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INTRODUCTION

Differences	in	the	fatigability	of	skeletal	muscles	between	
sexes	 have	 been	 reported	 previously.1–6)	 In	 general,	 these	
studies	 suggested	 that	 the	 fatigability	of	muscles	 is	 less	 in	
women	 than	 in	men.	 Furthermore,	 histological	 studies	 re-
ported	that	 type	I	muscle	fibers	were	more	predominant	 in	
women	than	in	men.7–13)

In	 humans,	 the	 quadriceps	 femoris	muscle	 plays	 an	 im-
portant	role	in	the	activities	of	daily	life	and	in	sports.	The	
quadriceps	 femoris	muscle	generates	 knee-extensor	 torque	
and	maintains	 knee	 stability	 during	 extension.	Among	 the	
quadriceps	 femoris	 muscles,	 the	 vastus	 medialis	 (VM)	
muscle	 is	 the	major	 contributor	 to	 knee	 joint	 stabilization	
during	extension,	thus	reducing	the	risk	of	knee	injuries	dur-
ing	physical	activity.14)	The	VM	has	significant	involvement	
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Objectives:	With	a	relatively	high	percentage	of	 type	I	fibers	 in	the	vastus	medialis	(VM),	its	
fatigability	may	be	more	sensitive	to	the	effects	of	muscle	activity	in	the	quadriceps.	However,	
sex-related	differences	 in	 the	muscle	 fatigability	of	 the	VM	remain	unknown.	The	purpose	of	
the	present	study	was	to	assess	the	differences	in	fatigability	of	the	VM	between	healthy	adult	
men	and	women.	Methods:	Surface	electromyographic	(EMG)	activities	of	VM	oblique	(VMO)	
and	VM	long	(VML)	were	recorded	during	sustained	isometric	contraction	on	a	leg	press	ma-
chine.	The	results	of	EMG	power	spectral	analysis	were	compared	between	healthy	adult	men	
and	women.	The	decline	 in	 the	median	 frequency	 (MF),	defined	as	MF	slope,	was	calculated	
using	spectrum	analysis	after	fast	Fourier	transform	of	the	raw	EMG	signals	of	VMO	and	VML.	
Results:	The	endurance	time	and	the	MF	slopes	of	the	VMO	and	VML	were	significantly	longer	
and	lower,	respectively,	in	women	than	in	men.	The	present	results	demonstrated	that	both	VMO	
and	VML	are	more	fatigue-resistant	in	women	than	in	men.	Conclusions:	Understanding	the	sex	
differences	 in	 fatigability	could	help	 to	design	more	effective	exercise	 regimens	 for	VMO	and	
VML	in	healthy	individuals.	A	similar	approach	should	be	considered	when	prescribing	practical	
exercise	regimens	for	patients	with	muscle	atrophy.
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in	maintain	 knee	 stability,	 and	 the	 importance	 of	 the	VM	
oblique	 (VMO)	 has	 recently	 been	 recognized.14)	 The	 VM	
consists	of	the	following	two	components:	the	VM	long	and	
the	VM	oblique.15)	Differences	in	the	morphological	and	ana-
tomical	profiles	of	the	muscle	fibers	of	the	VMO	and	VML,	
such	as	musculoaponeurotic	geometry,	attachment	sites,	and	
structural	 parameters,	 were	 revealed	 previously;	 the	 fiber	
bundles	were	shorter,	proximal	and	distal	pennation	angles	
were	 greater,	 and	 the	 physiologic	 cross-sectional	 area	was	
smaller	in	the	VMO	than	those	in	the	VML.16)	In	addition,	
the	VML	was	found	to	be	connected	to	the	fascia	lata	via	thin	
fascial	bands,	but	that	kind	of	structure	was	not	observed	in	
the	VMO.	The	posteromedially	oriented	line	of	action	of	the	
VMO	and	its	connection	to	the	medial	aspect	of	the	patella	
via	 the	medial	patellar	 retinaculum	 indicate	 that	 the	VMO	
contributes	to	patellar	stabilization	from	the	medial	aspect.	
Conversely,	 given	 that	 the	VML	originates	 from	 the	 linea	
aspera	of	the	femur,	faces	a	more	vertical	direction	than	the	
VMO,	and	attaches	 to	 the	patellar	base	via	 the	quadriceps	
tendon,	it	contributes	to	force	generation	for	knee	extension.	
Moreover,	the	percentage	of	type	1	muscle	fibers	in	the	VML	
was	higher	than	in	the	VMO.17)	Therefore,	the	fatigabilities	
of	the	VMO	and	the	VML	may	be	different.	In	previous	stud-
ies,	it	was	reported	that	the	percentage	of	type	I	muscle	fibers	
was	decreased	by	a	reduction	in	muscle	activity.18)	Therefore,	
the	VM	that	has	a	relatively	high	percentage	of	type	I	fibers	
among	the	quadriceps	may	be	more	sensitive	to	the	effect	of	
reduced	muscle	 activity.	 In	 fact,	 among	 the	 entire	 quadri-
ceps,	the	VML	is	likely	to	atrophy	during	recovery	after	re-
construction	of	the	anterior	cruciate	ligament,19)	while	VMO	
atrophy	 is	observed	considerably	more	 in	patients	with	 the	
patellofemoral	pain	syndrome.20)	Therefore,	 the	differences	
in	 the	 properties	 of	 the	 VMO	 and	 VML	 between	 healthy	
adult	women	and	men	need	to	be	determined	to	understand	
the	knee-related	symptoms	and	 to	design	separate	 training	
programs	 for	men	 and	women.	However,	 no	 study	has	 fo-
cused	on	the	differences	in	the	fatigability	of	the	VMO	and	
VML	between	healthy	adult	women	and	men.
According	 to	 previous	 studies	 using	 electromyographic	

(EMG)	 power	 spectral	 analysis,	 the	 fatigability	 of	 skeletal	
muscle	 is	 associated	with	 a	 shift	 in	 the	median	 frequency	
(MF)	toward	a	lower-frequency	side.21–25)	A	change	in	MF	is	
also	correlated	with	the	composition	of	type	I	and	II	muscle	
fibers;	thus,	MF	has	been	used	as	a	marker	of	local	muscle	
fatigability.26)	Previous	studies	reported	that	dynamometric	
values	could	be	used	to	assess	quadriceps	fatigue	and	sug-
gested	that	the	intraclass	correlation	coefficient	(ICC)	of	the	
MF	slope	calculated	from	the	surface	EMG	signal	was	low	

(ICC=0.04–0.41)27–30)	 or	 moderate	 (ICC=0.50–0.68).31,32) 
In	contrast,	Minoshima	et	al.33)	reported	the	reproducibility	
of	 the	MF	 slope	 for	 the	VMO	and	VML	during	moderate	
isometric	contraction	with	90°	flexion	of	the	hip	and	knee	to	
be	high	(ICC=0.70–0.86).
Based	on	the	above	background,	we	hypothesized	that	the	

VMO	and	VML	in	women	would	have	less	fatigability	than	
that	in	men.	To	test	our	hypothesis,	we	assessed	the	declines	
in	 the	MF	 slope	 of	 the	 VMO	 and	VML	 during	 sustained	
isometric	contraction	of	the	quadriceps	in	women	and	men	
using	EMG	power	spectral	analysis.

MATERIALS AND METHODS

Subjects
Sixteen	healthy	women	[age,	22.8	±	1.5	years	(mean	±	stan-

dard	 deviation);	 range,	 21–26	 years]	 and	 16	men	 (age	 25.4	
±	2.6	years;	 range,	22–30	years)	participated	 in	 this	cross-
sectional	 study.	 The	 participants	 had	 no	 history	 of	 knee	
symptoms.	 Participants	 who	 habitually	 performed	 regular	
exercises	 were	 excluded	 because	 the	 results	 of	 the	 study	
could	 have	 varied	 considerably	 depending	 on	 their	 sports	
history.	We	determined	the	sample	size	as	26	(13	women	and	
13	men),	using	Gpower	3.1.9,	based	on	a	study	performed	by	
Tsuboi	et	al.24)	The	effective	size	was	1.36	while	assuming	a	
type	1	error	rate	of	5%	and	a	type	2	error	rate	of	10%	(90%	
power).	Taking	 into	 account	 the	possible	missing	data	 and	
participant	drop-out,	we	included	16	healthy	women	and	16	
men.	Table 1	shows	the	age,	height,	body	weight,	and	body	
mass	index	of	each	group.	The	participants	were	instructed	
to	refrain	from	strenuous	exercise	on	the	day	before	and	on	
the	day	of	the	experiment	to	avoid	any	effects	of	accumula-
tive	muscle	fatigue.	The	procedures	of	this	study	conformed	
to	the	guidelines	in	the	Declaration	of	Helsinki	and	were	ap-
proved	by	the	Human	Ethics	Committee	of	Wakayama	Medi-
cal	University	(approval	number:	1616).	Before	participating	
in	 the	 study,	 each	 participant	 provided	 written	 informed	
consent	after	receiving	a	thorough	explanation	of	the	study	
protocol.	This	 study	 followed	a	 test	 protocol	 as	previously	
described	by	the	authors.33)
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Table 1.	 Anthropometric	characteristics	of	the	participants
Men	(n=16) Women	(n=16)

Age	(years) 25.4	±	2.6 22.8	±	1.5
Height	(cm) 173.8	±	5.8 161.0	±	4.6
Body	weight	(kg) 67.6	±	7.0 53.5	±	5.4
Body	mass	index	(kg/m2) 22.4	±	2.2 20.6	±	1.6
Data	given	as	mean	±	standard	deviation
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Position Task
The	strength	of	 the	knee	extensor	muscle	was	measured	

using	 a	 leg	 press	machine	 (SYGNUM80,	Gym80,	Gelsen-
kirchen,	Germany).	The	participants	rested	for	15	min	while	
seated	 in	 a	 chair	 before	 taking	 a	 position	 on	 the	 leg	 press	
machine	with	 their	 right	 hip	 and	 knee	 flexed	 at	 90°	 (Fig. 
1).	Maximal	 voluntary	 contraction	 (MVC)	was	 defined	 as	
the	maximal	load	that	the	participant	could	withstand	with	
the	knee	at	90°	flexion;	 the	process	of	weight	 loading	was	
performed	in	increments	of	2.5	kg.	The	test	was	terminated	
when	the	subject	could	no	longer	maintain	 the	knee	at	90°	
flexion	(defined	as	>90°	flexion	for	5	s)	despite	strong	verbal	
encouragement.	Knee	flexion	 angle	was	measured	 using	 a	
goniometer	 (Todai	 style	goniometer	with	 an	overall	 length	
of	60	cm;	TTM-KO,	Sakai	Medical,	Tokyo,	Japan)	and	 the	
angle	of	the	knee	joint	was	manually	evaluated.	The	machine	
was	calibrated	to	apply	60%	of	MVC,	with	the	right	hip	and	
knee	at	90°	flexion	(position	task).	After	assuming	a	sitting	

position	for	15	min,	the	participants	were	instructed	to	press	
and	sustain	the	same	posture	as	that	maintained	during	the	
measurement	of	MVC	for	as	long	as	possible	(position	task	
with	 knee	 at	 90°	 flexion;	Fig. 1).	 The	 test	 was	 completed	
when	the	participants	were	no	longer	able	to	maintain	knee	
flexion	 of	 over	 90°	 for	 5	s,	 even	with	 strong	 verbal	 cheer-
ing.	Thereafter,	the	endurance	time	was	noted	as	one	of	the	
markers	 of	 knee	 extensor	 isometric	 endurance.	 The	MVC	
was	obtained	by	dividing	by	body	weight	to	compensate	for	
differences	in	body	size	between	men	and	women.

Recording and Analyzing Electromyographic 
Signal
The	EMG	signal	was	monitored	during	 the	position	 task	

for	 the	 knee	 at	 90°	 flexion.	 Before	 placing	 the	 electrodes,	
the	 area	 selected	 for	 electrode	 placement	was	 prepared	 by	
shaving	(when	required)	and	wiping	with	an	alcohol	swab.	
Two	10-mm	Ag-AgCl	surface	electrodes	were	placed	2	cm	
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Fig. 1.	 Body	position	during	the	static	knee	extensor	strength	and	position	task.
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apart	on	the	VMO	and	VML	by	a	single	examiner.	The	ac-
tive	electrodes	were	adhered	 to	 the	VML	according	 to	 the	
guidelines	 provided	 by	Surface	ElectroMyoGraphy	 for	 the	
Non-Invasive	 Assessment	 of	 Muscles.34)	 The	 electrode	 on	
the	VMO	was	attached	at	a	distance	of	approximately	50	mm	
from	the	superior-medial	aspect	of	the	patella,	along	a	line	in-
clined	50°	with	respect	to	the	anterior	superior	iliac	spine.35) 
The	inter-electrode	axis	of	 the	electrodes	was	aligned	with	
the	 assumed	 direction	 of	 the	 muscle	 fibers.	 Based	 on	 the	
Standards	for	Reporting	EMG	Data,	endorsed	by	the	Inter-
national	Society	of	Electrophysiology	and	Kinesiology,36) a 
signal	 in	the	range	of	8–500	Hz	was	transmitted	through	a	
bandpass	filter,	amplified	using	an	MQ16	transmitter	(Marq-
Medical,	Farum,	Denmark),	digitized	by	an	A/D	converter	
(Vital	 Recorder2,	 Kissei	 Comtec,	Matsumoto,	 Japan),	 and	
then	 stored	 on	 a	 computer	 at	 a	 sampling	 rate	 of	 2000	Hz.	
The	MF	 indices	were	 obtained	 after	Fourier	 transform	 for	
every	1-s	window	of	the	raw	EMG	signal	and	were	plotted	
against	the	time	[s]	during	the	test	using	a	spectrum	analysis	
program	(BIMUTASRII-A,	Kissei	Comtec).	Linear	regres-
sion	analysis	was	performed	to	calculate	the	declining	slope	
of	MF	at	a	given	time	[s],	defined	as	the	MF	slope.	To	allow	
comparison	 between	 participants,	 values	 during	 each	 test	
were	expressed	as	a	percentage	of	baseline.

Statistical Analysis
Data	 were	 shown	 as	 mean	 ±	 standard	 deviation.	 Dif-

ferences	 in	 the	endurance	 time	and	 the	MF	slope	between	
women	and	men	were	assessed	by	the	Student’s	 t-test.	The	
null	hypothesis	was	 rejected	at	 a	P	value	<0.05.	Statistical	
analysis	was	 performed	 using	 SPSS	 for	Windows,	 version	
23.0	(IBM	SPSS,	Armonk,	NY,	USA).

RESULTS

Maximal Voluntary Contraction and Endur-
ance Time
The	MVC	of	women	(54.2	±	6.3	kg;	range,	41.0–65.0	kg)	

was	 significantly	 lower	 than	 that	 of	 men	 (88.5	 ±	 14.7	kg;	
range,	65.0–117.0	kg;	P	<0.01)	 (Fig. 2).	Moreover,	 the	nor-
malized	MVC	by	body	weight	for	women	(1.02	±	0.14	kg/kg;	
range,	 0.78–1.32)	was	 significantly	 lower	 than	 that	 of	men	
(1.32	±	 0.26	kg/kg;	 range,	 0.95–2.04;	 P	<0.01).	The	 endur-
ance	time	of	women	(64.8	±	16.1	s;	range,	43.0–102.0	s)	was	
significantly	 longer	 than	 that	 of	 men	 (54.3	 ±	 9.2	s;	 range,	
42.0–74.0	s;	P	<0.05)	(Fig. 3).

Median Frequency Slopes During the Test
Figure 4	 shows	 representative	 changes	 in	 the	MF	 slope	

of	VMO	 and	VML	 recorded	 for	 a	 30-year-old	man	 and	 a	
23-year-old	 woman.	 Analysis	 of	 data	 of	 the	 entire	 group	
showed	a	 linear	decrease	 in	MF	during	 the	 test	 time	in	all	
participants	(P	<0.001).	The	magnitudes	of	the	MF	slopes	for	
the	VMO	and	VML	were	significantly	lower	in	women	than	
in	men	 (VMO,	−0.59	±	0.15	vs.	−0.44	±	0.12%/s,	P	<0.01;	
VML,	−0.57	±	0.22	vs.	−0.39	±	0.12%/s,	P	<0.01)	(Fig. 5).

DISCUSSION

The	main	 findings	 of	 the	 position	 task	were	 that	 longer	
endurance	time	and	lower	MF	slopes	of	the	VMO	and	VML	
were	noted	in	women	than	in	men,	suggesting	that	the	VMO	
and	VML	 in	women	have	 less	 fatigability	 than	 in	men.	A	
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Fig. 2.	 Maximal	voluntary	contraction	(MVC)	in	men	and	
women	for	the	knee	extensor	test.	Values	are	mean	±	stan-
dard	deviation.	Asterisk	 indicates	significant	difference	vs.	
women	(P<0.01).

Fig. 3.	 Endurance	 time	during	 the	 static	 leg	 press	 test	 in	
men	and	women.	Values	are	mean	±	standard	deviation.	As-
terisk	indicates	significant	difference	vs.	women	(P<0.05).
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previous	study	reported	that	muscle	strength	correlates	with	
muscle	cross-sectional	area,	and	the	cross-sectional	area	of	
quadriceps	 in	 women	 is	 lower	 than	 that	 in	 men.37)	 In	 the	
present	 study,	 the	 muscle	 force-generating	 capacity	 was	
lower	 in	women	 than	 in	men,	which	 is	 consistent	with	 the	
previous	 study.	To	 examine	motor	 unit	 recruitment	 during	
isometric	 lower-limb	 contraction	 using	 power	 spectrum	
analysis,	previous	studies	have	recommended	 that	 the	 load	
of	contraction	be	more	than	40%	of	MVC.38)	However,	other	
studies	 have	 used	 a	 load	 set	 below	 40%	 of	MVC	 because	
of	 the	difficulty	 in	applying	higher	 load.27–30)	Recently,	we	
reported	 the	 successful	 application	 of	 identical	 VMO	 and	
VML	isometric	muscle	contraction	at	60%	of	MVC.33)	The	
study	revealed	high	within-day	and	between-day	reproduc-
ibility	in	the	MF	slopes	of	the	VMO	and	VML.	Therefore,	
the	present	study	was	designed	 to	quantify	 the	contraction	
level	relative	to	60%	of	MVC.	The	present	assessment	of	dif-
ferences	in	the	fatigabilities	of	the	VMO	and	VML	between	
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Fig. 4.	 Changes	in	median	frequency	(MF)	of	VMO	(upper)	and	VML	(lower)	 in	(A)	a	representative	
30-year-old	man	and	(B)	a	23-year-old	woman.	MF	decreased	linearly	with	test	time	in	both	subjects.

Fig. 5.	 Comparison	of	MF	 slopes	 for	VMO	and	VML	 in	
men	 and	 women.	 VMO,	 −0.59	 ±	 0.15	 (men)	 vs.	 −0.44	 ±	
0.12%/s	 (women),	 P	 <0.01;	 VML,	 −0.57	 ±	 0.22	 (men)	 vs.	
−0.39	±	0.12%/s	 (women),	P	<0.01).	Asterisk	 indicates	sig-
nificant	difference	vs.	women	(P<0.01).
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sexes	was	conducted	properly	and	 indicated	 that	 the	VMO	
and	VML	are	more	fatigue-resistant	in	women	than	in	men.
The	 results	 of	 the	 present	 study	 are	 consistent	 with	 the	

results	of	previous	studies	that	evaluated	the	sex	difference	
in	 fatigabilities	 of	 the	 erector	 spinae	 muscles,24,25)	 which	
showed	 longer	 endurance	 time	 (duration	 of	 unsupported	
trunk	 holding	 test)	 and	 lower	 MF	 slopes	 in	 young	 adult	
women	 than	 those	 in	 age-matched	men.	Muscle	 fibers	 are	
categorized	into	type	I	and	type	II	fibers.	Generally,	aerobic	
capacity	is	associated	with	the	relative	volume	of	type	I	mus-
cle	fibers,39)	while	maximal	isometric	strength	is	dependent	
on	the	superiority	of	type	II	muscle	fibers.40)	As	previously	
described,	EMG	power	spectral	analysis	was	combined	with	
histochemical	 analysis	 to	 determine	 the	 types	 of	 muscle	
fibers26,41,42);	muscles	with	 a	 greater	 ratio	 of	 type	 II	 fibers	
exhibited	 a	 greater	 decline	 in	 MF	 slope	 during	 sustained	
contraction.26)	The	relative	area	of	type	I	fibers	in	the	erec-
tor	spinae	is	larger	and	correlates	with	lower	MF	slopes	as	
per	 the	 trunk	 holding	 test.41)	Given	 that	 both	 the	VM	 and	
erector	spinae	contain	relatively	higher	proportions	of	type	I	
fibers,	they	are	beneficial	for	use	as	antigravity	muscles.17,43) 
As	previously	suggested,	the	ratios	of	the	type	I	fibers	in	the	
erector	spinae	and	VM	would	be	lower	in	healthy	adult	men	
than	those	in	women.11,17,43)	The	results	of	previous	studies	
are	 consistent	with	 the	MF	 slopes	 observed	 in	 the	 present	
study,	and	the	proportions	of	type	I	fibers	in	the	VMO	and	
VML	are	relatively	larger	in	women	than	in	men.
In	 our	 previous	 studies	 that	 evaluated	 erector	 spinae	

muscle	fatigabilities	using	surface	EMG,	the	erector	spinae	
muscles	were	more	fatigue-resistant	in	prepubertal	boys	and	
girls	than	in	young	adults,	and	there	were	sex	differences	in	
muscle	fatigability	in	prepubertal	children,	similar	to	healthy	
adults.44)	 However,	 the	 age-related	 change	 in	 fatigability	
occurred	in	only	men,	and	there	were	no	sex	differences	in	
muscle	fatigability	in	healthy	older	people.24)	Moreover,	the	
specific	 differences	 found	 in	 athletes	with	 lumbar	 spondy-
lolysis25)	and	patients	with	Parkinson’s	disease45) compared 
with	 age,	 sex,	 and	 anthropometric	 characteristics	matched	
healthy	 individuals;	MF	 slope	was	 higher	 in	 patients	with	
Parkinson’s	disease	than	healthy	individuals25),	however,	MF	
slope	 in	 athletes	with	 terminal	 stage	 lumbar	 spondylolysis	
was	 lower	 than	 athletes	 without	 lumbar	 spondylolysis45),	
Sato	et	al.46)	revealed	that	the	fatigabilities	of	the	VMO	and	
VML	on	the	involved	side	differed	in	muscle	strength	recov-
ery	in	adult	men	who	had	undergone	anterior	cruciate	liga-
ment	 reconstruction.	Based	on	 that	knowledge,	we	believe	
that	physical	therapists	need	to	understand	the	differences	in	
muscle	according	to	age,	sex,	and	disease	when	conducting	

effective	strength	training	for	patients;	however,	it	has	been	
unclear	whether	all	muscles	are	affected.
The	sex-related	differences	in	the	fatigability	found	in	the	

present	study	may	serve	as	supportive	information	to	design	
effective	strategies	when	performing	strength	training	of	the	
VMO	 and	 VML	 for	 women	 and	 men.	 Moreover,	 specific	
changes	 in	 the	VMO,	VML,	or	both	may	occur	 in	various	
knee	 disorders.	 For	 example,	 selective	 atrophy	 of	 type	 II	
muscle	 fibers	 occurs	 in	 the	VM	 in	 cases	 of	 knee	 osteoar-
thritis.47)	Therefore,	further	studies	are	needed	to	determine	
the	properties	of	the	VMO	and	VML,	to	collect	information	
about	knee	symptoms,	and	to	help	design	training	programs	
based	on	these	sex	differences.

CONCLUSION

This	is	the	first	study	to	evaluate	differences	in	the	fatiga-
bilities	of	the	VMO	and	VML	between	different	sexes	using	
EMG	power	 spectral	 analysis.	The	 results	 suggest	 that	 the	
VMO	and	VML	are	less	fatigable	in	women	than	in	men.
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