	 2220	±	1542,	 Week-	
153	030	±	2781	 MET-	min/wk).	 There	 was	 a	 within-	
group	 increase	 in	 body	 mass	 in	 CP	 (paired	 t-	test,	
p  =  0.001;	 Pre	 73.3	±	12.0;	 Post	 75.4	±	12.0	kg)	 but	 not	
PLA	 (p  =  0.101;	 Pre	 75.8	±	11.5;	 Post	 76.7	±	10.0	kg),	
although	no	group	×	time	(ANOVA,	p = 0.138)	or	per-
centage	 change	 difference	 between-	groups	 (unpaired	
t-	test,	p = 0.146)	occurred.

2.3	 |	 Strength

There	 were	 within-	group	 increases	 (paired	 t-	test,	 [all]	
p	<	0.001)	 from	 pre	 to	 post	 in	 both	 groups	 for	 knee	 ex-
tension	MVT	(CP	+21.4%;	PLA	+21.7%),	knee	extension	
1RM	 (CP	 +29.7%;	 PLA	 +28.0%),	 and	 knee	 flexion	 MVT	
(CP	+23.3%;	PLA	+21.3%;	Table 2).	However,	there	were	
no	 group	×	time	 (ANOVA,	 0.596	≤	p	≤	0.743;	 Table  2;	
Figure  1A–	C)	 or	 between-	group	 differences	 in	 percent-
age	 change	 for	 these	 maximum	 strength	 tests	 (unpaired	
t-	test,	 0.703	≤	p	≤	0.929;	 0.03	≤	Effect	 size	 [ES]	≤	0.13	 [all]	
“Trivial”;	Figure 1A–	C).

Increases	(pre	 to	post)	 in	absolute	knee	extension	ex-
plosive	 torque	 at	 100	ms	 (T100)	 and	 150	ms	 (T150)	 after	
contraction	 onset	 occurred	 within	 the	 CP	 group	 (paired	
t-	test,	0.001	≤	p	≤	0.019)	and	at	T150	within	the	PLA	group	
(p	<	0.001;	Table 2).	However,	no	within-	group	 increases	
were	 observed	 for	 absolute	 torque	 50	ms	 after	 contrac-
tion	onset	(T50)	in	the	CP	group	(paired	t-	test,	p = 0.200)	
or	 T50	 and	 T100	 in	 the	 PLA	 group	 (0.098	≤	p	≤	0.139).	 No	
group	×	time	effects	were	observed	 for	absolute	T50,	T100,	
or	T150	(ANOVA,	0.054	≤	p	≤	0.474;	Figure 2A).	Pre	to	post	
decreases	 in	 knee	 extension	 relative	 explosive	 strength	
(i.e.,	 %MVT)	 were	 observed	 across	 T50,	 T100,	 and	 T150	

Nutrition measure CP PLA
Unpaired 
t- test

Energy	intake

Absolute	habitual	diet	(kcal.d−1) 2471	±	411 2250	±	808 p = 0.302

Relative	habitual	diet	(kcal.kg−1.d−1) 34.10	±	7.21 29.96	±	11.94 p = 0.210

Absolute	total	diet	(kcal.d−1) 2533	±	411 2311	±	808 p = 0.302

Relative	total	diet	(kcal.kg−1.d−1) 34.95	±	7.29 30.	77	±	11.99 p = 0.209

Protein	intake

Absolute	habitual	diet	(g.d−1) 119	±	34 108	±	36 p = 0.352

Relative	habitual	diet	(g.kg−1.d−1) 1.64	±	0.53 1.44	±	0.56 p = 0.258

Absolute	total	diet	(g.d−1) 134	±	34 108	±	36 p = 0.031*

Relative	total	diet	(g.kg−1.d−1) 1.85	±	0.54 1.44	±	0.56 p = 0.027*

Carbohydrate	intake

Absolute	habitual	diet	(g.d−1) 275	±	71 266	±	97 p = 0.736

Relative	habitual	diet	(g.kg−1.d−1) 3.82	±	1.15 3.52	±	1.34 p = 0.467

Absolute	total	diet	(g.d−1) 275	±	71 281	±	97 p = 0.843

Relative	total	diet	(g.kg−1.d−1) 3.82	±	1.15 3.72	±	1.34 p = 0.807

Fat	intake

Absolute	habitual	diet	(g.d−1) 97	±	29 81	±	42 p = 0.178

Relative	habitual	diet	(g.kg−1.d−1) 1.33	±	0.43 1.08	±	0.62 p = 0.159

Note:	Data	are	mean	±	SD,	and	p	values	are	displayed	for	unpaired	t-	tests	with	statistical	significance	
denoted	by:	*p	<	0.05.

T A B L E  1 	 Energy	and	macronutrient	
intake	during	the	15	weeks	resistance	
training	intervention	period	with	
supplementation	of	collagen	peptides	(CP,	
n = 18)	or	placebo	(PLA,	n = 20)
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within	 both	 the	 CP	 (paired	 t-	test,	 0.001	≤	p	≤	0.035)	 and	
PLA	([all]	p	<	0.001)	groups	(Table 2).	No	group	×	time	ef-
fects	were	observed	for	relative	T50,	T100,	or	T150	(ANOVA,	
0.177	≤	p	≤	0.862;	Figure 2B).

2.4	 |	 Muscle volume

Pre	to	post	volume	of	all	three	muscles	(quadriceps,	ham-
strings	 and	 gluteus	 maximus)	 and	 their	 constituents,	 as	
well	as	total	trained	muscle	volume,	increased	within	both	
groups	 (paired	 t-	test:	 [all]	p	<	0.001;	Table 3).	There	was	
a	 significantly	 greater	 increase	 in	 vastus	 medialis	 (VM)	
volume	(determined	by	ANOVA	group	×	time;	p = 0.031;	
Table  3)	 as	 well	 as	 a	 tendency	 for	 greater	 increases	 in	
the	volume	of	the	whole	quadriceps	(p = 0.071;	Table 3)	
for	 CP	 compared	 to	 PLA.	 Group	×	time	 interactions	 did	

not	 occur	 for	 vastus	 lateralis	 (VL),	 vastus	 intermedius	
(VI),	and	rectus	femoris	(RF)	volume	(0.102 ≤ p ≤	0.446;	
Table  3).	 Greater	 percentage	 increases	 in	 the	 volume	 of	
the	whole	quadriceps	(+15.2	vs.	+10.3%;	unpaired	 t-	test,	
p  =  0.032;	 ES  =  0.71	 “Moderate”	 Figure  3A)	 and	 VM	
(+15.6	vs.	+9.7%;	p = 0.017;	ES = 0.80	“Large”)	were	ob-
served	for	CP	compared	to	PLA	and	there	were	also	ten-
dencies	 for	 greater	 increases	 in	 VL	 (+17.6%	 vs.	 +12.8%;	
p = 0.069;	ES = 0.60	“Moderate”;	Table 3)	and	VI	(+13.0%	
vs.	+8.5%;	p = 0.055;	ES = 0.63	“Moderate”)	volume	for	
CP	compared	to	PLA	(Table 3).	However,	this	was	not	the	
case	for	the	RF	volume	(+14.1%	vs.	+9.9%;	unpaired	t-	test,	
p = 0.183;	ES = 0.43	“Small”).

There	 were	 no	 group	×	time	 interactions	 for	 whole	
hamstring	volume	(ANOVA,	p = 0.122),	any	constituent	
hamstring	 muscle	 (0.180	≤	p	≤	0.220),	 or	 gluteus	 max-
imus	 volume	 (p  =  0.346;	Table  3).	 However,	 percentage	

F I G U R E  1  Pre	to	post	percentage	changes	(Δ)	in	knee	extension	isometric	maximum	voluntary	torque	(MVT;	A),	knee	extension	
one-	repetition	maximum	(1RM;	B),	and	knee	flexion	MVT	(C)	after	15	weeks	of	lower-	body	resistance	training,	with	collagen	peptide	(CP,	
n = 19)	or	placebo	(PLA,	n = 20)	supplementation.	Data	are	mean	±	SD	with	plots	displaying	individual	participant	data.	No	significant	
between-	group	differences	were	detected	from	percentage	change	data	(unpaired	t-	test:	0.703	≤	p	≤	0.929)	for	MVT	or	1RM.
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F I G U R E  2  Pre	to	post	absolute	changes	(Δ)	in	knee	extension	isometric	explosive	strength	([A]	absolute	torque	and	[B]	torque	
expressed	relative	to	maximum	voluntary	torque	[MVT])	at	50	ms	intervals	after	torque	onset,	after	15	weeks	of	lower-	body	resistance	
training,	with	collagen	peptide	(CP,	n = 19)	or	placebo	(PLA,	n = 20)	Supplementation.	Data	are	mean	±	SD	with	plots	displaying	individual	
participant	data.	No	significant	between-	group	differences	occurred	for	absolute	torque	(ANOVA	group	×	time:	0.054	≤	p	≤	0.474)	or	torque	
expressed	relative	to	MVT	(ANOVA	group	×	time:	0.177	≤	p	≤	0.862).
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increases	in	volume	tended	to	be	greater	for	CP	than	PLA	
for	 the	 gluteus	 maximus	 (+16.6%	 vs.	 +12.9%;	 unpaired	
t-	test,	 p =  0.091;	 ES =  0.55	 “Moderate”;	 Figure  3C)	 and	
whole	 hamstrings	 (+16.5	 vs.	 +12.8%;	 unpaired	 t-	test,	
p  =  0.089;	 ES  =  0.56	 “Moderate”;	 Figure  3B)	 but	 this	
was	 not	 the	 case	 for	 any	 individual	 hamstring	 muscle	
(0.111	≤	p	≤	0.323;	 Table  3).	 Total	 volume	 of	 the	 trained	
muscles	showed	a	tendency	for	a	group	×	time	interaction	
(ANOVA,	p = 0.078;	Table 3)	and	corresponding	percent-
age	change	data	showed	greater	increases	for	CP	than	PLA	
(+15.7%	vs.	+11.4%;	unpaired	t-	test,	p = 0.026;	ES = 0.74	
“Moderate”;	Figure 3D).

2.5	 |	 Muscle architecture and 
specific tension

θP	increased	pre	to	post	in	both	groups	for	the	whole	quadri-
ceps	and	RF	(paired-	test,	0.001	≤	p	≤	0.010),	but	 in	 the	VM	
(p  =  0.001)	 only	 after	 CP	 supplementation	 (Table  4).	 In	
the	 VM	 there	 was	 a	 tendency	 for	 greater	 increases	 in	 θP	
for	 CP	 vs.	 PLA	 (ANOVA:	 group	×	time,	 p  =  0.060),	 but	
not	any	other	constituent	muscle	 (0.356	≤	p	≤	0.765)	or	 the	
whole	 quadriceps	 (p  =  0.112).	 Percentage	 increases	 in	 θP	
were	greater	for	CP	than	PLA	within	the	VM	(+16.8%	vs.	
+5.8%;	unpaired	t-	test,	p = 0.046;	ES = 0.66	“Moderate”),	
but	not	the	whole	quadriceps	(+10.5%	vs.	+5.7%;	p = 0.111;	
ES = 0.52	“Moderate”)	or	any	other	individual	quadriceps	
muscle	(0.217	≤	p	≤	0.625;	0.16	≤	ES≤0.40	“Trivial”	to	“Small”;	
Table 4).	LF	of	the	whole	quadriceps	and	each	constituent	
muscle	 was	 unchanged	 within	 both	 groups	 from	 pre	 to	
post	 (paired	 t-	test,	 0.119	≤	p	≤	0.787),	 with	 no	 group	×	time	
interactions	(ANOVA,	0.259	≤	p	≤	0.987;	Table 4)	and	simi-
lar	 percentage	 changes	 of	 both	 groups	 (unpaired	 t-	test,	
0.230	≤	p	≤	0.953;	0.02	≤	ES≤0.39	“Trivial”	to	“Small”).

Quadriceps	 maximum	 voluntary-	specific	 tension	
showed	within-	group	increases	for	PLA	(+8.4	±	13.0%;	pre	
29.8	±	3.9,	 post	 32.2	±	4.7	N.cm2;	 paired	 t-	test,	 p  =  0.008)	
but	not	CP	(+3.9	±	10.1%;	pre	31.2	±	4.5,	post	32.3	±	5.0	N.

cm2;	paired	t-	test,	p = 0.134),	but	there	was	no	group	×	time	
interaction	(ANOVA,	p = 0.254)	or	a	between-	group	dif-
ference	in	percentage	changes	(unpaired	t-	test,	p = 0.239;	
ES = 0.38	“Small”).

2.6	 |	 Evoked twitch contractions

Twitch	 peak	 torque	 (PT)	 increased	 pre	 to	 post	 within	
both	groups	(paired	t-	test,	0.001	≤	p	≤	0.005;	Table 2),	with	
a	 tendency	 for	 greater	 increases	 in	 Twitch	 PT	 following	
CP	vs.	PLA	(ANOVA:	group	×	time	interaction,	p = 0.076;	
Table 2)	and	greater	Twitch	PT	percentage	changes	for	CP	
vs.	 PLA	 (+22.3%	 vs.	 +12.3%;	 unpaired	 t-	test,	 p  =  0.038;	
ES =  0.69	“Moderate”;	Figure 4A).	Twitch	 time	 to	peak	
torque	(TPT)	increased	(i.e.,	was	longer/slower)	after	PLA	
(paired	t-	test,	p = 0.008)	but	not	CP	(p = 0.414;	Table 2).	
Twitch	TPT	also	showed	tendencies	toward	both	greater	
increases	 (i.e.,	 a	 greater	 slowing)	 after	 PLA	 than	 CP	
(ANOVA	 group	×	time,	 p  =  0.077;	 Table  2)	 and	 greater	
percentage	 changes	 after	 PLA	 than	 CP	 (unpaired	 t-	test,	
p = 0.080;	ES = 0.58	“Moderate”	Figure 4B).

3 	 | 	 DISCUSSION

The	aim	of	this	study	was	to	determine	if	collagen	peptide	
supplementation	 enhances	 functional,	 structural,	 me-
chanical,	and	contractile	adaptations	 to	 resistance	 train-
ing	in	healthy	young	men.	While	CP	supplementation	did	
not	enhance	 the	strength	gains	of	 the	knee	extensors	or	
flexors	following	15	weeks	of	lower	body	RT,	the	primary	
outcomes	of	this	study,	a	cluster	of	consistent	effects	were	
observed	 for	 greater	 adaptations	 in	 the	 underpinning	
skeletal	 muscle	 morphology	 and	 contractile	 properties	
compared	to	PLA.	Specifically,	with	CP	supplementation	
there	were:	greater	percentage	changes	in	total	volume	of	
the	trained	muscles,	quadriceps	volume,	and	evoked	peak	
twitch	torque;	as	well	as	a	greater	increase	in	VM	muscle	

F I G U R E  3  Pre	to	post	percentage	changes	(Δ)	in	quadriceps	(A),	hamstrings	(B),	and	gluteus	maximus	(C)	and	total	muscle	(Σ	
quadriceps,	hamstrings,	and	gluteus	maximus;	(D)	volume	after	15	weeks	of	lower-	body	resistance	training,	with	collagen	peptide	(CP,	
n = 19)	or	placebo	(PLA,	n = 20)	supplementation.	Data	are	mean	±	SD	with	plots	displaying	individual	participant	data.	Unpaired	t-	test	p	
values	are	displayed	when	statistical	tendencies	(0.05	≤	p	≤	0.10)	or	significant	(p	<	0.05,	denoted	by	*)	differences	between-	groups	occurred.
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volume	 (group	×	time	 interaction),	 which	 was	 concomi-
tant	with	a	greater	percentage	change	in	θP	of	this	muscle	
that	 showed	 the	 greatest	 hypertrophic	 benefit	 from	 CP	
supplementation	(61%	greater	muscle	growth	than	PLA).

3.1	 |	 Maximum strength

Knee	extension	strength	after	15	weeks	of	RT,	 improved	by	
~22%	for	MVT	and	~29%	for	1RM	in	both	groups,	which	is	con-
sistent	with	previous	knee	extension-	focused	RT	studies	(e.g.,	
MVT	+16%	after	14	weeks12;	1RM	+26.9%	after	12	weeks42).	
The	current	study	assessed	a	range	of	strength	measures	(iso-
metric	knee	extension	and	flexion,	and	knee	extension	1RM)	
in	duplicate	(i.e.,	twice	before,	and	twice	after	the	RT)	to	mini-
mize	 measurement	 error	 and	 maximize	 the	 veracity	 of	 the	
measured	 changes.	 However,	 CP	 supplementation	 did	 not	
augment	the	strength	gains	in	this	study	compared	to	PLA.	
Given	the	greater	percentage	gains	in	quadriceps	muscle	vol-
ume	and	evoked	contractile	torque	after	RT	with	CP	versus	
PLA	supplementation,	it	may	be	surprising	that	CP	did	not	
also	augment	strength	changes.	Strength	gains	after	RT	are	
known	to	be	multifactorial	and	due	to	an	extensive	range	of	
neural	and	morphological	adaptations,	including	but	not	lim-
ited	to	changes	in:	agonist	and	antagonist	neural	activation,	
muscle	fiber	composition,	muscle	architecture,	muscle	size,	as	
well	as	specific	tension.43,44	In	this	study,	specific	tension	only	
increased	 pre–	post	 intervention	 within	 the	 PLA	 group	 but	
without	any	between-	group	differences.	It	is	possible	that	the	
similarity	of	one	or	more	of	the	previously	mentioned	factors	
obscured/diluted	the	expected	influence	of	greater	hypertro-
phy	on	strength	gains.	The	strength	gains	after	RT	have	been	

reported	to	be	larger14	for	CP	versus	PLA	supplementation,	
larger	for	some	strength	tasks	but	not	others	(grip	strength,	
but	not	leg	press15)	or	similar.38,39	Therefore,	current	evidence	
is	ambiguous	regarding	the	efficacy	of	CP	supplementation	to	
enhance	strength	gains	following	RT,	although	over	time	(i.e.,	
a	longer	RT	period)	greater	hypertrophy	would	be	expected	to	
benefit	improvements	in	function.

3.2	 |	 Muscle growth

After	 RT,	 the	 CP	 group	 showed	 larger	 percentage	 in-
creases	 in	 quadriceps	 volume	 (i.e.,	 the	 primary	 muscle	
group	targeted	by	the	RT	program	employed	in	this	study,	
+15.2%	vs.	+10.3%;	p = 0.032)	and	the	total	volume	of	all	
the	trained	muscles	(+15.7%	vs.	+11.4%;	p = 0.026)	with	
moderate	 effect	 sizes	 (0.71–	0.74).	 There	 were	 also	 ten-
dencies	 for	greater	growth	of	 the	muscles	 that	were	sec-
ondary	 targets	 of	 the	 training	 (i.e.,	 hamstrings	 +16.5%	
vs.	+12.8%	[p = 0.089];	and	gluteus	maximus	+16.6%	vs.	
+12.9%	[p = 0.091]).	However,	there	were	only	tendencies	
(0.05	≤	p	≤	0.10)	toward	group	×	time	interactions	for	whole	
quadriceps	 and	 total	 muscle	 volume.	 VM	 volume	 did	
show	a	significant	group	×	time	interaction,	likely	because	
this	muscle	showed	a	large	effect	size	(0.80)	and	the	great-
est	hypertrophic	benefit	of	CP	vs.	PLA	supplementation	
(+15.6%	vs.	+9.7%),	which	equates	to	61%	greater	growth	
of	this	individual	muscle	with	CP.	The	reason	there	were	
not	larger	between-	group	statistical	differences	in	muscle	
volume	measures	appears	to	be	due	to	high	within-	group	
variability	(i.e.,	SDs	equating	to	a	between-	participant	co-
efficient	of	variation	of	~50%),	which	we	attribute	 to	ex-
tensive	variability	in	individual	hypertrophic	adaptations,	
a	 well-	documented	 phenomenon.45	 Extensive	 individual	
variability	 appears	 a	 more	 plausible	 explanation	 than	
measurement	error	given	the	excellent	between-	day	relia-
bility	of	our	muscle	volume	measures	(within-	participant	
coefficient	of	variation,	CVW:	0.9%	to	1.4%).	Moreover,	the	
rate	of	quadriceps	hypertrophy	(~1%	increase	 in	volume	
per	 training	week)	 in	 the	CP	group	was	 larger	 than	any	
previous	study	we	are	aware	of	that	has	employed	high-	
resolution	measures	of	muscle	volume	(e.g.,	MRI	or	com-
puterized	 tomography:	 0.62%–	0.74%	 increase	 in	 volume	
per	 week12,46,47;	 similar	 to	 our	 PLA	 group	 0.66%/week)	
and	resulted	in	superior	muscle	growth	of	+48%	(quadri-
ceps)	and	+38%	(total	trained	muscles)	for	CP	compared	to	
placebo.	Nonetheless,	despite	the	greater	percentage	gains	
in	muscle	volume	we	found	for	the	quadriceps	and	total	
of	the	trained	muscles,	the	lack	of	consistent	group	×	time	
interaction	 effects,	 places	 a	 statistical	 query	 over	 the	 ef-
ficacy	of	CP	supplementation	to	augment	muscle	growth.

Our	 current	 muscle	 hypertrophy	 results	 are	 consistent	
with	 prior	 studies	 that	 reported	 greater	 gains	 in	 fat-	free	

F I G U R E  4  Pre	to	post	percentage	changes	(Δ)	in	knee	
extension	evoked	twitch	contraction	peak	torque	(A)	and	time	to	
peak	torque	(B)	after	15	weeks	of	lower-	body	resistance	training,	
with	collagen	peptide	(CP,	n = 19)	or	placebo	(PLA,	n = 20)	
supplementation.	Data	are	mean	±	SD	with	plots	displaying	
individual	participant	data.	Unpaired	t-	test	p	values	are	displayed	
when	statistical	tendencies	(0.05	≤	p	≤	0.10)	or	significant	(p	<	0.05,	
denoted	by	*)	differences	between-	groups	occurred.
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mass	(via	dual-	energy	x-	ray	absorptiometry)	for	CP	vs.	PLA	
during	RT.14,15,38	However,	to	the	best	of	our	knowledge,	the	
current	study	is	the	first	to	carefully	assess	muscle	size	across	
multiple	muscles/muscle	groups	with	high-	resolution	MRI	
before	and	after	RT	with	CP	vs.	PLA	supplementation.	It	is	
possible	that	the	effect	of	CP	supplementation	on	the	RT-	
induced	hypertrophy	was	due	to	the	provision	of	additional	
amino	acids,	given	that	total	dietary	protein	intake	(i.e.,	in-
cluding	supplementation)	was	higher	 in	CP	 than	 in	PLA.	
However,	the	observed	muscle	growth	effects	of	the	current	
study	appear	out	of	proportion	with	 the	small	amount	of	
protein	 supplemented	 (15	g/day)	 in	 addition	 to	 the	 habit-
ual	protein	intakes	already	greater	than	the	recommended	
dietary	allowance	(>1.4	g/kg/day	for	both	groups),	and	the	
relatively	modest	documented	effect	of	supplementary	pro-
tein	on	RT-	induced	muscle	growth.48

Previous	RT	studies	have	suggested	supplemental	pro-
tein	 sources	 with	 sub-	optimal	 amino	 acid	 compositions	
(e.g.,	 soy	 protein)	 are	 ineffective	 when	 consumed	 post-	
exercise.49,50	Thus,	based	on	the	small	amount	of	protein	
and	very	low	essential	amino	acid	content	of	the	CP	sup-
plementation	 within	 the	 current	 study,	 one	 might	 have	
expected	 CP	 supplementation	 to	 provide	 no	 increase	 in	
muscle	growth	compared	to	placebo.	Therefore,	it	seems	
unlikely	 that	 a	 portion,	 if	 any	 of	 the	 muscle	 growth	 ef-
fects	were	due	to	amino	acid	provision	per	se.	Rather	the	
advantages	we	have	observed	may	have	been	due	to	 the	
bioactive	 properties	 of	 the	 collagen	 peptides.	 Collagen	
peptides	 have	 been	 shown	 to	 induce	 myoblast	 differ-
entiation	 and	 myotube	 hypertrophy	 in	 mouse	 skeletal	
muscle	 cells	 in-	vitro,	 by	 activating	 the	 mTOR	 signaling	
pathway.29	Bioactive	collagen	peptides	may	also	upregu-
late	the	synthesis	of	ECM	proteins51	that	in	turn	appear	to	
have	the	capacity	to	regulate	myogenesis	and	muscle	re-
generation	(i.e.,	remodeling35)	via	stimulation	of	muscle	
satellite	stem	cells36,37	integral	to	significant	hypertrophy.	
One	 conceivable	 explanation	 for	 the	 greater	 increase	 in	
muscle	size,	but	not	muscle	strength,	with	CP	supplemen-
tation	is	a	disproportionate	increase	in	muscle	ECM	and	
connective	 tissue	content	 compared	 to	PLA.38	However,	
this	may	seem	unlikely	due	to	the	consistent	connective	
tissue	 fraction	that	usually	exists	within	skeletal	muscle	
for	individuals	with	a	wide	range	of	muscle	sizes	and	RT	
experience.52	 Nonetheless,	 the	 documented	 stimulatory	
effects	of	CP	may	explain	 the	observed	amplification	of	
RT-	induced	muscle	growth	with	CP	supplementation.

3.3	 |	 Muscle architecture and 
specific tension

The	current	 study	 found	a	greater	percentage	change	 in	
θP	 for	 one	 of	 the	 constituent	 quadriceps	 muscles	 (VM,	

+16.8	±	18.7%	 vs.	 +5.8	±	14.3%)	 after	 CP	 vs.	 PLA	 sup-
plementation.	 This	 greater	 increase	 in	 θP	 of	 the	 VM	 for	
CP	 vs.	 PLA	 is	 consistent	 with	 this	 muscle	 also	 showing	
the	 strongest	 hypertrophic	 effect	 (+61%)	 of	 CP	 vs.	 PLA,	
as	increases	in	muscle	size	and	θP	are	widely	regarded	as	
simultaneous	processes.	These	combined	observations	of	
augmented	adaptations	of	separate,	but	related,	phenom-
ena	 (greater	hypertrophy	and	θP)	 for	CP	vs.	PLA	within	
the	same	muscle,	 indicate	a	systematic	effect	of	CP	sup-
plementation	on	muscle	 remodeling	after	RT.	θP	 for	 the	
whole	quadriceps	increased	in	both	groups	after	RT,	but	
no	 group	×	time	 effects	 were	 observed.	 There	 were	 no	
within-	group	 changes	 or	 between-	group	 differences	 for	
LF,	a	finding	that	is	in	accordance	with	the	majority	of	the	
short	 to	moderate	duration	RT	 literature	 that	has	 found	
no	change	in	LF.53,54

Quadriceps-	specific	 tension,	 a	 measure	 of	 force	 per	
unit	area	of	muscle,	showed	a	within-	group	increase	after	
RT	 only	 in	 the	 PLA	 group	 (+8.4%)	 and	 not	 CP	 (+3.9%),	
however,	 no	 between-	group	 differences	 were	 detected.	
There	are	very	few	reports	of	careful	in	vivo-	specific	ten-
sion	measurements	with	RT,	although	a	substantial	17%	
increase	after	9	weeks	of	RT	has	been	reported,46	and	we	
recently	 found	 a	 much	 more	 modest	 9%	 higher	 specific	
tension	for	long-	term	RT	vs.	untrained	individuals.11

3.4	 |	 Evoked twitch contraction  
properties

The	maximum	evoked	twitch	response	of	the	quadriceps,	
that	reflects	the	intrinsic	contractile	properties	(i.e.,	with-
out	 voluntary	 nervous	 system	 input),	 showed	 increases	
in	twitch	peak	torque	for	both	groups.	Indicating	an	im-
proved	 contractile	 capacity	 for	 torque	 production	 after	
RT	 which	 is	 consistent	 with	 the	 increased	 contractile	
material	 (muscle	 volume)	 of	 both	 groups.	 Interestingly,	
however,	 CP	 supplementation	 produced	 a	 greater	 per-
centage	increase	in	peak	twitch	torque	than	PLA	(+22.3%	
vs.	 +12.3%).	 This	 between-	group	 difference	 is	 consist-
ent	 with	 greater	 hypertrophy	 after	 CP	 supplementation	
and	is	a	further	independent	measure	supporting	greater	
morphological	 adaptation	 for	 CP	 vs.	 PLA.	 Time	 to	 peak	
twitch	 torque,	 an	 index	 of	 the	 contractile	 speed	 of	 the	
muscle	independent	of	torque	amplitude,	was	longer	(i.e.,	
slower)	 after	 RT	 for	 the	 PLA	 group	 but	 was	 unchanged	
for	the	CP	group.	We	have	previously	observed	slowing	of	
evoked	contractile	properties	following	longitudinal	RT10	
and	 in	 long-	term	 resistance	 trained	 (≥3	years)	 compared	
to	untrained	individuals.55	The	slowing	of	evoked	muscle	
contractile	 properties	 is	 likely	 due	 to	 decreased	 expres-
sion	 of	 myosin	 heavy-	chain	 type	 IIX	 fibers	 after	 RT.56,57	
Therefore,	 the	 tendency	 for	 less	 slowing	 of	 the	 muscle	
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after	CP	supplementation	could	conceivably	indicate	type	
IIX	fiber	retention	or	greater	type	II	muscle	fiber	hypertro-
phy	in	this	group	although	greater	type	II	fiber	hypertro-
phy	was	not	observed	in	a	prior	study	that	combined	RT	
and	CP	supplementation.38

3.5	 |	 Explosive strength

Using	detailed	analysis	of	explosive	torque	at	multiple	time	
points,	we	found	15	weeks	of	RT	only	enhanced	the	 late	
phase	of	explosive	contraction	(150	ms)	for	PLA,	and	the	
middle	and	late	phases	(100	and	150	ms)	for	CP,	with	no	
changes	in	the	early	phase	of	contraction	(50	ms)	for	either	
group.	The	finding	that	conventional	heavy,	slow	RT	(i.e.,	
not	 specifically	 explosive)	 does	 not	 enhance	 early	 phase	
explosive	strength/rate	of	force	development	is	in	accord-
ance	 with	 previous	 isometric10,57	 and	 dynamic63,64	 RT	
studies.	Relative	explosive	strength	(i.e.,	relative	to	MVT)	
decreased	in	both	CP	and	PLA	groups	with	no	between-	
group	differences	detected.	This	reduction	in	relative	ex-
plosive	 strength,	while	perhaps	counter-	intuitive,	 is	also	
consistent	 with	 many	 reports	 in	 the	 literature	 involving	
conventional,	but	not	explosive,	RT.10,58–	60	Specific	to	CP	
supplementation,	no	between-	group	effects	were	observed	
for	absolute	or	relative	explosive	strength	after	RT.	In	con-
trast,	 a	 recent	 report	 utilizing	 a	 less	 well-	controlled	 iso-
metric	 squatting	exercise	 reported	combined	hydrolyzed	
collagen	and	vitamin	C	supplementation	 to	preserve	ex-
plosive	strength	following	a	brief	(3	weeks)	power-	focused	
RT	 intervention61	 compared	 to	 PLA.	 Based	 on	 the	 find-
ings	of	the	current	investigation	it	does	not	appear	that	CP	
supplementation	 enhances/maintains	 explosive	 strength	
following	conventional	RT	beyond	RT	alone.

3.6	 |	 Limitations

This	 is	 the	 first	 careful	 assessment	 of	 the	 effect	 of	 CP	
supplementation	 on	 muscle	 growth	 after	 RT	 (i.e.,	 with	
high-	resolution	MRI)	that	has	found	a	number	of	distinct	
significant	effects,	but	also	a	number	of	statistical	tenden-
cies.	Future	studies	would	benefit	from	greater	statistical	
power	by	determining	sample	sizes	based	on	the	muscle	
growth	data	in	this	report	and/or	by	using	more	respon-
sive	 interventions	 (e.g.,	 upper	 body	 or	 longer	 duration	
RT).	 Furthermore,	 the	 current	 study	 examined	 tissue	
level	 adaptations	 and	 did	 not	 evaluate	 cellular	 or	 ECM	
adaptations	to	RT.	Thus,	the	more	detailed	physiological	
mechanisms	for	the	amplified	hypertrophic	response	we	
observed	remain	elusive.	It	is	also	apparent	that	the	opti-
mal	dose,	frequency,	and	composition,	in	terms	of	amino	
acids	and	molecular	weight,	of	CP	 supplementation	has	

yet	 to	 be	 defined	 and	 hence	 the	 current	 findings	 may	
be	 specific	 to	 the	 exact	 supplement	 used	 in	 this	 study.	
Finally,	 the	 comparison	 of	 CP	 to	 other	 protein	 sources	
and	controlling/matching	total	amino	acid	intake	would	
be	of	value.

4 	 | 	 CONCLUSIONS

In	conclusion,	CP	supplementation	produced	a	cluster	of	
consistent	 effects	 indicating	 greater	 skeletal	 muscle	 re-
modeling	after	RT	compared	to	PLA.	Notably,	CP	supple-
mentation	 amplified:	 whole	 quadriceps	 and	 total	 muscle	
volume	increases	 induced	by	RT;	enhanced	architectural	
remodeling	 (angle	 of	 fiber	 pennation)	 of	 the	 individual	
constituent	 quadriceps	 muscle	 (VM)	 that	 experienced	
the	 greatest	 hypertrophic	 benefit	 from	 CP	 supplementa-
tion;	and	augmented	the	intrinsic	contractile	capacity	for	
evoked	torque	production	(twitch	peak	torque).	The	lack	
of	significant	group	×	time	interaction	effects	for	many	of	
these	variables	does	place	a	statistical	doubt	over	the	effi-
cacy	of	CP	supplementation	to	amplify	muscle	morpholog-
ical	and	contractile	adaptations	after	RT.	Furthermore,	the	
beneficial	effects	of	CP	supplementation	did	not	translate	
to	greater	strength	gains.	Overall,	CP	supplementation	ap-
pears	to	augment	the	structural	remodeling	and	contractile	
properties	of	skeletal	muscle	after	RT	and	therefore	may	be	
a	useful	adjunct	to	RT	for	participants	wishing	to	amplify	
the	hypertrophic	response.	While	 there	were	no	measur-
able	effects	of	CP	on	the	increases	in	voluntary	function/
strength	in	this	study,	over	time	greater	hypertrophy	would	
be	expected	to	benefit	improvements	in	function.

5 	 | 	 MATERIALS AND METHODS

5.1	 |	 Participants

Fifty-	two	young,	healthy	men,	aged	18–	40	years,	with	no	
prior	lower-	body	injuries,	no	recent	history	(>18	months)	
of	 RT,	 a	 low-	moderate	 level	 of	 recreational	 physical	 ac-
tivity,	 but	 not	 involved	 in	 regular	 systematic	 physical	
training,	volunteered	 for	 this	 study	and	gave	written	 in-
formed	 consent.	 Ethical	 approval	 was	 granted	 by	 the	
Loughborough	University	Ethics	Review	Sub-	Committee	
(Reference	 Number:	 R19-	P030).	 Participants	 unwilling	
to	consume	an	animal-	based	protein	supplement	or	with	
low	habitual	protein	intake	(i.e.,	<0.8	g/kg;	based	on	24	h	
food	intake	recall),	were	excluded	from	the	study.

Thirteen	participants	did	not	complete	the	intervention	
period	because	of:	changes	 in	personal	circumstance	(×4);	
lack	of	enjoyment	(×3);	non-	attendance	(×2);	discomfort	of	
one	or	both	knees	(×4).	Consequently,	thirty-	nine	participants	
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completed	the	study	and	no	participants	reported	any	side	
effects	 of	 either	 supplement.	 Familiarization	 session	 mea-
surements	were	used	to	pair-	match	participants	for	isomet-
ric	knee	extension	maximum	strength	of	their	dominant	leg	
and	 body	 mass,	 before	 being	 randomly	 assigned	 to	 either	
CP	or	PLA	supplementation	(CP	group	n = 19;	PLA	group:	
n = 20).	An	a	priori	statistical	power	calculation	revealed	a	
sample	size	of	18	per	group	based	on	β = 0.80	and	α = 0.05	
and	 estimated	 percentage	 changes	 (mean	±	SD)	 after	 the	
training	 for	 isometric	 strength	 of	 18.0	±	8.5%	 (PLA)	 and	
26.0 ±	8.5%	(CP).	These	estimated	changes	for	PLA	were	de-
rived	from	several	previous	studies10,62,63	and	a	strength	gain	
that	was	more	than	twice	as	large	after	collagen	supplemen-
tation	than	PLA	in	one	previous	study.14

5.2	 |	 Overview

This	 study	was	a	 single-	center	 randomized	double-	blind	
control	 trial	 with	 a	 per-	protocol	 analysis.	 Initially,	 par-
ticipants	completed	a	familiarization	session	involving	all	
tasks	to	be	performed	in	the	main	measurement	sessions.	
Two	duplicate	main	measurement	sessions	involving	uni-
lateral	assessments	of	the	dominant	leg	(determined	from	
leg	 preference	 for	 kicking	 a	 ball)	 were	 completed	 both	
pre	(sessions	3–	5	days	apart	and	prior	to	the	first	training	
session)	and	post	(2–	3	days	after	the	last	training	session	
and	2–	3	days	later)	15	weeks	of	RT.	Torque	(all	isometric	
contractions)	or	load	were	recorded	during	isometric	knee	
extension	maximum	voluntary	contractions	(MVCs),	ex-
plosive	 voluntary	 contractions,	 evoked	 twitch	 contrac-
tions;	 knee	 extension	 1RM;	 and	 isometric	 knee	 flexion	
MVCs	(completed	in	this	order).	Hamstring	surface	elec-
tromyography	 (EMG)	 was	 also	 recorded	 during	 isomet-
ric	knee	extension	MVCs	for	the	purposes	of	calculating	
quadriceps	maximum	voluntary-	specific	tension.	Prior	to	
main	 measurement	 sessions	 participants	 were	 required	
to	avoid	caffeine	consumption	for	6	h.	The	time	of	main	
measurement	 sessions	 was	 standardized	 within	 partici-
pants	pre-		to	post-	training,	and	all	sessions	for	the	whole	
cohort	were	completed	between	12:00	and	20:00	h.

Musculoskeletal	imaging	of	the	dominant	leg	was	also	
conducted	pre-		(5–	7	days	prior	to	the	first	training	session)	
and	post-	intervention	(3–	5	days	after	the	final	training	ses-
sion).	T1	weighted	MRI	scans	were	used	to	assess	volume	
of	the	quadriceps,	hamstrings,	and	gluteus	maximus	mus-
cles,	as	well	as	patellar	 tendon	moment	arm.	Muscle	ar-
chitecture	measurements	(LF	and	θP)	were	obtained	with	
2-	D	ultrasonography	scans	of	each	constituent	quadriceps	
muscle.	Scan	time	was	standardized	within	participants,	
who	were	instructed	to	eat	and	drink	normally	and	avoid	
strenuous	exercise	and	alcohol	consumption	for	36	h	be-
fore	all	measurement	sessions.

During	 the	 15-	week	 intervention	 period	 participants	
consumed	 either	 CP	 or	 PLA	 supplements	 once	 per	 day	
(i.e.,	 105	 daily	 doses)	 and	 completed	 a	 lower-	body	 RT	
program	that	primarily	targeted	the	quadriceps,	and	sec-
ondarily	the	hamstrings	and	gluteus	maximus	three	times	
per	 week	 (i.e.,	 45	 sessions).	 Participants	 were	 instructed	
to	maintain	their	habitual	physical	activity	and	usual	diet	
throughout	the	study.

5.3	 |	 Habitual physical activity and 
dietary assessment

The	International	Physical	Activity	Questionnaire	(IPAQ,	
short	 format)	 was	 administered	 at	 two	 time	 points:	
~3	weeks	prior	to	the	intervention;	and	week	15	of	the	in-
tervention.	Participants	also	completed	a	3-	day	(2	week-
days,	1	weekend	day)	weighed	food	and	fluid	intake	diary	
at	two	time	points	during	the	study	(weeks	3	and	13	of	the	
intervention)	to	estimate	habitual	energy	and	macronutri-
ent	intake.	Food	and	fluid	intake	diaries	were	analyzed	by	
one	trained	investigator	with	manual	entry	of	any	product	
not	available	in	the	software	(Version	5.0,	Nutritics).	One	
participant	 in	 the	CP	group	was	excluded	from	the	 food	
and	fluid	 intake	diary	analysis	after	 failing	to	accurately	
complete	their	food	diary,	hence	the	CP	group	data	for	this	
measure	has	an	n = 18.

5.4	 |	 Resistance training

During	 the	 15-	week	 intervention	 period,	 all	 partici-
pants	 completed	 the	 same	 periodized	 and	 supervised	
lower-	body	RT	program	three	times	per	week	(typically	
Monday,	Wednesday,	and	Friday;	Supplementary	mate-
rial	1).	Each	session	involved	completing	2–	4	sets	of	each	
of	 three	 isoinertial	 (constant	 load)	exercises,	 in	 the	 fol-
lowing	 order:	 unilateral	 knee	 extension	 (TechnoGym,	
Selection	 Leg	 Extension;	 Bracknell,	 UK)	 starting	 with	
the	dominant	 leg	and	alternating	sets	between	 legs;	bi-
lateral	knee	flexion	(Life	Fitness,	Seated	Leg	Curl	SL40;	
Cambridgeshire,	 UK);	 bilateral	 leg	 press	 (Watson	 Gym	
Equipment,	 45°	 Leg	 Press,	 Somerset,	 UK).	 A	 2	min	 re-
covery	period	separated	sets	with	the	same	leg/legs.	The	
number	 of	 sets	 progressively	 increased	 during	 the	 first	
6	weeks	of	 the	 intervention	period,	with	four	sets	being	
completed	 for	 all	 three	 exercises	 by	 week	 7.	 The	 load	
and	 number	 of	 repetitions	 per	 set	 was	 varied	 accord-
ing	 to	 an	 undulating	 periodized	 program	 between	 ~12	
RM	 and	 ~6RM.	 Participants	 were	 required	 to	 perform	
each	 repetition	 through	 a	 specified	 range	 of	 motion	
(Supplementary	material	2;	approximate	knee	 joint	an-
gles	 for	 each	 exercise,	 from	 the	 start	 to	 the	 end	 of	 the	
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concentric	phase,	were:	knee	extension	85°	to	140°,	knee	
flexion	175°	to	95°,	leg	press	85°	to	150°;	180° = anatomi-
cal	reference	position)	taking	two	seconds	to	lift	and	two	
seconds	to	lower	the	weight.	The	load	for	each	exercise	
was	increased	if	the	participant	could	do	all	the	specified	
repetitions	on	the	penultimate	set	of	an	exercise,	a	com-
mon	 approach	 to	 achieve	 progressive	 overload.57,63–	65	
Bilateral	warm-	up	sets	were	completed	before	the	unilat-
eral	knee	extension	and	bilateral	knee	flexion	exercises	
with	 the	 same	number	of	 repetitions	and	with	~50%	of	
the	load	to	be	lifted	in	the	first	main	set.

5.5	 |	 Supplementation

Participants	consumed	15	g	of	collagen	peptides	(CP;	10	g	
of	 ‘BodyBalance’	 and	 5	g	 of	 ‘Tendoforte’,	 Gelita	 AG)	 or	
placebo	 (PLA;	 15	g	 of	 maltodextrin)	 dissolved	 in	 water	
once	 daily	 throughout	 the	 15-	week	 intervention	 period.	
The	CP	supplement	dose	of	15	g	of	collagen	peptides	per	
day	was	the	same	as	previous	studies	that	reported	a	posi-
tive	benefit	of	CP	vs.	PLA	for	 functional	and/or	muscu-
loskeletal	 outcomes	 after	 RT.14,15,38	 The	 CP	 supplement	
was	 the	 combination	 of	 two	 subtly	 different	 products	
with	an	identical	amino	acid	composition	(the	amino	acid	
composition	 of	 the	 overall	 CP	 supplement	 is	 shown	 in	
Supplementary	Material	3)	but	different	mean	molecular	
weights	(Bodybalance	~3.5	kD;	Tendoforte	~2.0	kD)	which	
may	maximize	absorption	and	bioactive	properties.66	CP	
and	 PLA	 supplements	 were	 provided	 pre-	packaged	 in	
identical	sachets	(except	supplement	code)	to	blind	both	
participants	and	investigators.	Prior	to	consumption,	sa-
chets	 were	 emptied	 into	 opaque	 shaker	 bottles,	 350	ml	
of	 water	 added,	 and	 shaken	 vigorously	 (prepared	 by	 an	
investigator	 on	 training	 days	 and	 by	 the	 participant	 on	
non-	training	 days).	 On	 training	 days	 supplements	 were	
consumed	 immediately	 after	 RT	 sessions.	 On	 non-	RT	
days	participants	were	 instructed	 to	consume	their	 sup-
plement	mid-	afternoon	(mid-	way	between	lunch	and	din-
ner).	 In	 all	 cases,	 participants	 were	 regularly	 instructed	
not	to	eat	or	drink	anything,	except	water	within	1	hour	
of	supplement	consumption.	At	the	start	of	each	training	
week,	participants	were	provided	with	4	supplement	sa-
chets	for	non-	RT	days	in	the	week	ahead,	returned	empty	
sachets	from	the	previous	week,	and	signed	that	they	had	
consumed	each	sachet	on	a	non-	RT	day.

5.6	 |	 Isometric dynamometer, 
torque, and EMG recordings

All	 isometric	 knee	 extension	 and	 flexion	 contractions	
were	conducted	while	participants	were	seated	on	a	rigid	

custom-	made	isometric	dynamometer	(see	figure	6B	of	67)	
adjusted	 for	 consistent	 individualized	 positioning.	 Knee	
and	hip	joint	angles	during	isometric	knee	extension	and	
flexion	contractions	were	104°	and	126°	(180° = anatomi-
cal	 reference	 position).	 Tight	 restraints	 were	 fastened	
across	the	waist,	shoulders,	and	lower	thigh	to	prevent	ex-
traneous	bodily	movement	during	contraction.	Knee	ex-
tension	and	flexion	force	were	measured	with	a	low	noise	
S-	beam	 strain	 gauge	 (Force	 Logic,	 Swallowfield,	 UK)	
mounted	 to	 the	 dynamometer	 perpendicular	 to,	 and	 ei-
ther	posterior	(knee	extension)	or	anterior	(knee	flexion)	
to	the	tibia.	The	strain	gauge	was	positioned	and	secured	
at	~15%	of	tibial	length	above	the	medial	malleolus	with	
a	reinforced	canvas	webbing	ankle	strap	(35	mm	width).

The	strain	gauge	signal	was	amplified	(×370)	and	sam-
pled	 at	 2000	Hz	 with	 an	 external	 A/D	 converter	 (Micro	
1401;	CED	Ltd.,	Cambridge,	UK)	and	recorded	with	Spike	
2	software	(CED	Ltd.,	Cambridge,	UK).	Prior	to	analysis,	
force	data	were	low-	pass	filtered	at	500	Hz	with	a	fourth-	
order	 zero-	lag	 Butterworth	 filter,67	 gravity	 corrected	 via	
subtraction	 of	 baseline	 force,	 and	 then	 multiplied	 by	
lever	length	(the	distance	from	the	knee	joint	space	to	the	
center	of	the	ankle	strap)	to	calculate	torque.

To	 facilitate	 calculation	 of	 quadriceps	 maximum	
voluntary-	specific	 tension,	 surface	 EMG	 was	 recorded	
from	the	 lateral	and	medial	hamstrings	using	a	wireless	
EMG	system	(Trigno;	Delsys	Inc.,	Boston,	MA).	The	skin	
beneath	the	sensors	was	prepared	(shaved,	abraded,	and	
cleansed	 with	 70%	 ethanol)	 before	 individual	 single	 dif-
ferential	 (bipolar	 configuration)	 Trigno	 Standard	 EMG	
sensors	 were	 attached	 (using	 adhesive	 interfaces)	 over	
the	lateral	and	medial	hamstrings	at	45%	of	thigh	length	
above	the	popliteal	fossa.	Sensors	were	placed	parallel	to	
the	presumed	orientation	of	 the	underlying	fibers.	EMG	
signals	 were	 amplified	 at	 source	 (×300;	 20-		 to	 450-	Hz	
bandwidth)	before	further	amplification	(overall	effective	
gain,	×909).	EMG	signals	were	sampled	at	2000	Hz	via	the	
same	A/D	converter	and	computer	software	as	 the	 force	
signal,	 enabling	 data	 synchronization.	 Prior	 to	 analysis	
EMG	signals	were	corrected	for	the	48-	ms	delay	inherent	
to	the	Trigno	EMG	system.

5.7	 |	 Isometric knee extension and 
flexion maximum voluntary contractions

Following	 incremental	 isometric	knee	extension	or	 flex-
ion	warm-	up	contractions	of	the	dominant	leg	(~5	s	con-
tractions	at	50%	[×3],	75%	[×3],	and	90%	[×1]	of	perceived	
maximum).	 Participants	 completed	 3–	4	 MVCs.	 Prior	
to	 MVCs,	 participants	 received	 instruction	 to	 “push	 as	
hard	as	possible”	(extension)	or	“pull	as	hard	as	possible”	
(flexion)	 for	 3–	5	s,	 with	 ≥30	s	 rest	 between	 each	 effort.	
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Real-	time	biofeedback	was	provided,	via	a	computer	mon-
itor	 positioned	 in	 front	 of	 the	 participant	 displaying	 the	
torque-	time	curve,	with	the	greatest	knee	extension	torque	
obtained	 within	 that	 session	 marked	 with	 a	 horizontal	
cursor.	The	greatest	instantaneous	torque	achieved	during	
any	MVC	within	the	measurement	session	was	defined	as	
knee	extensor	or	flexor	isometric	MVT.	Hamstrings	root-	
mean-	square	(RMS)	EMG	amplitude	of	both	sensors	was	
measured	during	a	500-	ms	epoch	surrounding	both	knee	
extension	and	flexion	MVT	(250	ms	on	either	side).	RMS	
EMG	 amplitude	 of	 each	 sensor	 at	 knee	 extension	 MVT	
was	normalized	to	RMS	amplitude	at	knee	 flexion	MVT	
before	 averaging	 the	 two	 sensors	 to	 produce	 an	 overall	
normalized	antagonist	EMG.

5.8	 |	 Isometric knee extension explosive 
voluntary contractions

Ten	explosive	voluntary	contractions	were	completed	by	
each	participant.	Instructions	to	perform	each	contraction	
“as	fast	and	hard	as	possible”	for	∼1	s,	in	order	to	exceed	
80%	 MVT	 were	 provided.	 Between	 contractions	 partici-
pants	had	≥15	s	of	rest.	Peak	rate	of	torque	development	
(10	ms	epoch)	was	displayed	to	provide	participants	with	
real-	time	 biofeedback.	 Changes	 in	 the	 baseline	 torque	
signal	>0.34	N·m	(i.e.,	in	terms	of	pre-	tension	or	counter-
movement)	in	the	300	ms	prior	to	contraction	onset	were	
discarded.	The	three	explosive	contractions	with	the	high-
est	 torque	at	100	ms	were	analyzed	in	detail	with	torque	
measured	at	50,	100,	and	150	ms	 from	contraction	onset	
(T50,	T100,	and	T150),	before	taking	a	mean	torque	at	each	
time	point	across	 the	 three	contractions.	Relative	explo-
sive	 torque	 (i.e.,	expressed	as	a	proportion	of	MVT)	was	
also	calculated.	Torque	onset	determination	for	explosive	
contractions	was	performed	offline	by	one	trained	inves-
tigator	using	a	systematic	manual	visual	identification	ap-
proach68,69	 considered	 to	 be	 more	 valid	 than	 automated	
methods.69	Briefly,	torque	was	initially	viewed	on	an	x-	axis	
scale	of	300	ms	prior	to	the	contraction	and	y-	axis	scales	
of	0.68	N·m	before	further	magnification	to	determine	the	
instant	of	the	last	peak	or	trough	before	the	torque	signal	
deflected	away	from	the	envelope	of	the	baseline	signal.

5.9	 |	 Isometric knee extension evoked 
twitch contractions

The	 dominant	 leg	 femoral	 nerve	 was	 electrically	 stimu-
lated	 with	 a	 constant-	current	 variable-	voltage	 stimula-
tor	 (DS7AH;	 Digitimer,	 Welwyn	 Garden	 City,	 UK)	 via	
a	 cathode	 (1-	cm	 diameter;	 Electro-	Medical	 Supplies,	
Wantage,	UK)	over	the	femoral	nerve	within	the	femoral	

triangle	and	an	anode	(7	×	10-	cm	carbon	rubber	electrode;	
Electro-	Medical	Supplies,	Wantage,	UK)	over	the	greater	
trochanter.	Cathode	location	within	the	femoral	triangle	
was	 established	 by	 delivering	 single	 electrical	 impulses	
(square	wave	pulses	of	0.2-	ms	duration,	30–	50	mA	current	
intensity)	to	identify	the	position	eliciting	the	greatest	sub-	
maximum	 twitch	 response.	 Thereafter,	 the	 cathode	 was	
taped	in	place	and	progressive	20	mA	increases	in	current	
intensity	 were	 made	 until	 peak	 twitch	 torque	 plateaued	
(15	s	 apart).	 Finally,	 three	 further	 twitch	 contractions	
were	evoked	(15	s	apart)	at	a	supramaximal	current	(≥50%	
above	 the	 plateau	 level)	 to	 ensure	 maximal	 stimulation.	
During	offline	analysis,	twitch	torque	onset	during	these	
maximal	 twitch	 contractions	 was	 identified	 using	 a	 sys-
tematic	manual	approach	previously	described.10	Twitch	
Peak	 T	 and	 Twitch	 TPT	 were	 averaged	 across	 the	 three	
maximal	twitch	contractions.

5.10	 |	 One repetition maximum 
lifting strength

Unilateral	 knee	 extension	 1RM	 was	 assessed	 using	 the	
same	machine	as	during	training,	with	participant's	hips	
firmly	strapped	down	and	holding	the	handles	either	side	
of	 the	 seat.	 They	 completed	 incremental	 warm-	up	 sets	
(50%	previous	1RM	×	8	repetitions;	75%	previous	1RM	×	5	
repetitions;	 85%	 previous	 1RM	×	2	 repetitions;	 with	 one	
min	 between	 sets)	 and	 then	 a	 series	 of	 single	 lifts	 sepa-
rated	 by	 two	 min	 recovery.	 The	 first	 single	 lift	 was	 per-
formed	 at	 the	 previous	 1RM	 load,	 if	 successful	 the	 load	
was	increased	by	2.5	to	5.0	kg	for	the	next	lift.	Typically,	3	
to	4	attempts	were	required	to	establish	1RM	to	the	near-
est	2.5	kg,	with	additional	attempts	performed	if	necessary.

The	 knee	 extension	 machine	 was	 instrumented	 with	
a	 potentiometer	 (Rotary	 wirewound	 potentiometer,	 RS	
Components	 Ltd,	 Corby,	 UK),	 to	 standardize	 the	 range	 of	
movement	required	for	a	successful	lift.	The	potentiometer	
signal	was	sampled	at	2000	Hz	using	an	external	A/D	con-
verter	(Micro	1401;	CED	Ltd.,	Cambridge,	UK),	displayed	on	
a	monitor	in	front	of	the	participant	(with	the	target	extended	
position	highlighted),	and	recorded	using	Spike	2	software.	
Each	lift	started	from	a	standardized	machine	lever	arm	posi-
tion	(knee	joint	angle	of	86	±	3°;	180° = full	extension).	A	suc-
cessful	lift	was	defined	by	moving	the	lever	arm	and	attached	
load	to	an	extended	position	(knee	joint	angle	of	142	±	4°).

5.11	 |	 Muscle architecture

LF	 and	θP	 of	 each	 constituent	 quadriceps	 muscle	 (VM,	
VL,	 VI,	 and	 RF)	 was	 measured	 using	 B-	mode	 ultra-
sonography	 (EUB-	8500,	 Hitachi	 Medical	 Systems	 UK	
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Ltd,	 Northamptonshire,	 UK)	 using	 a	 92	mm	 long,	
10	MHz	 linear-	array	 transducer	 (EUP-	L53L)	 coated	
with	water-	soluble	transmission	gel.	Participants	sat	at	
rest	 in	 the	 isometric	 dynamometer,	 and	 imaging	 loca-
tions	were	marked.	 Images	were	 recorded	at	 two	 loca-
tions	per	muscle,	at	specific	percentages	of	thigh	length	
above	the	knee	joint	space:	30%	and	50%	(VI),	50%	and	
70%	 (VL);	 20%	 and	 40%	 (VM);	 55%	 and	 75%	 (RF)	 and	
in	 all	 cases	 at	 50%	 of	 superficial	 medio-	lateral	 muscle	
width.	 Ultrasound	 recording	 locations	 were	 largely	
adopted	 from	 prior	 research	 incorporating	 ultrasound	
measurements	at	multiple	sites	along	the	length	of	each	
constituent	 quadriceps	 femoris	 muscle.54	 The	 trans-
ducer	 was	 positioned	 parallel	 to	 the	 thigh's	 long	 axis	
and	perpendicular	to	the	skin,	so	that	the	deep	and	su-
perficial	 aponeuroses	 and	 the	 trajectory	 of	 several	 fas-
cicles	 was	 clearly	 identifiable	 with	 minimal	 pressure	
applied	to	the	dermal	surface.	Ultrasound	video	output	
was	recorded	by	a	PC	(via	an	S-	video	to	USB	video	con-
verter	[VCAP302,	ClimaxDigital,	Spennymoor,	UK]	and	
Spike	 video	 recorder	 software	 [CED	 Ltd.,	 Cambridge,	
UK]).	Images	were	analyzed	by	one	trained	investigator	
using	public	domain	software	(Image	J,	v1.48,	National	
Institutes	of	Health,	Bethesda,	USA).

θP	 was	 measured	 as	 the	 angle	 of	 insertion	 of	 the	
muscle	fascicles	into	the	deep	aponeurosis.	LF	was	mea-
sured	 as	 the	 length	 of	 the	 fascicular	 path	 between	 the	
insertions	 into	 the	 superficial	 and	 deep	 aponeuroses	
(Supplementary	material 4A).	When	the	fascicular	path	
extended	beyond	the	field	of	view	of	the	acquired	image,	
the	 remaining	 portion	 of	 the	 fascicle	 was	 estimated	 by	
linear	 extrapolation,70	 and	 the	 visible	 proportion	 of	 LF	
was	documented.	When	collapsed	across	quadricep	mea-
surement	 sites	 and	 then	 time	 points	 (pre	 and	 post)	 for	
each	participant,	a	mean	of	85.0	±	3.2%	of	the	measured	
LF	 was	 visible	 within	 ultrasound	 images	 across	 partici-
pants.	Measurements	(LF	and	θP)	of	two	individual	fasci-
cles	at	each	measurement	site	were	averaged,	before	also	
averaging	across	the	two	sites	of	each	constituent	muscle.	
Overall	quadriceps	LF	and	θP	were	calculated	as	the	mean	
of	 the	 constituent	 muscle	 values.	 Within-	participant	
between-	test	 session	 reliability	 (i.e.,	 within-	participant	
coefficient	of	variation,	CVW;	[SD/mean]	×	100)	of	LF	and	
θP	 assessed	 via	 ultrasound	 has	 been	 reported	 to	 range	
from	2.3%	to	9.8%	and	2.1%	to	13.5%.71,72

5.12	 |	 MRI scan and analysis

5.12.1	 |	 Muscle	volume

Participants	 sat	 quietly	 for	 15	min	 prior	 to	 MRI	 scans	
(3.0	T	 Discovery	 MR750w,	 GE	 Healthcare,	 Chicago,	 IL,	

USA).	T1-	weighted	axial	and	coronal	plane	MRI	scans	of	
the	 dominant	 thigh	 (between	 the	 anterior	 superior	 iliac	
spine	 to	 the	 lateral	 tibial	 condyle)	 were	 conducted	 with	
participants	supine,	arms	folded	across	the	chest,	hip,	and	
knee	 joints	extended,	and	 the	ankle	at	~90°.	Using	a	re-
ceiver	8-	channel	whole-	body	coil,	axial	(time	of	repetition/
time	to	echo	600/8.35	ms;	image	matrix	512	×	512;	field	of	
view	 260	mm	×	260	mm;	 pixel	 size	 0.508	mm	×	0.508	mm;	
slice	 thickness	 5	mm;	 inter-	slice	 gap	 0	mm)	 and	 coronal	
(time	 of	 repetition/time	 to	 echo	 600/8.53	ms;	 image	 ma-
trix	 256	×	256,	 field	 of	 view	 450	mm	×	450	mm,	 pixel	 size	
1.76	mm	×	1.76	mm,	 slice	 thickness	 5	mm,	 inter-	slice	 gap	
0	mm)	images	were	acquired	in	two	overlapping	blocks	for	
both	axial	and	coronal	scans.	Synchronization	of	coronal	
and	axial	plane	scans	permitted	the	objective	alignment	of	
blocks	during	analysis	(Horos,	version	3.3.6,	www.theho	
rospr	oject.org).

Muscle	 volume	 of	 the	 quadriceps	 (RF,	 VL,	 VM,	 and	
VI),	 hamstrings	 (semitendinosus	 [ST],	 semimembra-
nosus	 [SM],	 biceps	 femoris	 long	 head	 [BFlh]	 and	 short	
head	 [BFsh])	 and	 gluteus	 maximus	 were	 analyzed	
(Supplementary	material 4B,C).	Specifically,	one	 trained	
investigator	 segmented	 every	 third	 image	 (i.e.,	 every	
15	mm)	along	each	muscle,	from	the	first	distal	image	in	
which	that	muscle	appeared	until	the	muscle	was	no	longer	
visible.	Additionally,	based	on	visual	inspection	the	seven	
contiguous	 slices	 around	 the	 suspected	 maximum	 ana-
tomical	 cross-	sectional	 area	 (ACSAMAX;	 i.e.,	 three	 either	
side	of	the	suspected	ACSAMAX)	were	assessed	to	ensure	
the	single	 image	with	the	highest	ACSA	(i.e.,	ACSAMAX)	
of	that	muscle	was	measured	(and	this	was	confirmed	by	
inspection	of	the	anatomical	cross-	sectional	area-	muscle	
length	curve).	The	following	number	of	images	were	seg-
mented	along	the	length	of	each	muscle	(mean	of	pre-		and	
post-	image	 number	 before	 calculating	 a	 mean	 across	 all	
participants):	 RF,	 27	 (range	 24–	30);	 VM,	 27	 (range	 24–	
30);	VI,	29	(range	27–	33);	VL,	29	(range	25–	31);	BFsh,	23	
(range	19–	25);	BFlh,	24	(range	20–	29);	SM,	23	(range	19–	
27);	ST,	26	(range	23–	32);	gluteus	maximus,	24	(range	20–	
27).	The	volume	of	each	muscle	was	calculated	as	the	area	
under	the	anatomical	cross-	sectional	area-	muscle	 length	
curve	 following	 cubic	 spline	 interpolation	 (1000	 point;	
GraphPad	 Prism	 8;	 GraphPad	 Software).	 Constituent	
muscle	volumes	were	summed	to	determine	whole	quad-
riceps	 and	 hamstrings	 volumes,	 and	 total	 muscle	 vol-
ume	was	the	sum	of	quadriceps,	hamstrings,	and	gluteus	
maximus	volumes.	In	a	pilot	trial	of	nine	healthy	young	
men	with	repeated	MRI	scans	(5–	14	days	apart)	using	the	
above	protocol	and	analysis	we	found	within-	participant	
between-	day	reliability	(i.e.,	within-	participant	coefficient	
of	variation,	CVW;	[SD/mean]	×	100)	of	quadriceps,	ham-
strings,	gluteus	maximus,	and	total	muscle	volume	to	be	
0.9%,	1.0%,	1.4%,	and	0.9%,	respectively.
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5.12.2	 |	 Moment	arm

A	lower	extremity	knee	coil	was	used	to	acquire	contigu-
ous	 sagittal	 images	 of	 the	 knee	 joint	 between	 the	 medial	
and	 lateral	 tibial	 condyles	 (time	 of	 repetition/time	 to	
echo	 600/9.83	ms;	 image	 matrix	 512	×	512,	 field	 of	 view	
160	mm	×	160	mm,	 pixel	 size	 0.313	mm	×	0.313	mm,	 slice	
thickness	 2	mm,	 inter-	slice	 gap	 0	mm).	 A	 wedge-	shaped	
foam	 block	 was	 positioned	 under	 the	 knee	 to	 obtain	 the	
most	 flexed	 knee-	joint	 angle	 (143	±	5°,	 180°  =  full	 exten-
sion)	 possible	 within	 the	 constraints	 of	 the	 knee	 coil.	
Moment	arm	was	measured	at	as	flexed	position	as	possible	
to	minimize	the	correction	required	to	derive	an	estimated	
moment	 arm	 at	 the	 knee	 joint	 angle	 of	 knee	 extension	
MVCs	based	on	the	measured	moment	arm.	Patellar	ten-
don	moment	arm	length	was	measured	from	sagittal	plane	
images	as	the	perpendicular	distance	from	the	line	of	action	
of	the	patellar	tendon	to	the	tibio-	femoral	contact	point	in	
the	image	closest	to	40%	of	the	distance	between	the	most	
lateral	(0%)	and	medial	(100%)	points	of	the	femoral	con-
dyles	as	determined	from	synchronized	axial	images.73,74

5.13	 |	 Calculation of specific tension

Specific	 tension	 was	 calculated	 as:	 maximum	 voluntary	
muscle	force	([knee	extensor	MVT	+	estimated	antagonist	
torque	during	knee	extensor	MVT]/estimated	patellar	ten-
don	moment	arm	during	knee	extension	MVC)	divided	by	
quadriceps	 effective	 physiological	 cross-	sectional-	area.11	
Antagonist	 torque	 during	 knee	 extensor	 MVT	 was	 esti-
mated	by	multiplying	overall	normalized	antagonist	EMG	
amplitude	by	knee	flexor	MVT	(assuming	a	linear	relation-
ship	between	EMG	amplitude	and	knee	 flexion	 torque).	
Effective	physiological	cross-	sectional	area	(EFFPCSA)	for	
each	constituent	muscle	of	the	quadriceps	was	calculated	
as:	 muscle	 volume	 (from	 MRI	 scanning)	 divided	 by	 LF	
multiplied	by	the	cosine	of	θP	(from	ultrasonography).	LF	
and	θP	were	mean	values	from	the	two	ultrasound	meas-
urement	 sites	 on	 each	 individual	 constituent	 muscle	 of	
the	quadriceps.	Overall	quadriceps	EFFPCSA	was	the	sum	
of	 the	 individual	 constituent	 muscle	 EFFPCSAs.	 Patellar	
tendon	moment	arm	length	measured	from	the	MR	image	
at	 a	 relatively	 extended	 knee-	joint	 angle	 (143	±	5°),	 was	
corrected	 to	 the	 knee-	joint	 angle	 during	 knee	 extension	
MVC	 (104	±	2°)	 using	 previously	 published	 data	 fitted	
with	a	quadratic	function.75

5.14	 |	 Statistical analysis

All	 data	 were	 anonymized	 prior	 to	 analysis	 to	 blind	 in-
vestigators	 to	 participant	 identity	 and	 supplement	 group	

allocation.	 Shapiro–	Wilk	 tests	 were	 conducted	 to	 assess	
data	normality	at	pre	and	post	within	each	group.	The	ma-
jority	of	variables	were	normally	distributed	at	pre-	test	(86%	
or	30	out	of	35	variables)	when	both	groups	were	pooled.	
Therefore,	parametric	statistics	were	used	to	provide	a	con-
sistent	 statistical	 approach	 across	 variables.	 Two-	way	 re-
peated	measures	ANOVA	was	used	to	assess	group	×	time	
effects.	Within-	group	changes	over	time	were	also	assessed	
with	paired	 t	 tests.	 In	addition	to	 two-	way	ANOVAs,	un-
paired	 t-	tests	 were	 also	 conducted	 on	 percentage	 change	
data	 to	 explore	 between-	group	 differences.76	 Percentage	
changes	 for	 each	 dependent	 variable	 were	 calculated	 as	
the	 change	 divided	 by	 the	 pre-	intervention	 value	 multi-
plied	by	100.	Between-	group	effect	size	(ES)	was	calculated	
using	percentage	change	data	as	previously	described77	and	
classified	as:	<0.20 = “trivial,”	0.20–	0.49 = “small,”	0.50–	
0.80 =  “moderate,”	or	>0.80 =  “large”.	Statistical	 signifi-
cance	 was	 defined	 as	 p	<	0.05	 and	 statistical	 analysis	 was	
completed	using	SPSS	version	27.	All	data	are	presented	as	
mean	±	standard	deviation	unless	otherwise	indicated.
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