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Abstract
The	purpose	of	this	study	was	to	investigate	the	effects	of	a	rise	in	arterial	car-
bon	dioxide	pressure	(PaCO2)	on	vascular	and	blood	flow	responses	in	the	cer-
ebral	circulation	and	active	skeletal	muscles	during	dynamic	exercise	in	humans.	
Thirteen	healthy	young	adults	 (three	women)	participated	 in	hypercapnia	and	
normocapnia	 trials.	 In	 both	 trials,	 participants	 performed	 a	 two-	legged	 dy-
namic	knee	extension	exercise	at	a	constant	workload	that	increased	heart	rate	
to	roughly	100	beats	min−1.	In	the	hypercapnia	trial,	participants	performed	the	
exercise	 with	 spontaneous	 breathing	 while	 end-	tidal	 carbon	 dioxide	 pressure	
(PETCO2),	an	index	of	PaCO2,	was	held	at	60 mmHg	by	inhaling	hypercapnic	gas	
(O2:	20.3 ± 0.1%;	CO2:	6.0 ± 0.5%).	In	the	normocapnia	trial,	minute	ventilation	
during	exercise	was	matched	to	 the	value	 in	 the	hypercapnia	 trial	by	perform-
ing	voluntary	hyperventilation	with	PETCO2	clamped	at	baseline	level	(i.e.,	40–	
45 mmHg)	through	inhalation	of	mildly	hypercapnic	gas	(O2:	20.6 ± 0.1%;	CO2:	
2.7 ± 1.0%).	Middle	cerebral	artery	mean	blood	velocity	and	the	cerebral	vascular	
conductance	index	were	higher	in	the	hypercapnia	trial	than	in	the	normocapnia	
trial.	 By	 contrast,	 vascular	 conductance	 in	 the	 exercising	 leg	 was	 lower	 in	 the	
hypercapnia	trial	than	in	the	normocapnia	trial.	Blood	flow	to	the	exercising	leg	
did	not	differ	between	the	two	trials.	These	results	demonstrate	that	hypercapnia-	
induced	vasomotion	in	active	skeletal	muscles	is	opposite	to	that	in	the	cerebral	
circulation.	These	differential	vascular	responses	may	cause	a	preferential	rise	in	
cerebral	blood	flow.
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1 |  INTRODUCTION

The	 cerebrovascular	 tone	 is	 significantly	 affected	 by	
changes	in	the	arterial	carbon	dioxide	pressure	(PaCO2)	
(Battisti-	Charbonney	et	al.,	2011;	Coverdale	et	al.,	2014;	
Ide	et	al.,	2003;	Ogoh	et	al.,	2008,	2009;	Rasmussen	et	al.,	
2006;	Subudhi	et	al.,	2011).	In	response	to	an	increase	or	
decrease	in	PaCO2	(hypercapnia	or	hypocapnia,	respec-
tively),	cerebral	vasodilation	or	vasoconstriction	occurs	
to	maintain	pH	 in	 the	cerebrospinal	 fluid	 (Ogoh	et	al.,	
2008,	 2009).	 For	 instance,	 in	 resting	 humans,	 cerebral	
blood	 flow	 increases	 by	 approximately	 4%	 per	 mmHg	
end-	tidal	carbon	dioxide	pressure	(PETCO2,	an	 index	of	
PaCO2)	 in	 the	 hypercapnic	 range	 and	 decreases	 by	 ap-
proximately	 2%	 per	 mmHg	 PETCO2	 in	 the	 hypocapnic	
range	(Ide	et	al.,	2003).

Changes	 in	 PaCO2	 also	 affect	 peripheral	 blood	 ves-
sels,	 although	 the	 effects	 are	 less	 clear.	 Several	 studies	
performed	 in	 resting	 humans	 found	 that	 hypercapnia	
had	no	effect	on	blood	flow	or	vascular	resistance	in	the	
peripheral	 circulation	 (Kontos	 et	 al.,	 1968a;	 Xie	 et	 al.,	
2001),	whereas	other	studies	observed	that	hypercapnia	
elicited	a	decrease	 in	blood	flow	to	the	hand	(Gellhorn	
&	 Steck,	 1938)	 or	 an	 increase	 in	 brachial	 blood	 flow	
(Vantanajal	et	al.,	2007).	Thus,	there	is	no	consensus	re-
garding	the	effect	of	hypercapnia	on	peripheral	circula-
tory	responses.

During	dynamic	exercise,	 the	pattern	of	blood	 flow	
to	 the	 active	 and	 inactive	 skeletal	 muscles,	 brain,	 and	
other	organs	is	determined	by	local	metabolic	and	myo-
genic	factors	and	neuronally	mediated	vasoconstriction	
(Laughlin	 et	 al.,	 1996).	 Blood	 flow	 in	 active	 skeletal	
muscles	accounts	for	nearly	all	of	the	increased	cardiac	
output	 (CO)	 during	 dynamic	 exercise	 (Rowell,	 1993).	
Consequently,	 the	 impact	 of	 vasomotion	 within	 active	
skeletal	muscles	on	systemic	arterial	pressure	and	hemo-
dynamics	during	dynamic	exercise	is	much	greater	than	
that	in	inactive	skeletal	muscles	at	rest.	Hypercapnia	is	
a	key	element	driving	local	vasodilation	in	both	the	pe-
ripheral	(Kontos	et	al.,	1968b)	and	cerebral	vessels	(Al-	
Khazraji	et	al.,	2019;	Coverdale	et	al.,	2014).	Moreover,	
hypercapnia	elevates	sympathetic	nerve	activity	(Ainslie	
et	al.,	2005;	Jouett	et	al.,	2015;	Narkiewicz	et	al.,	1999;	
Somers	 et	 al.,	 1989,	 1991;	 Toledo	 et	 al.,	 2017)	 by	 acti-
vating	 central	 and	 peripheral	 chemoreflexes	 (Guyenet	
et	al.,	 2010;	Moreira	et	al.,	 2006;	Schultz	&	Sun,	2000;	
Toledo	et	al.,	2017).	Thus,	hypercapnia	during	dynamic	
exercise	may	alter	blood	flow	distribution	and	systemic	
arterial	 pressure	 by	 changing	 cerebrovascular	 and	 ac-
tive	 skeletal	 muscle	 vascular	 tone.	 This	 means	 that	
cerebral	and	peripheral	circulatory	responses	to	hyper-
capnia	during	dynamic	exercise	should	be	measured	si-
multaneously	in	the	same	individual.	However,	no	such	

studies	 have	 yet	 been	 conducted,	 although	 they	 have	
been	 investigated	 in	 humans	 at	 rest	 (Lennox	 &	 Gibbs,	
1932;	Vantanajal	et	al.,	2007)	and	during	static	handgrip	
exercise	(Ainslie	et	al.,	2005).

To	the	best	of	our	knowledge,	a	recent	study	by	Wan	
et	al.	(2020)	is	the	first	to	examine	peripheral	circulatory	
responses	 to	 hypercapnia	 (PaCO2:	 ~50  mmHg)	 during	
dynamic	 exercise.	 They	 reported	 that	 exercising	 leg	
blood	 flow	 (LBF)	 and	 leg	 vascular	 conductance	 (LVC)	
were	unaffected	by	hypercapnia.	However,	considering	
that	muscle	sympathetic	nerve	activity	increases	in	pro-
portion	 to	 the	 increase	 in	 PETCO2	 (Jouett	 et	 al.,	 2015),	
sympathetic	vasoconstriction	in	active	skeletal	muscles	
may	occur	when	employing	a	greater	magnitude	of	hy-
percapnia	relative	to	the	level	employed	in	the	study	by	
Wan	et	al.	 (2020).	 In	addition,	given	 that	hypercapnia-	
induced	 increase	 in	 arterial	 pressure	 is	 involved	 in	
elevated	 middle	 cerebral	 artery	 mean	 blood	 velocity	
(MCAVmean:	an	 index	of	cerebral	blood	 flow)	when	ce-
rebral	autoregulation	is	exhausted	(Battisti-	Charbonney	
et	al.,	2011),	hypercapnia-	induced	pressor	response	as-
sociated	 with	 sympathetic	 vasoconstriction	 in	 active	
skeletal	muscles	may	be	 involved	in	the	cerebral	blood	
flow	response	during	dynamic	exercise.

Therefore,	 the	 purpose	 of	 the	 present	 study	 was	 to	
investigate	 the	 effects	 of	 hypercapnia	 in	 the	 range	 of	
PaCO2 > 50 mmHg	on	vascular	and	blood	flow	responses	
in	 the	 cerebral	 circulation	 and	 active	 skeletal	 muscles	
during	dynamic	exercise	in	humans.	To	achieve	this	pur-
pose,	 we	 conducted	 simultaneous	 and	 continuous	 mea-
surements	 of	 MCAVmean	 and	 femoral	 artery	 blood	 flow	
(LBF)	during	two-	legged	dynamic	knee	extension	exercise	
with	and	without	hypercapnia.	We	hypothesized	that	hy-
percapnia	causes	cerebral	vasodilation	but	 induces	vaso-
constriction	within	active	skeletal	muscle.

2 |  MATERIALS AND METHODS

2.1 | Participants

Ten	 healthy	 men	 and	 three	 healthy	 women	 partici-
pated	 in	 this	 study.	 The	 participants	 were	 aged	 23  ±  3	
(mean  ±  standard	 deviation)	 years,	 with	 1.71  ±  0.08  m	
in	 height,	 and	 weighed	 68.8  ±  8.8  kg.	 None	 of	 the	 par-
ticipants	 were	 smokers	 nor	 taking	 prescription	 medica-
tions.	All	participants	refrained	from	caffeine	and	alcohol	
for	>24 h	and	food	for	2 h	prior	to	the	experiments,	and	
were	instructed	to	avoid	intense	exercise	the	night	before	
evaluation.	Female	participants	participated	in	the	experi-
ments	during	their	early	follicular	phase	to	minimize	the	
influence	of	 increases	 in	estrogen	or	progesterone	 levels	
on	circulatory	responses	(Wallace	et	al.,	2010).
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2.2 | Preliminary session

All	 participants	 engaged	 in	 a	 preliminary	 session	 to	 be-
come	 familiar	with	 the	 two-	legged	dynamic	knee	exten-
sion	exercise.	In	addition,	the	workload	of	knee	extension	
exercise	 to	 be	 used	 in	 the	 experimental	 session	 and	 the	
target	tidal	volume	(VT)	to	be	used	during	voluntary	hy-
perventilation	 in	 the	 experimental	 session	 (see	 below)	
were	determined.

2.3 | Experimental protocol

On	the	day	of	the	experiment,	the	participants	entered	the	
test	room	(room	temperature:	24.3 ± 1.2°C)	and	adopted	
a	semi-	supine	position	on	the	ergometer.	After	the	equip-
ment	was	set	up,	the	participants	maintained	their	resting	
position	for	3 min,	during	which	the	femoral	artery	blood	
flow	was	measured	in	the	right	leg	(rest).	Thereafter,	the	
participants	 started	 a	 10-	min	 knee	 extension	 exercise	
(60  rpm)	 at	 a	 constant	 workload	 (Ex	 baseline)	 that	 in-
creased	 the	 heart	 rate	 (HR)	 to	 roughly	 100	 beats	 min−1,	
as	 determined	 in	 the	 preliminary	 session.	 This	 exercise	
modality	and	intensity	allowed	us	to	measure	the	femoral	
artery	blood	flow	during	exercise.	The	average workload	
was	38 ± 10 W.	Five	minutes	after	starting	the	exercise,	
the	participants	began	a	5-	min	period	of	CO2	 inhalation	
(CO2	inhalation:	details	will	be	described	in	the	“CO2	in-
halation”	 section).	 This	 protocol	 was	 performed	 under	
two	conditions:	(1)	normoxic	normocapnia	(normocapnia	
trial)	 and	 (2)	 normoxic	 hypercapnia	 (hypercapnia	 trial).	
During	the	experiment,	a	fan	was	directed	at	the	partici-
pant’s	legs	to	minimize	leg	cutaneous	vasodilation	medi-
ated	 by	 exercise-	induced	 increases	 in	 body	 temperature	
(Simmons	 et	 al.,	 2011).	 Both	 trials	 were	 performed	 on	
the	same	day	and	separated	by	at	least	20-	min.	We	rand-
omized	and	counterbalanced	the	order	of	the	trials.

2.4 | CO2 inhalation

During	the	CO2	inhalation	period	in	the	hypercapnia	trial,	
the	 participants	 exercised	 with	 spontaneous	 breathing	
[i.e.,	their	VT	and	respiratory	frequency	(fR)	were	not	con-
trolled],	while	PETCO2	was	held	at	60 mmHg	by	inhalation	
of	hypercapnic	gas	(O2:	20.3 ± 0.1%;	CO2:	6.0 ± 0.5%).	The	
experimenter	 monitored	 the	 breath-	by-	breath	 PETCO2	
data	obtained	from	the	mass	spectrometer	and	manually	
adjusted	the	CO2	flow	rate	using	a	gas	flow	meter	(RK1150,	
KOFLOC,	Japan)	to	maintain	PETCO2	levels.	To	minimize	
the	potential	difference	in	the	work	of	breathing	between	
the	two	trials,	minute	ventilation	(VE)	during	CO2	inhala-
tion	 in	 the	 normocapnia	 trial	 was	 matched	 to	 the	 value	

during	CO2	 inhalation	 in	 the	hypercapnia	 trial,	wherein	
the	fR	was	set	at	60	breaths	min−1	so	that	the	participants	
could	easily	match	the	timing	of	their	kicking	and	breath-
ing.	The	VT	level	employed	in	the	normocapnia	trial	was	
predetermined	in	the	preliminary	session,	as	noted	above.	
The	respiratory	pattern	used	in	the	normocapnia	trial	was	
accomplished	using	visual	feedback	from	a	computer	dis-
play	showing	VT	and	auditory	cues	from	a	metronome	for	
fR.	To	prevent	the	reduction	in	PETCO2	caused	by	volun-
tary	 hyperventilation	 (Chin	 et	 al.,	 2013;	 Dobashi	 et	 al.,	
2017),	 the	 participants	 inhaled	 mildly	 hypercapnic	 gas	
(O2:	20.6 ± 0.1%;	CO2:	2.7 ± 1.0%)	simultaneously.	In	this	
way,	PETCO2	was	maintained	at	the	Ex	baseline	level	(i.e.,	
40–	45 mmHg)	in	the	normocapnia	trial.	Similar	to	the	hy-
percapnia	trial,	the	CO2	flow	rate	was	manually	adjusted	
by	the	experimenter	in	the	normocapnia	trial.

2.5 | Measurements

The	 participants	 breathed	 from	 a	 low-	dead	 space	 mask	
that	 covered	 their	 nose	 and	 mouth.	 A	 pneumotacho-
graph	 transducer	 for	 evaluating	 respiratory	 volume	 was	
attached	to	the	mask	and	a	gas-	sampling	tube	(sampling	
rate	 of	 60  ml	 min−1)	 was	 attached	 to	 the	 pneumotacho-
graph	 transducer.	 Respiratory	 variables	 were	 assessed	
using	 a	 mass	 spectrometer	 (ARCO-	1000,	 Arco	 System,	
Japan),	which	analyzed	respiratory	O2	and	CO2	pressures.	
Before	 starting	 the	 measurements,	 the	 mass	 spectrom-
eter	was	calibrated	using	reference	gases	of	known	con-
centrations	 (O2:	15.1%,	CO2:	5.0%).	The	 flow	sensor	was	
calibrated	using	an	appurtenant	calibration	 syringe	able	
to	blow	a	fixed	volume	(3	L)	of	air.	The	mass	spectrometer	
provided	breath-	to-	breath	VE	and	PETCO2	values	based	on	
the	measured	respiratory	volume	and/or	gases.

The	HR	was	monitored	using	a	 three-	lead	electrocar-
diogram	 (ECG).	 Beat-	to-	beat	 changes	 in	 arterial	 blood	
pressure	 were	 assessed	 using	 finger	 photoplethysmogra-
phy	(Finometer,	Finapres	Medical	Systems).	The	cuff	was	
placed	around	the	middle	finger	of	the	left	hand,	with	the	
forearm	and	hand	supported	so	that	the	cuff	was	aligned	
at	 the	 level	 of	 the	 heart.	 We	 estimated	 the	 beat-	to-	beat	
stroke	 volume	 (SV)	 from	 the	 blood	 pressure	 waveform	
using	the	Modelflow	software	(Wesseling	et	al.,	1993).	CO	
was	calculated	as	the	product	of	SV	and	HR.	Total	vascular	
conductance	(TVC)	was	then	calculated	as	CO/mean	arte-
rial	pressure	(MAP).

We	 measured	 LBF	 using	 Doppler	 ultrasound,	 as	
previously	 described	 (Ichinose	 et	 al.,	 2018;	 Ichinose	 &	
Nishiyasu,	 2005;	 Nishiyasu	 et	 al.,	 2012).	 A	 Doppler	 ul-
trasound	 system	 (iU-	22;	 Philips,	 USA)	 equipped	 with	 a	
handheld	 transducer	probe	 (model	L12-	5)	with	an	oper-
ating	frequency	of	6 MHz	was	utilized	to	simultaneously	
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measure	 the	 two-	dimensional	 common	 femoral	 artery	
diameter	and	mean	blood	velocity	(MBV).	Measurements	
were	performed	by	positioning	the	transducer	probe	over	
the	common	femoral	artery	in	the	right	thigh,	2–	3 cm	distal	
to	the	inguinal	ligament.	All	Doppler	data	were	recorded	
continuously	 on	 an	 S-	VHS	 videotape	 (ST-	120;	 Maxell,	
Japan).	 The	 videotape	 record	 of	 the	 vessel	 image	 was	
digitized	using	a	digital	video	board	(PCI-	1411;	National	
Instruments,	 USA)	 and	 stored	 on	 a	 personal	 computer	
equipped	 with	 software	 to	 measure	 the	 vessel	 diameter.	
During	 the	 last	 1  min	 of	 the	 rest,	 Ex	 baseline,	 and	 CO2	
inhalation	 periods,	 the	 largest	 and	 smallest	 femoral	 ar-
tery	diameters	within	each	cardiac	cycle	were	measured	
for	five	heartbeats,	and	the	mean	values	of	each	were	de-
fined	as	the	systolic	(Ds;	mm)	and	diastolic	(Dd;	mm)	di-
ameters,	respectively.	The	mean	diameter	(Dm;	mm)	was	
calculated	as	Dm = Ds/3 + 2	×	Dd/3.	The	femoral	artery	
cross-	sectional	 area	 (CSA)	 was	 estimated	 using	 a	 repre-
sentative	Dm,	using	the	formula:	CSA = (Dm/10/2)2	π.

Instantaneous	MBV	was	continuously	estimated	using	
a	computer	program	developed	with	the	aid	of	LabVIEW	
(version	6.0;	National	 Instruments,	USA).	The	processes	
used	in	the	MBV	calculations	are	outlined	below:	The	fre-
quency	spectrum	of	the	analog	audio	output	signal	of	our	
ultrasound	Doppler	unit	robustly	reflects	the	Doppler	shift	
frequency	 spectrum	 within	 the	 audio	 range	 (7.5  kHz	 in	
this	study).	The	analog	audio	output	signal	was	digitized	
at	 a	 sampling	 frequency	 of	 20  kHz	 using	 an	 analog-	to-	
digital	converter	(DAQCard-	6062E,	National	Instruments)	
for	 processing	 on	 a	 personal	 computer	 (ThinkPad	 T30,	
IBM)	equipped	with	our	program.	The	power	spectrum	of	
the	digitized	audio	signal	was	obtained	using	fast	Fourier	
transform	analysis	 techniques	using	a	Hanning	smooth-
ing	 window	 with	 a	 512-	data	 point	 segment.	 The	 mean	
frequency	 of	 a	 data	 segment	 (fme)	 was	 derived	 from	 the	
spectral	data	using	the	following	equation:

where	fi	is	the	spectral	frequency,	Pi	is	the	power	related	to	fi,	
and	N	is	the	number	of	data	points.	We	began	an	analysis	of	
the	next	data	segment	of	the	digitized	audio	signal,	which	was	
advanced	to	200	data	points	from	the	beginning	of	the	previ-
ous	segment	so	that	the	312	data	points	(15.6 ms)	overlapped.	
Our	program	repeated	 the	above	processes	 in	real-	time	and	
continuously	produced	100	values	of	fme	per	second	(100 Hz).	
The	fme	calculated	using	the	above	processes	correlated	well	
with	the	actual	mean	Doppler	shift	frequency	when	the	elec-
trically	generated	arbitrary	ultrasound	wave	was	transmitted	
to	the	transducer	probe	and	measured	using	our	ultrasound	
Doppler	unit.	Therefore,	we	regarded	fme	as	the	mean	Doppler	

shift	 frequency	and	used	 it	 to	calculate	 instantaneous	MBV.	
The	analog	signals	representing	the	ECG	and	blood	pressure	
waveform	were	digitized	at	a	sampling	frequency	of	100 Hz	
and	stored	together	with	fme	(thus,	all	data	could	be	analyzed	
together	 for	 the	 same	 time	 period).	 The	 HR,	 systolic	 blood	
pressure,	diastolic	blood	pressure,	MAP,	and	MBV	were	cal-
culated	using	an	offline	data	analysis	program.	The	MBV	was	
derived	from	the	stored	fme	data	using	the	following	equation:

where	fe	is	the	emitted	frequency	from	the	transducer	probe	
(6 MHz	for	femoral	and	brachial	blood	flow	and	2 MHz	for	
aortic	blood	flow)	and	C	is	the	sound	velocity	in	the	tissues	
(1,530  m	 sec−1).	 We	 applied	 the	 above	 formula	 to	 all	 the	
stored	fme	data	and	obtained	an	instantaneous	MBV	profile	
over	 the	 entire	 measurement	 period.	 The	 instantaneous	
MBV	profile	was	then	integrated	over	each	cardiac	cycle	to	
acquire	the	beat-	by-	beat	velocity-	time	integral	(VTI;	 in	cm	
beat−1).	LBF	was	then	calculated	as	CSA	×	VTI	×	HR.	The	
LVC	was	calculated	as	LBF/MAP.

MCAVmean	was	determined	using	a	transcranial	Doppler	
ultrasound	 device	 (EZ-	Dop;	 Compumedics,	 Singen,	
Germany),	as	previously	described	(Fujii	et	al.,	2019,	2021).	
Briefly,	a	2-		MHz	Doppler	probe	was	affixed	to	the	temporal	
bone.	The	middle	cerebral	artery	was	 insonated	at	a	depth	
of	42–	59 mm	from	the	temporal	bone.	MCAVmean	was	con-
tinuously	recorded	at	a	sampling	rate	of	200 Hz	and	stored	
on	 a	 computer	 via	 a	 data	 acquisition	 system	 (Power	 Lab;	
ADInstruments,	 Australia).	 The	 cerebral	 vascular	 conduc-
tance	index	(CVCi)	was	calculated	as	MCAVmean/MAP	×	100.

Ratings	of	perceived	effort	of	breathing	(range,	0–	10)	
(Borg,	1982)	were	recorded	immediately	after	exercise.

2.6 | Data analysis

Circulatory	and	respiratory	variables	were	averaged	over	
the	last	1 min	of	the	rest,	Ex	baseline,	and	CO2	inhalation	
periods.	 In	 response	 to	 hypercapnia,	 both	 local	 cerebral	
vasodilation	and	elevation	in	cerebral	perfusion	pressure	
could	 increase	 cerebral	 blood	 flow	 (Battisti-	Charbonney	
et	al.,	2011).	Therefore,	we	estimated	the	relative	contri-
butions	 of	 cerebral	 vasodilation	 and	 increased	 arterial	
pressure	to	hypercapnia-	induced	increases	in	MCAVmean	
during	dynamic	exercise,	using	the	following	equations:

fme =

∑N∕2
i=0

(fi ⋅ Pi)
∑N∕2

i=0
fi

.

MBV =
fme × C

2 × fe × cos60
◦
× 100.

MCAVmeanestimated=MAP innormocapnia

×CVCi inhypercapnia

ΔMCAVmeanestimated=MCAVmean estimated

−MCAVmeaninnormocapnia
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where	MAP	in	normocapnia,	CVCi	in	hypercapnia,	and	
MCAVmean	 in	normocapnia	are	all	data	during	CO2	 in-
halation;	MCAVmean	estimated	is	the	estimated	level	of	
MCAVmean	 under	 hypercapnia	 if	 only	 cerebral	 vasodi-
lation	 occurs;	 ∆MCAVmean	 estimated	 is	 the	 estimated	
amount	 of	 increase	 in	 MCAVmean	 caused	 by	 cerebral	
vasodilation;	 %	 contribution	 of	 vasodilation	 is	 the	 rel-
ative	 contribution	 (%)	 of	 cerebral	 vasodilation	 to	 the	
hypercapnia-	induced	 increase	 in	 MCAVmean;	 and	 %	
contribution	 of	 increased	 arterial	 pressure	 is	 the	 rela-
tive	 contribution	 (%)	 of	 increased	 arterial	 pressure	 to	
increased	MCAVmean.

2.7 | Statistical analysis

The	 minimal	 sample	 size	 was	 calculated	 on	 the	 basis	
of	 previously	 collected	 data	 evaluating	 hypercapnia-	
induced	 changes	 in	 forearm	 blood	 flow	 (CO2	 breath-
ing	 vs.	 Control:	 3.5  ±  0.3	 vs.	 3.0  ±  0.3  ml	 min−1	 per	
100  ml)	 (Kontos	 et	 al.,	 1968a)	 and	 in	 MCAVmean	 (dur-
ing	CO2	breathing	vs.	pre-	CO2	breathing:	75.6 ± 16.1	vs.	
62.6  ±  11.7  cm	 sec−1)	 (Panerai	 et	 al.,	 1999)	 in	 resting	
humans.	 We	 determined	 that	 a	 minimum	 of	 6	 and	 12	
participants	 would	 be	 required	 for	 forearm	 blood	 flow	
and	MCAVmean,	respectively,	with	80%	power	and	an	α	
level	 of	 0.05.	 The	 normal	 distribution	 of	 variables	 was	
checked	using	the	Shapiro–	Wilk	test.	Two-	way	ANOVA	
was	used	to	analyze	the	variables;	the	factors	were	trial	
(normocapnia	and	hypercapnia)	and	time	(rest,	Ex	base-
line,	and	CO2	inhalation).	When	a	main	effect	of	time	or	
interaction	was	detected,	post	hoc	multiple	comparisons	
were	performed	with	Bonferroni	correction.	For	varia-
bles	that	were	not	normally	distributed	(i.e.,	fR,	LBF,	and	
LVC),	the	Friedman	test	(nonparametric	test)	was	used	
to	examine	the	effect	of	time	(rest,	Ex	baseline,	and	CO2	
inhalation)	 in	 each	 trial	 (normocapnia	 and	 hypercap-
nia).	When	the	effect	of	time	was	detected,	the	Wilcoxon	
test	 (nonparametric	 test)	 was	 used	 for	 pairwise	 com-
parison.	 The	 Wilcoxon	 test	 was	 also	 used	 to	 compare	
normocapnia	and	hypercapnia	at	each	time	point	(rest,	
Ex	baseline,	and	CO2	 inhalation).	The	student's	paired	
t-	test	 was	 used	 to	 compare	 the	 relative	 contributions	
of	cerebral	vasodilation	and	increased	arterial	pressure	
to	the	hypercapnia-	induced	increase	in	the	MCAVmean.	
The	Shapiro–	Wilk	test	revealed	that	the	perceived	effort	

of	 breathing	 was	 not	 normally	 distributed.	 Therefore,	
the	Wilcoxon	test	was	used	for	pairwise	comparison	of	
the	perceived	effort	of	breathing.	Statistical	significance	
was	set	at	p < 0.05.	The	data	for	which	nonparametric	
tests	 were	 used	 are	 expressed	 as	 median	 values,	 and	
other	data	are	expressed	as	mean ± standard	deviation.	
The	 statistical	 software	 package	 SPSS	 27	 for	 Windows	
(IBM,	Armonk,	NY,	USA)	was	used	for	all	the	statistical	
analyses.

3 |  RESULTS

Figure	 1	 shows	 the	 PETCO2	 and	 circulatory	 responses	
recorded	 from	 a	 representative	 participant	 during	 the	
hypercapnia	 trial.	 Time-	dependent	 changes	 in	 respira-
tory	 variables	 during	 the	 rest	 and	 exercise	 periods	 are	
illustrated	 in	 Figure	 2,	 while	 the	 data	 for	 fR	 for	 which	
nonparametric	tests	were	used	are	also	shown	in	Table	
1.	At	 rest,	VT	and	 fR	were	 similar	between	 the	 two	 tri-
als,	whereas	PETCO2	was	lower	in	the	hypercapnia	trial	
than	 in	 the	 normocapnia	 trial	 (37.0  ±  2.4  mmHg	 vs.	
37.7  ±  2.6  mmHg,	 p	 =	 0.033),	 although	 the	 difference	
was	not	physiologically	important.	At	Ex	baseline,	there	
were	no	between-	trial	differences	in	PETCO2,	VT	and	fR.	
By	 design,	 PETCO2	 during	 CO2	 inhalation	 was	 higher	
in	 the	 hypercapnia	 trial	 than	 in	 the	 normocapnia	 trial	
(60.6 ± 1.3	vs.	42.9 ± 2.0 mmHg,	p	<	0.001).	In	the	nor-
mocapnia	trial,	PETCO2	during	CO2	inhalation	was	simi-
lar	to	that	measured	during	Ex	baseline	(42.9 ± 2.0	vs.	
42.8 ± 1.7 mmHg,	p	=	1.000).

The	 time-	dependent	 changes	 in	 circulatory	 variables	
during	the	rest	and	exercise	periods	are	presented	in	Figure	
3,	while	the	data	for	LBF	and	LVC	for	which	nonparamet-
ric	tests	were	used	are	also	shown	in	Table	1.	The	data	for	
MBV	and	Dm	in	femoral	artery	are	shown	in	Table	2.	At	
rest	and	at	Ex	baseline,	none	of	the	circulatory	variables	
differed	between	the	two	conditions.	During	CO2	inhala-
tion,	both	MCAVmean	(99 ± 25	vs.	65 ± 18 cm	sec−1,	p	<	
0.001)	and	CVCi	(89 ± 22	vs.	65 ± 18 cm	sec−1 mmHg−1,	
p	 <	 0.001)	 were	 higher	 in	 the	 hypercapnia	 trial	 than	 in	
the	normocapnia	trial.	By	contrast,	LVC	was	lower	in	the	
hypercapnia	trial	than	in	the	normocapnia	trial	(median:	
21.9	vs.	25.6 ml	min−1 mmHg−1,	p	=	0.028).	LBF	did	not	
differ	 between	 the	 hypercapnia	 and	 normocapnia	 trials	
(median:	2490	vs.	2721 ml	min−1,	p	=	0.807).	CO,	HR,	and	
MAP	were	higher	in	the	hypercapnia	trial	than	in	the	nor-
mocapnia	 trial	 during	 CO2	 inhalation.	 TVC	 during	 CO2	
inhalation	was	higher	than	the	Ex	baseline	values	in	both	
trials,	whereas	SV	during	CO2	inhalation	did	not	signifi-
cantly	differ	from	the	Ex	baseline	value	in	either	trial.

The	 calculated	 percentage	 contribution	 of	 cerebral	
vasodilation	 to	 the	 increase	 in	 MCAVmean	 elicited	 by	

%Contribution of vasodilation

=
[

ΔMCAVmeanestimated∕(MCAVmeaninhypercapnia

−MCAVmeaninnormocapnia)×100
]

%Contributionof increased arterial pressure

=100−% contributionof vasodilation
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hypercapnia	 was	 significantly	 higher	 than	 that	 made	 by	
the	increase	in	arterial	pressure	(72 ± 13%	vs.	28 ± 13%,	p	
<	0.001)	(Figure	4).

The	perceived	effort	of	breathing	recorded	immediately	
after	exercise	was	higher	in	the	hypercapnia	trial	than	in	
the	normocapnia	trial	(5 ± 1	vs.	4 ± 2	a.u.,	p	=	0.030).

4 |  DISCUSSION

We	 investigated	 the	 effects	 of	 hypercapnia	 on	 circu-
latory	 responses	 during	 a	 dynamic	 two-	legged	 knee	
extension	exercise.	We	demonstrated	that	during	CO2	in-
halation,	which	results	in	increased	arterial	CO2	pressure,	
MCAVmean	and	CVCi	were	higher,	while	LVC	was	lower	
in	 the	 hypercapnia	 trial	 than	 in	 the	 normocapnia	 trial.	
This	 suggests	 that	hypercapnia	during	dynamic	exercise	
elicits	 robust	 vasodilation	 in	 cerebral	 circulation	 while	
inducing	vasoconstriction	within	active	skeletal	muscles.

We	 showed	 that	 hypercapnia	 markedly	 increased	
MCAVmean	 and	 CVCi	 during	 dynamic	 exercise,	 which	 is	
consistent	 with	 previously	 reported	 results	 (Ogoh	 et	 al.,	
2008,	2009;	Subudhi	et	 al.,	 2011).	By	contrast,	we	 found	
that	 hypercapnia	 decreased	 LVC	 during	 exercise,	 which	
contradicts	 a	 recent	 study	 by	Wan	 et	 al.	 (2020),	 who	 re-
ported	 that	 hypercapnia	 had	 no	 effect	 on	 LVC	 during	 a	
one-	legged	 dynamic	 knee	 extension	 exercise.	 This	 dis-
crepancy	may	be	attributable	to	the	difference	in	the	de-
gree	of	hypercapnia	between	the	present	study	(PETCO2:	
60.6 ± 1.3 mmHg)	and	that	by	Wan	et	al.	(2020)	(PaCO2:	
50  ±  2  mmHg).	 Since	 hypercapnia	 elevates	 sympathetic	
nerve	activity	(Ainslie	et	al.,	2005;	Narkiewicz	et	al.,	1999;	
Somers	 et	 al.,	 1989,	 1991;	Toledo	 et	 al.,	 2017)	 in	 a	 dose-	
dependent	 manner	 (Jouett	 et	 al.,	 2015),	 the	 impact	 of	
sympathetic	vasoconstriction	may	be	greater	in	the	pres-
ent	study	than	in	that	by	Wan	et	al.	(2020),	overriding	the	
local	vasodilator	effects	of	CO2	within	active	skeletal	mus-
cles.	Despite	the	lower	LVC	in	the	hypercapnia	trial	than	
that	in	the	normocapnia	trial,	there	was	no	difference	in	
LBF	between	the	two	trials	 (Table	1,	Figure	3),	which	is	
consistent	with	the	results	reported	by	Wan	et	al.	(2020).	
Given	that	MAP	was	higher	in	the	hypercapnia	trial	than	
in	the	normocapnia	trial	(Figure	3),	no	change	in	LBF	may	
reflect	that	the	hypercapnia-	induced	increase	in	perfusion	
pressure	 offset	 reduction	 in	 blood	 flow	 associated	 with	

F I G U R E  1  End-	tidal	carbon	dioxide	pressure	(PETCO2),	heart	
rate	(HR),	mean	arterial	pressure	(MAP),	leg	blood	flow	(LBF),	leg	
vascular	conductance	(LVC),	middle	cerebral	artery	mean	blood	
velocity	(MCAVmean),	and	cerebral	vascular	conductance	index	
(CVCi)	responses	recorded	from	a	representative	participant	in	the	
hypercapnia	trial.	All	data	were	averaged	over	5-	sec	intervals
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sympathetic	 vasoconstriction.	 Notewhorthy,	 our	 study	 is	
the	first	to	simultaneously	measure	brain	and	active	skel-
etal	muscle	vascular	responses	to	hypercapnia	during	dy-
namic	exercise	suggesting	that	cerebral	and	active	skeletal	
muscle	vessels	exhibit	different	responses	to	hypercapnia.

The	 differential	 pattern	 of	 vascular	 responses	 be-
tween	the	two	vascular	beds	may	be	explained	by	mech-
anisms	 associated	 with	 CO2	 reactivity.	 Hypercapnia	

mediates	 robust	 cerebral	 vasodilation	 but	 elicits	 only	
minor	vasodilation	in	the	femoral	(Ainslie	et	al.,	2005)	
and	 brachial	 (Vantanajal	 et	 al.,	 2007)	 vessels.	 In	 line	
with	 this,	 Ainslie	 et	 al.	 (2005)	 reported	 that	 the	 CO2	
reactivity	 in	 the	 femoral	 circulation	 is	 about	 eightfold	
lower	 than	 that	 in	 the	 cerebral	 circulation,	 although	
the	 mechanisms	 underlying	 region-	specific	 differences	
have	not	been	fully	elucidated.	The	differential	vascular	

F I G U R E  2  Time-	dependent	changes	in	end-	tidal	carbon	dioxide	pressure	(PETCO2,	panel	a),	minute	ventilation	(VE,	panel	b), tidal	
volume	(VT,	panel	c),	and	respiratory	frequency	(fR,	panel	d) during	the	rest	and	exercise	periods.	Ex	baseline,	constant	workload	exercise	
with	spontaneous	breathing;	CO2	inhalation,	CO2	was	inhaled	to	induce	hypercapnia	during	the	exercise	in	the	hypercapnia	trial.	CO2	was	
also	inhaled	in	the	normocapnia	trial,	but	hypercapnia	was	prevented	by	voluntary	hyperventilation.	*p	<	0.05	vs.	the	normocapnia	trial	
assessed	with	Bonferroni's	test;	†p < 0.05	vs.	Ex	baseline	assessed	with	Bonferroni's	test;	§p < 0.05	vs.	the	normocapnia	trial	assessed	with	the	
Wilcoxon	test;	‡p < 0.05	vs.	Ex	baseline	assessed	with	the	Wilcoxon	test.	Data	are	means ± standard	deviation

T A B L E  1 	 Results	of	the	Friedman	and	Wilcoxon	tests	of	fR,	LBF	and	LVC

Variables Rest

Exercise
pvalues for the Friedman 
test

Ex baseline CO2 inhalation Effect of time

fR,	breaths	min−1

Hypercapnia 17	[7,21] 27	[16,	36] 34	[22,	57]*,** <0.001

Normocapnia 16	[7,	22] 28	[20,	32] 60	[30,	60]** <0.001

LBF,	ml	min−1

Hypercapnia 449	[211,	810] 2431	[1718,	3876] 2490	[1567,	3764] <0.001

Normocapnia 510	[210,	698] 2650	[1610,	3715] 2721	[2029,	2957] <0.001

LVC,	ml	min−1 mmHg−1

Hypercapnia 5.0	[2.4,	10.1] 23.1	[16.2,	41.3] 21.9	[12.7,	37.7]* <0.001

Normocapnia 5.4	[2.3,	8.9] 24.4	[13.1,	37.0] 25.6	[17.9,	32.4] <0.001

Note: Values	are	presented	in	median	[minimum,	maximum].
Abbreviations:	fR,	respiratory	frequency;	LBF,	leg	blood	flow;	LVC,	leg	vascular	conductance.
*p < 0.05	vs.	normocapnia	trial	assessed	by	the	Wilcoxon	test;	**p < 0.05	vs.	Ex	baseline	assessed	by	the	Wilcoxon	test.
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response	 to	 hypercapnia	 between	 the	 brain	 and	 active	
skeletal	 muscle	 also	 partly	 appears	 to	 be	 due	 to	 differ-
ential	sympathetic	 innervation	between	the	two	vascu-
lar	 beds.	 It	 has	 been	 reported	 that	 fewer	 α-	adrenergic	
receptors	 are	 distributed	 in	 cerebral	 than	 peripheral	
blood	vessels	 (Faraci	&	Heistad,	1998).	 Indeed,	Ainslie	
et	al.	(2005)	reported	that	handgrip	exercise-	induced	in-
creases	in	sympathetic	nerve	activity	did	not	change	the	
MCAVmean.	In	addition,	LeMarbre	et	al.	(2003)	reported	
that	 cerebrovascular	 CO2	 reactivity	 in	 resting	 humans	
is	 unaffected	 by	 increased	 sympathetic	 nerve	 activity	
achieved	 through	 the	 application	 of	 lower	 body	 nega-
tive	 pressure.	 Therefore,	 sympathetic	 vasoconstriction	
associated	 with	 hypercapnia	 appears	 to	 be	 weaker	 in	
cerebral	 blood	 vessels,	 enabling	 marked	 cerebral	 vaso-
dilation.	By	contrast,	 in	active	skeletal	muscles,	 robust	
sympathetic	vasoconstriction	appears	to	mask	any	local	
vasodilator	 effect	 associated	 with	 hypercapnia	 during	
dynamic	exercise.

Battisti-	Charbonney	et	al.	 (2011)	 reported	 that	an	 in-
crease	 in	cerebral	blood	 flow	seen	 in	 response	 to	hyper-
capnia	 (PaCO2	 >50  mmHg)	 is	 achieved	 through	 both	
local	cerebral	vasodilation	and	elevation	 in	cerebral	per-
fusion	 pressure,	 the	 latter	 of	 which	 is	 attributable	 to	 el-
evation	in	arterial	pressure	via	chemoreflexes.	The	effect	
of	 cerebral	 perfusion	 pressure	 on	 cerebral	 blood	 flow	
is	 augmented	 during	 hypercapnia,	 as	 dynamic	 cerebral	
autoregulation	 is	 attenuated	 during	 hypercapnia	 at	 rest	
(Aaslid	 et	 al.,	 1989;	 Maggio	 et	 al.,	 2013;	 Panerai	 et	 al.,	
1999).	 Although	 these	 findings	 were	 obtained	 in	 resting	

humans,	 hypercapnia-	induced	 attenuation	 of	 cerebral	
autoregulation	may	similarly	occur	during	dynamic	exer-
cise,	 given	 that	 low-	intensity	 dynamic	 exercise	 does	 not	
affect	dynamic	cerebral	autoregulation	(Brys	et	al.,	2003).	
Therefore,	 it	 is	plausible	 that	 the	elevations	 in	MAP,	 in-
duced	by	hypercapnia,	observed	in	the	present	study	con-
tributed	 to	 the	 profound	 increase	 in	 MCAVmean.	 Based	
on	 our	 calculations,	 approximately	 28  ±  13%	 of	 the	
hypercapnia-	induced	increase	in	MCAVmean	was	explained	
by	 increased	 arterial	 pressure.	 The	 observed	 increase	 in	
CO	 in	 the	 hypercapnia	 versus	 normocapnia	 trial	 could	
partially	explain	the	increase	in	MAP	in	the	hypercapnia	
trial.	Moreover,	 it	 is	noteworthy	 that	TVC	remained	un-
changed	despite	the	local	vasodilatory	effects	of	CO2.	This	
may	be	due,	in	part,	to	the	vasoconstriction	in	exercising	
legs	counteracting	the	local	vasodilator	effect	of	CO2,	ul-
timately	resulting	in	no	between-	trial	differences	in	TVC.	
The	 unchanged	 TVC,	 in	 conjunction	 with	 elevated	 CO,	
appears	to	facilitate	elevations	in	arterial	pressure	and	ce-
rebral	blood	flow.

4.1 | Limitations

The	present	study	has	several	limitations.	First,	although	
we	 measured	 MCAVmean	 as	 an	 index	 of	 cerebral	 blood	
flow,	 several	 recent	 studies	 using	 magnetic	 resonance	
imaging	 have	 reported	 that	 the	 middle	 cerebral	 artery	
dilates	 in	 response	 to	 hypercapnia	 (Al-	Khazraji	 et	 al.,	
2019;	Coverdale	et	al.,	2014).	Therefore,	the	assessment	

F I G U R E  3  Time-	dependent	changes	in	leg	blood	flow	(LBF,	panel	a),	leg	vascular	conductance	(LVC,	panel	b),	cardiac	output	(CO,	
panel	c),	heart	rate	(HR,	panel	d),	stroke	volume	(SV,	panel	e),	middle	cerebral	artery	mean	blood	velocity	(MCAVmean,	panel	f),	cerebral	
vascular	conductance	index	(CVCi,	panel	g),	mean	arterial	pressure	(MAP,	panel	h),	and	total	vascular	conductance	(TVC,	panel	i)	during	
the	rest	and	exercise	periods.	Ex	baseline,	constant	workload	exercise	with	spontaneous	breathing;	CO2	inhalation,	CO2	was	inhaled	to	
induce	hypercapnia	during	the	exercise	in	the	hypercapnia	trial.	CO2	was	also	inhaled	in	the	normocapnia	trial,	but	hypercapnia	was	
prevented	by	voluntary	hyperventilation.	*p < 0.05	vs.	the	normocapnia	trial	assessed	with	Bonferroni's	test;	†p < 0.05	vs.	Ex	baseline	
assessed	with	Bonferroni's	test;	§p < 0.05	vs.	the	normocapnia	trial	assessed	with	the	Wilcoxon	test.	Data	are	means ± standard	deviation

T A B L E  2 	 Results	of	MBV	and	Dm	in	femoral	artery

Variables Rest

Exercise p values for two- way ANOVA

Ex baseline
CO2 
inhalation

Main effect of 
trial

Main effect of 
time Interaction

MBV,	cm	sec−1

Hypercapnia 8.4 ± 3.2 48.2 ± 9.9 48.3 ± 10.8 0.847 <0.001 0.856

Normocapnia 8.9 ± 3.8 49.1 ± 11.6 47.9 ± 7.9

Dm,	mm

Hypercapnia 10.2 ± 0.8 10.5 ± 0.8 10.6 ± 0.7 0.514 <0.001 0.834

Normocapnia 10.2 ± 0.8 10.6 ± 0.7 10.7 ± 0.7

Note: Values	are	presented	in	means ± standard	deviation.
Abbreviations:	Dm,	mean	diameter;	MBV,	mean	blood	velocity.
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of	 cerebrovascular	 responses	 to	 hypercapnia	 based	 on	
MCAVmean	may	underestimate	actual	changes.	Second,	
the	 MCAVmean	 response	 observed	 in	 the	 present	 study	
does	not	simply	reflect	a	generalized	cerebral	artery	re-
sponse.	 However,	 given	 that	 CO2	 reactivity	 in	 the	 hy-
percapnic	range	is	similar	in	the	middle,	posterior,	and	
basilar	 cerebral	 arteries	 (Sato	 et	 al.,	 2012;	 Willie	 et	 al.,	
2012),	 our	 MCAVmean	 results	 may	 be	 applicable	 to	 all	
three	of	these	arteries.	Third,	we	set	the	fR	at	60	breaths	
min−1	 during	 CO2	 inhalation	 in	 the	 normocapnia	 trial	
so	that	the	participants	could	easily	match	the	timing	of	
their	kicking	and	breathing,	and	VE	would	be	the	same	
in	both	trials.	As	a	result,	 the	 fR	during	CO2	inhalation	
was	 significantly	 higher	 in	 the	 normocapnia	 trial	 than	
in	the	hypercapnia	trial	(p	<	0.05).	However,	given	that	
the	 increase	 in	 fR	 and	 the	 concomitant	 decrease	 in	 VT	
do	not	affect	muscle	sympathetic	nerve	activity	in	rest-
ing	humans	(Limberg	et	al.,	2013),	the	influence	of	the	
difference	 in	 fR	 on	 MCAVmean	 and	 MAP	 appears	 to	 be	
negligible.	 Fourth,	 we	 only	 included	 three	 women	 in	
this	 study.	 Since	 there	 is	 potential	 for	 sex-	related	 dif-
ferences	 in	 cerebral	 blood	 flow	 responses	 (Barnes,	
2017)	 and/or	 autonomic	 regulation	 of	 cardiovascular	
responses	 (Joyner	 et	 al.,	 2015),	 our	 results	 may	 not	 re-
flect	responses	in	young	women.	Fifth,	we	did	not	assess	

cutaneous	circulation.	Thus,	we	do	not	know	the	extent	
to	which	cutaneous	circulation	was	involved	in	our	re-
sults.	 Sixth,	 although	 CO	 can	 contribute	 to	 MCAVmean	
(Ainslie	 &	 Duffin,	 2009;	 Ogoh	 et	 al.,	 2005),	 we	 do	 not	
know	how	much	the	 increased	CO	associated	with	hy-
percapnia	increased	MCAVmean	in	the	hypercapnia	trial.	
Finally,	while	the	hypercapnia-	induced	decrease	in	LVC	
observed	in	the	present	study	was	statistically	significant,	
the	magnitude	was	relatively	small.	This	small	reduction	
in	the	LVC	may	not	be	physiologically	meaningful.

4.2 | Conclusion

In	 summary,	 MCAVmean	 and	 CVCi	 during	 CO2	 inhala-
tion	 were	 higher	 in	 the	 hypercapnia	 trial	 than	 in	 the	
normocapnia	trial.	By	contrast,	LVC	was	decreased	by	hy-
percapnia.	These	results	suggest	that,	during	dynamic	ex-
ercise,	 hypercapnia-	induced	 vasomotion	 differs	 between	
the	cerebral	circulation	and	active	skeletal	muscles.	These	
differential	vascular	responses	may,	in	part,	contribute	to	
a	preferential	rise	in	cerebral	blood	flow.
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