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Introduction
Significance and Innovation

•	 The	capacity	to	sustain	physical	activity	at	the	upper	limit	of	the	
range	of	energy	 requirements	 for	 instrumental	activities	of	daily	
living	is	restricted	in	women	with	SLE.

•	 The	restriction	occurs	concomitantly	with	functional	cardiorespi-
ratory	impairment	and	prolonged	VO2	on-kinetics,	suggesting	an	
etiological	link	between	cardiorespiratory	dysfunction	and	perfor-
mance	fatigability.

•	 The	current	findings	suggests	 that	 increased	performance	 fatiga-
bility	may	be	mediated	through	delayed	metabolic	transition	from	
rest	 to	 oxidative	 steady	 state	 during	 physical	 activity	 in	women	
with	SLE.

	 Systemic	Lupus	Erythematosus	 (SLE)	 is	 a	 chronic	 autoimmune	
disease	 	which	produce	a	wide	array	of	clinical	manifestations	and	
organ	involvement.[1]	Genetics,	environmental	factors	and	complex	
immune	pathogenic	pathways	contribute	to	the	heterogeneity	of	the	
clinical	manifestations.		It	is	estimated	that	SLE	effects	up	to	322,000	
adults	in	the	United	States	alone	[2],	predominantly	women	between		
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Abstract
 Severe cardiorespiratory limitations have been documented in 
patients with Systemic Lupus Erythematosus (SLE). It is hypothe-
sized that these limitations underlie high performance fatigability, 
which markedly restricts engagement in physical activity, even in 
instrumental activities of daily living.  However, characterization of 
such performance has been limited to measurements made primarily 
at peak exercise in SLE population, leaving the ability to sustain a 
given submaximal exercise intensity (cardiorespiratory endurance) 
to be less well understood.

Objective

 To characterize cardiorespiratory limitations and performance fa-
tigability in women with SLE.

Methods

 This is a case- report pilot study of 7 women with SLE [Age 
38.3(9.6) years; BMI 26.5(3.9) kg/m2] and 8 sedentary but otherwise 
healthy controls [Age 38.8(5.5) years; BMI 26.3(6.8) kg/m2] who 
completed a 5-MET sustained work rate endurance test ending at 
volitional exhaustion or when 60 minutes of treadmill walking time 
had accrued. Group measures of total treadmill walk time and VO2 
kinetics transition constant (Kt) and amplitude (ΔVO2) were com-
pared among both groups.

Results

 There was no significant statistical group differences in car-
diorespiratory function at rest. However, test duration [28(9.6) vs 
57(7.0) min; p<0.001], Kt [8.5(3.0) vs 13.4(4.4); p=0.019], and ΔVO2 
[0.65(0.18) vs 0.85(0.17); p=0.031] were decreased in the women 
with SLE compared to the controls, even though the energy demand 
was identical.

Conclusion

 The current study suggests that prolonged cardiorespiratory tran-
sition from rest to oxidative steady state during physical activity may 
have contributed to increased performance fatigability in women with 
SLE. Further studies are needed to explore the mechanistic relation-
ship between patient-perceived fatigue severity and poor cardiore-
spiratory dysfunction, in women with SLE.

Keywords: Cardiorespiratory; Exercise; Fatigability; Lupus; Meta-
bolic transition, Oxygen uptake kinetics; Performance
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the	ages	of	15	and	44	years,	with	peak	incidence	occurring	during	the	
adolescent,	childbearing	and	childrearing,	and	professional	develop-
mental	years.	[3]	Even	though	the	outlook	of	patients	with	SLE	has	
improved	with	earlier	diagnosis	and	improved	medical	management	
which	resulted	in	an	increase	in	both	SLE	prevalence	and	prolonged	
life	expectancy,	which	has	begun	to	approach	normal	ranges.	Yet,	un-
met	needs	remain	in	the	care	of	SLE	patients	in	particular	the	patho-
genic	mechanism	of	perceived	fatigue.

	 Fatigue,	fever,	weight	loss,	general	malaise,	arthralgia	and	arthritis	
are	common	in	those	who	have	SLE,	with	the	latter	two	constituting	
the	most	 commonly	presenting	manifestations	of	SLE.	 [1]	Most	of	
these	symptoms	are	readily	controlled	by	medication,	with	the	ulti-
mate	goal	of	controlling	disease	activity	and	preventing	flares	that	can	
cause	further	damage.	However	severe	fatigue	(SLE-related	fatigue	
{SERF})	persists	even	during	times	of	low	disease	activity	and	is	one	
of	the	most	common	and	debilitating	symptoms	of	SLE,	yet	it	is	one	
of	the	least	understood.	SERF	affects	approximately	90%	of	people	
who	have	the	disease	with	as	many	as	50%	reporting	it	as	their	sin-
gle	most	debilitating	symptom	[4],	severely	restricting	physical	func-
tioning	and	 the	 ability	 to	 engage	 in	both	personal	 and	professional	
activities.	It	has	been	reported	that	nearly	half	individuals	with	SLE	
working	at	the	time	of	diagnosis	lost	their	job	within	an	average	of	13	
years,	and	while	this	inability	to	sustain	full-time	employment	may	be	
a	result	of	multiple	factors,	severe	persistent	fatigue	was	found	to	be	
the	highest	burden	having	a	profound	impact	on	lost	work	productiv-
ity	in	this	population.	[5].

	 Cardiorespiratory	function	 is	severely	diminished	 in	SLE	[6-11]	
and	appears	to	play	a	substantial	role	in	the	mediation	of	SERF.	[7]	
Previous	 studies	 have	provided	 strong	 evidence	of	Functional	Aer-
obic	 Impairment	 (FAI)	 [12,13]	 in	women	with	SLE	,	 demonstrated	
by	 reductions	 in	 peak	 cardiorespiratory	 function	 to	 as	 low	 as	 38%	
below	levels	expected.	[7]	Use	of	a	quantitative	measurement	of	FAI	
indicated	that	the	impairment	and	severity	of	exercise	limitation	was	
likely	etiologically	mediated	rather	than	the	result	of	physiologic	de-
conditioning	such	as	that	occurring	in	adaptation	to	a	more	physical-
ly	inactive	lifestyle.	[7]	Reduced	cardiorespiratory	function	has	also	
been	associated	with	patient	reported	fatigue	severity	and	declining	
physical	activity	in	those	with	SLE	[7,8].	Importantly,	this	cardiore-
spiratory	function	has	been	shown	to	be	too	low	to	sustain	even	in-
strumental	activities	of	daily	living	in	women	with	mild	SLE	without	
inducing	fatigue.	[7].

	 The	 construct	 “performance	 fatigue”	has	been	operationally	de-
fined	as	a	decline	 in	performance	as	a	result	of	exertion.	 (NIH	PA-
12-227)	A	 phenotype,	 “performance	 fatigability”,	 characterizes	 the	
decline	in	performance	over	time	as	a	“function	of	duration,	intensity,	
and/or	frequency	of	activity	[or	exertion]”	(NIH	PA-12-227),	provid-
ing	more	specific	 information	about	 functional	 limitations	associat-
ed	with	 fatigue.	An	 example	 of	 increased	 performance	 fatigability,	
commonly	measured	and	observed	by	physical	therapists	in	clinical	
settings,	includes	decreased	distance	covered	during	timed	walk	tests	
(e.g.	6-minute	walk	test	[14])	in	which	the	time	is	held	constant.	Ad-
ditional	examples	of	increased	fatigability,	measured	during	Cardio-
Pulmonary	Exercise	Testing	(CPET),	include	decreased	time,	power	
output,	or	VO2	at	either	or	both	the	anaerobic	threshold	or	peak	time	
points.	All	of	these	examples	demonstrate	a	decline	in	performance	
that	can	be	measured	objectively,	whether	by	field	testing	or	during	
CPET.	Women	with	SLE	have	demonstrated	increased	performance	
fatigability	 as	 evidenced	 by	 shortened	 test	 duration	 during	 peak		

exercise	tests	[6-8],	low	anaerobic	threshold	[7,10]	and	prolonged	ox-
ygen	uptake	(VO2)	on-kinetics	during	submaximal	exercise	bouts	of	
specific	 intensities	and	durations	 [11].	Furthermore,	 significant	cor-
relations	among	FAI	scores,	patient-reported	fatigue	scores,	and	phys-
iological	 markers	 of	 exercise-induced	 fatigue	 have	 been	 identified	
[7].	Conversely,	quantitative	measurements	of	the	ability	to	sustain	a	
given	level	of	work	before	reaching	a	point	of	volitional	exhaustion,	
which	may	provide	 insight	 into	 the	ability	of	 individuals	with	SLE	
to	sustain	functional	activities	for	prolonged	periods,	have	not	been	
reported	in	patients	who	have	SLE.

Methods
 We	examined	cardiorespiratory	dysfunction	and	performance	fati-
gability	in	women	with	SLE,	with	a	novel	approach	emphasizing	per-
formance	during	a	prolonged	treadmill	test.	Performance	fatigability	
was	determined	as	a	function	of	the	time	a	submaximal	bout	of	work	
could	be	sustained	before	reaching	exhaustion,	thus	fitting	within	the	
wider	construct	as	defined	by	the	National	Institute	of	Health	(NIH),	
as	 a	 decline	 in	 performance	 (reduction	 in	 time)	while	 the	 intensity	
is	held	constant.	This	study	used	a	case-control	design.	The	associa-
tions	among	performance	fatigability,	cardiorespiratory	function,	and	
the	metabolic	 transition	 from	 rest	 to	 exercise	 at	 the	 upper	 limit	 of	
VO2	requirements	for	instrumental	activities	of	daily	living	were	also	
examined.	Our	hypothesis	 is	 that	women	with	SLE	have	 increased	
performance	 fatigability,	 as	 measured	 by	 prolonged	 treadmill	 time	
during	exercise	testing	[15].

Inclusion/Exclusion criteria

 Women	with	 SLE	with	 no	 lupus	 disease	 activity	 and	 sedentary	
but	 otherwise	 healthy	 controls	>	 18	 years	 of	 age	were	 included	 in	
the	study.	None	of	the	women	were	postmenopausal	and	none	were	
known	to	be	pregnant.	All	of	the	women	were	physically	inactive	and	
indicated	they	had	not	routinely	participated	in	physical	activity	that	
resulted	in	perspiring	for	10	minutes,	more	than	once	per	week,	for	
at	least	six	months	prior	to	their	participation.	Subjects	with	Systemic	
Lupus	Activity	Measure	[16]	(SLAM)	scores	≥	9,	or	cardiovascular,	
pulmonary,	 renal,	 neuromuscular,	 or	musculoskeletal	 complications	
that	would	limit	cardiorespiratory	function,	and	those	taking	medica-
tions	that	would	either	limit	or	enhance	exercise	tolerance	or	aerobic	
capacity	were	excluded.	Those	with	fibromyalgia,	obstructive	sleep	
apnea,	 rheumatoid	 arthritis,	 or	 severe	 anemia	 (hematocrit	 <	 30%)	
were	also	excluded.	University	of	Maryland,	Baltimore,	Institution-
al	Review	Board	approval	was	obtained	prior	 to	 implementation	of	
the	protocol	and	informed	consent	was	obtained	from	all	participants	
prior	to	participation	in	accordance	with	the	Declaration	of	Helsinki	
[17];	the	rights	of	participants	were	protected.

Procedures
Exercise testing

 Prior	 to	exercise	 testing,	 subjects	filled	out	 the	Fatigue	Severity	
Scale	[18]	(FSS)	questionnaire	and	then	rested	for	10	minutes	while	
baseline	data	was	collected.	Once	the	baseline	data	was	obtained	and	
the	 rest	 period	 expired,	 subjects	 underwent	 peak	 treadmill	 CPET	
to	 determine	 peak	 exercise	 capacity	 and	 cardiorespiratory	 fitness.	
During	 the	 CPET,	 workload	 was	 advanced	 in	 three-minute	 inter-
vals	according	 to	 the	modified	Bruce	protocol	 [19].	The	 test	ended	
at	 volitional	 exhaustion	defined	 as	 subject	 indication	 that	 she	must	
stop	exercising	due	 to	 severe	 fatigue	despite	 strong	encouragement	
from	the	testing	staff.	On	a	subsequent	day,	between	40	and	168	hours		
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later,	subjects	completed	a	continuous	work	rate,	 treadmill	exercise	
test	(CWT),	during	which	cardiopulmonary	function	was	again	mea-
sured	 in	 addition	 to	VO2	 uptake	kinetics.	During	 this	 test,	 subjects	
walked	 continuously	 on	 a	 treadmill	 at	 a	 single	work	 rate	 (5-MET)	
until	reaching	volitional	exhaustion	or	time	limit	of	60	minutes.	The	
CWT	was	performed	to	determine	both	measures	of	kinetics	and	the	
subjects’	ability	to	sustain	submaximal	physical	activity,	i.e.,	perfor-
mance	 fatigability	 measured	 as	 minutes	 of	 sustained	 exercise:	 the	
longer	the	time	to	exercise	cessation,	the	lower	the	performance	fa-
tigability.

	 During	both	CPET	and	CWT,	pulmonary	gas	exchange	was	mea-
sured	using	a	MedGraphics	CardiO2	CPET	system	(Medical	Graphics	
Corp,	 350	 Oak	 Grove	 Parkway,	 St	 Paul,	 MN	55127).	The	system	
was	comprised	of	infrared	carbon	dioxide	and	zirconium	oxygen	gas	
analyzers,	digitally	interfaced	with	a	bidirectional	pneumotachometer	
and	an	electrocardiogram	(EKG).	The	system	was	calibrated	accord-
ing	to	manufacturer’s	specifications	prior	to	each	CPET	and	CWT.

Calculations
Measures of cardiopulmonary function

 Pulmonary	gas	exchange	was	assessed	continuously	by	averaging	
breath-by-breath	measurements	over	every	eight	breaths,	in	progres-
sive	number	bins	in	which	no	breath	was	included	in	more	than	one	
bin.	The	 highest	 averages	 during	 the	 last	 30	 seconds	 of	 the	CPET	
were	determined	to	be	the	peak	values	for	the	test.	Peak	respiratory	
exchange	 ratio	 (RER)	was	 calculated	 as	 the	 quotient	 of	 volume	of	
carbon	dioxide	expiration	(VCO2)	divided	by	the	corresponding	VO2.	
The	Anaerobic	Threshold	(AT),	a	marker	for	the	onset	of	exercise-in-
duced	fatigue	[20],	was	determined	using	the	V-slope	method	of	Bea-
ver	and	Whipp	[21]	applied	to	the	breath-by	breath	measurements	and	
reported	 as	AT-VO2	and	AT-Time.	The	 Physiological	 Reserve	 (PR)	
was	calculated	as	the	difference	in	peak-VO2	and	AT-VO2.	Expected	
peak	heart	rate	was	determined	by	the	equation	[220-subject’s	age	in	
years]	 [19]	 and	measured	heart	 rate	was	determined	by	continuous	
Electrocardiogram	(EKG).

Kinetics
 Kinetics	were	measured	from	data	obtained	during	the	CWT	por-
tion	of	the	testing	procedures,	during	which	pulmonary	gas	exchange	
was	analyzed	breath-by-breath	continuously	throughout	the	test	and	
VO2	was	plotted	on	time.	VO2	on-kinetics	were	determined	using	the	
monoexponential	model	developed	by	Whipp	[22].	This	model	is	ex-
pressed	by	the	formula	VO2	=	(ΔVO2	+	VO2rest)	(1-e

-tK),	where	ΔVO2	
is	the	amplitude	of	change	in	VO2	from	baseline	to	end	exercise	minus	
any	 slow	component	 and	K	 is	 the	 rate	 constant.	The	presence	of	 a	
slow	component	was	determined	using	 a	 least	 squares	method	 and	
confirmed	by	the	absence	of	a	significant	increase	in	VO2	between	the	
3rd	and	6th	minute	of	exercise	[11].	From	this	model	a	Mean	Response	
Time	(MRT)	was	estimated	as	the	time	taken	to	achieve	63%	of	the	
ΔVO2,	and	a	transition	constant	(Kt),	which	normalizes	the	ΔVO2	and	
MRT,	was	computed	as	the	quotient	of	ΔVO2/MRT	[11].

Measure of Performance Fatigability
 During	the	CWT,	workload	was	maintained	at	a	5-MET	intensity,	
corresponding	to	2.0	mph	and	9.0%	grade	on	the	treadmill.	5-METs	
is	the	upper	limit	of	the	range	of	energy	requirements	for	instrumental	
activities	of	daily	living	(range=3-	to	5-METs)	[23].	Subjects	walked	
at	this	intensity	on	a	motor	driven	treadmill	until	reaching	volitional	
exhaustion	as	previously	defined	or	a	time	limit	of	60	minutes.

Instrumentation
FAI:	The	index	of	Functional	Aerobic	Impairment	(FAI)	was	calculat-
ed	using	the	following	formula	[12].	

FAI	=	(expected	peak	oxygen	consumption	-	measured	peak	oxygen	
consumption)	x	100

expected	peak	oxygen	consumption	

	 Expected	peak	VO2	was	determined	using	the	formula	42.3-(0.356	
x	age	in	years)	for	sedentary	females	and	both	expected	and	measured	
peak	VO2	were	reported	in	milliliters	of	oxygen	consumed	per	kilo-
gram	of	body	weight	per	minute	(ml/kg/minute)	[19].

Fatigue Scale
 The	Fatigue	Severity	Scale	(FSS),	is	one	of	the	most	commonly	
used	and	reliable	scales	for	measuring	patient-reported	fatigue	in	the	
SLE	population	[4,18,24].	The	scale	consists	of	9	statements	aimed	
at	detecting	how	the	individual	perceives	fatigue	to	 limit	her	or	his	
ability	 to	 function	 physically	 and	 socially.	The	FSS	 score	 is	 deter-
mined	by	grading	the	responses	to	the	9	statements	on	a	7-point	likert	
scale	with	1	indicating	a	strong	disagreement,	and	7	indicating	strong	
agreement.	The	average	of	the	statement	scores	is	taken	for	the	final	
score	with	a	score	≥	3	indicating	clinically	significant	fatigue	and	sub-
ject	perception	that	fatigue	limits	physical	and	social	function.

Variables and Statistics
 The	main	variable	of	interest	was	the	total	time	duration	that	ex-
ercise	was	sustained	during	the	CWT,	which	is	a	measure	of	perfor-
mance	fatigability.	Additional	variables	of	interest	were	the	FSS,	those	
characterizing	the	cardiorespiratory	response	during	the	CWT	includ-
ing	components	of	the	VO2	on-kinetics	analyses	(Kt	and	∆VO2),	and	
those	obtained	during	CPET	including	the	time	and	VO2	at	both	the	
AT	and	peak,	peak-RER,	peak-HR,	and	FAI.	CPET	and	CWT	results	
were	compared	between	the	groups	by	independent	t-tests.	Indepen-
dent	t-tests	were	also	used	to	compare	demographic	and	FSS	scores	
between	the	groups.	The	assumptions	necessary	for	employing	one-
tailed	t-test	analyses	were	both	met	for	total	time	walked	on	treadmill	
during	CWT,	cardiorespiratory	variables,	and	FSS;	the	directional	hy-
pothesis	of	inferiority	in	the	women	with	SLE	was	identified	a	priori	
and	there	was	pre-existing	evidence	for	the	direction	of	the	hypothesis	
provided	 in	previous	studies.	Baseline,	predicted,	and	demographic	
variables	were	analyzed	using	two-tailed	t-test	analyses.	Regression	
analyses	 were	 utilized	 to	 assess	 associations	 between	 FSS	 scores,	
measures	of	performance	fatigability,	and	measures	of	cardiopulmo-
nary	function.	For	analyses	of	the	kinetic	data	(Kt	and	∆VO2),	6	of	
the	7	SLE	subjects	were	included	in	the	analyses	due	to	missing	data	
for	one	SLE	subject.	Statistical	significance	was	accepted	at	p	≤	0.05.	
Central	tendencies	are	reported	as	means	(standard	deviations).

	 Fifteen	women,	7	with	SLE	and	8	sedentary	but	otherwise	healthy	
controls,	similar	in	age	and	BMI,	participated	in	the	study	(Table	1).	
All	women	 reported	 to	 be	 physically	 inactive.	Of	 the	women	with	
SLE,	5	were	on	prednisone	dosages	between	5-10	mg	per	day	(Table	
1).	All	of	the	subjects	met	the	inclusion	criteria	and	none	of	the	sub-
jects	met	an	exclusion	criterion.	There	were	no	dropouts	over	the	two	
days	to	one	week	of	testing	for	each	subject.

	 There	were	no	statistically	significant	differences	in	resting	VO2	
and	resting	HR	between	groups	at	baseline	(Table	2).	FSS	composite	
score	was	 significantly	 higher	 in	 the	women	with	 SLE	 than	 in	 the		
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controls	and	reached	a	 level	of	clinical	significance	(FSS	score	≥	3	
indicates	clinical	significance)	only	in	the	group	with	SLE	(Table	2).	
A	clinically	significant	FAI	(≥	26%)	was	observed	in	the	women	with	
SLE	but	not	in	the	controls	(Table	2).

	 The	 women	 with	 SLE	 had	 significantly	 attenuated	 CWT-time	
(Figure	1)	compared	to	the	controls.	None	of	the	women	with	SLE	ap-
proached	the	targeted	stopping	point	for	sustaining	treadmill	walking	
of	60-minutes,	whereas	all	of	the	women	but	two	in	the	control	group	
reached	the	60-minute	stopping	point,	with	one	of	those	two	reaching	
59	minutes.	Additionally,	significant	associations	were	found	between	
total	walk	time	and	FAI	(R2=0.546,	p=0.002)	as	well	as	FSS	compos-
ite	scores	(R2=0.480,	p=0.004).	Both	Kt	and	∆VO2	were	significantly	
reduced	in	women	with	SLE	compared	to	controls	(Figures	2a	&	2b).	

	 On	the	CPET,	both	of	the	groups	attained	a	mean	respiratory	ex-
change	ratio	(RER)	of	at	 least	1.10	and	a	peak	HR	of	at	 least	90%	
predicted	 (Table	 2),	 indicating	 a	 level	 of	 exertion	 that	 approached	
a	 physiologically	maximal	metabolic	 demand	 at	 volitional	 exhaus-
tion.19	AT-Time,	Peak-Time	 (Table	2),	Peak-VO2,	AT-VO2,	 (Figures	
3a	&	3b)	and	physiologic	reserve	(Figure	4)	were	significantly	dimin-
ished	in	the	women	with	SLE	compared	to	controls.	The	VO2	demand	
equaling	17.5	ml/kg/min	(5-METs;	upper	limit	for	iADLs)	was	well	
above	the	95%	confidence	interval	for	AT-VO2	in	women	with	lupus	
(CI	[10.4-12.8])	and	was	similar	to	the	upper	limit	of	the	95%	confi-
dence	interval	for	AT-VO2	in	the	controls	(CI	[14.6-17.3]).	At	3-Mets,	
the	VO2	demand	of	10.5	ml/kg/min	(3-METs,	lower	limit	for	iADLs)	
was	within	the	95%	confidence	interval	for	AT-VO2	in	women	with	
lupus	 (CI	 [10.4-12.8])	 and	was	well	below	 the	95%	confidence	 in-
terval	for	AT-VO2	in	the	controls	(CI	[14.6-17.3]).	(Figure	3B).	The	
association	between	FSS	 composite	 scores	 and	AT-VO2	 (R

2=0.465,	
p=0.005),	 Peak-VO2	 (R

2=0.576,	 p=0.001),	 AT-Time	 (R2=0.453,	
p=0.006)	 Peak-Time	 (R2=0.410,	 p=0.010),	 and	 physiologic	 reserve	
(R2=0.528,	p=0.002)	were	statistically	significant.

SLE	(n=7) Control	(n=8) p-value

Age	(years) 38.3	(9.6) 38.8	(5.5) 0.909

BMI	(kg/m2) 26.5	(3.9) 26.3	(6.8) 0.949

SLAM	score 1.86	(1.2)

Prednisone	dose	
(mg/day)

5	(4.1)

Table 1:	Demographics	and	clinical	variables	of	participants.

SLE	 Control p-value

Predicted	Peak	VO2	
(ml/kg/min)

28.7	(3.4) 28.5	(2.0) 		0.909

Resting	VO2	(ml/kg/
min)

2.0	(0.3) 2.2	(1.3) 0.737

Peak	VO2	(ml/kg/min) 17.8	(2.1) 26.0	(3.7) <0.001*

Predicted	Peak	HR 182	(9.6) 181	(5.5) 		0.909

Resting	HR	(bpm) 70	(13.2) 			78	(11.3)	 0.242

Peak	HR	(bpm) 170	(30.9) 177	(8.8) 0.571

Peak	RER 1.2	(0.09) 1.19	(0.04) 		0.832

Peak	Time 13.2	(1.5) 15.6	(1.2) 		0.002*

AT-VO2 						11.6	(1.3)	 16.0	(1.6) <0.001*

AT-Time 5.8	(1.3) 8.3	(1.3) 0.001*

														FAI	 37.4	(7.3) 8.2	(16.1) <0.001*

FSS	Composite 5.5	(1.1) 2.5	(0.9)	 <0.001*

Table 2:		Resting	and	Exercise	Response,	FAI,	and	FSS.

Figure	1:	Total	time	duration	time	on	treadmill	during	CWT.	The	x-axis	
represents	time	in	minutes	and	the	y-axis	represents	individual	subjects	by	
group.	Mean	values	and	standard	deviations	are	represented	on	the	right	
for	each	respective	group.	The	vertical	lines	represent	group	mean	values.	
P-value	is	1-tailed.	p<0.001.

Figure	2a:	∆VO2	between	groups.	The	x-axis	 represents	 individual	sub-
jects	by	group.	Y-axis	represents	peak	∆VO2	in	ml/kg/min.	Mean	values	
(standard	 deviations)	 are	 represented	 above	 for	 each	 respective	 group.	
P-value	is	1	tailed.	p=0.031.

Figure 2b:	 Kt	 by	 group.	 X-axis	 representing	 individuals’	 subjects	 by	
group.	Y-axis	representing	Kt	in	ml/sec.	Mean	values	(standard	deviations)	
are	represented	above	for	each	group.	P-value	is	1-tailed.	p=0.019.
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Discussion

 Previous	 studies	 have	 characterized	 the	 relationships	 between	
patient-perceived	 fatigue	severity	 scores	and	etiologically	mediated	
cardiorespiratory	dysfunction	 in	women	with	SLE	[7].	Evidence	of	
cardiorespiratory	 dysfunction	 includes	 reductions	 in	 the	 anaerobic	
threshold	[7,10],	and	both	the	VO2	and	total	exercise	duration	at	the	
peak	time	point	during	CPET	in	individuals	with	SLE	[6-8].

	 Specifically,	Tench	et	al	reported	a	Peak	VO2	of	23.2	ml/kg/min	
and	a	total	test	duration	of	10.4	minutes	in	a	sample	of	93	women	with	
SLE,	which	were	both	significantly	lower	than	the	control	group	[8]	
Pinto	et	al	reported	a	mean	Peak	VO2	of	24.4	ml/kg/min	as	well	as	a	
total	test	duration	of	11.2	minutes	in	a	sample	of	21	adult	women	with	
SLE,	also	significantly	reduced	compared	to	controls	[6].	Robb-Nich-
olson	et	al	reported	a	maximum	VO2	of	18.8	ml/kg/min	and	total	test	
duration	 of	 9.3	minutes	 in	 a	 sample	 of	 23	women	with	 SLE	 [25].	
Reductions	in	measures	at	the	AT	have	also	been	reported	[7,10],	spe-
cifically	AT-Time	 (5.87	minutes)	 and	AT-VO2	(~10.5	ml/kg/min)	 in	
women	with	SLE	[7].	The	current	study	supported	these	findings	of	
diminished	 aerobic	 capacity	 and	 increased	performance	 fatigability	
in	individuals	with	SLE	compared	to	controls	as	evidenced	by	reduc-
tions	in	both	time	and	VO2	at	the	AT	and	peak	during	CPET.

	 Adding	to	the	literature,	the	current	study	utilized	a	novel	approach	
to	evaluate	performance	fatigability,	assessing	the	ability	to	maintain	
exercise	during	prolonged	treadmill	walk	testing	in	combination	with	
the	 obtained	 measures	 obtained	 during	 peak	 exercise	 testing	 mo-
tioned	above.	This	assessment	is	beneficial	in	that	the	constant	work	
rate	intensity	demand	is	more	applicable	to	daily	functional	activities	
than	perhaps	peak	testing,	as	peak	efforts	are	not	 typically	required	
during	normal	daily	tasks.

	 The	current	study	provides	evidence	of	increased	performance	fa-
tigability	during	prolonged	treadmill	walking	at	constant	work	rate,	as	
evidenced	by	reductions	in	total	time	walked	on	the	treadmill	during	
which	work	rate	was	held	constant	at	5-MET’s	for	all	subjects.	Thus,	
the	capacity	to	sustain	physical	activity	at	the	upper	limit	of	the	range	
of	energy	requirements	for	instrumental	activities	of	daily	living	[23]	
was	restricted	in	this	group	of	women	with	SLE.	This	restriction,	oc-
curring	concomitantly	with	 functional	cardiorespiratory	 impairment	
and	prolonged	VO2	on-kinetics,	suggests	a	potential	etiological	link	
between	cardiorespiratory	dysfunction	and	performance	fatigability.

	 The	 observance	 of	 a	 severe	 reduction	 in	 total	 walking	 time	 on	
the	CWT	 in	 the	SLE	group	compared	 to	 the	 controls	was	 striking.	
At	a	5-MET	intensity,	 the	women	with	SLE	were	able	 to	complete	
less	than	half	of	the	60-minute	target	interval.	One	subject	was	only	
able	 to	perform	a	 total	of	13	minutes	before	ending	 the	 test	due	 to	
exhaustion,	whereas	the	longest	time	a	subject	with	SLE	could	sus-
tain	walking	was	41	minutes.	Of	 the	eight	 sedentary	but	otherwise	
healthy	controls,	6	reached	the	60-minute	target	duration,	one	reached	
59	minutes,	and	one	was	able	to	sustain	walking	for	40	minutes.	The	
comparison	noted	within	these	observations	underscore	a	severe	per-
formance	limitation	in	the	group	of	women	with	SLE.	The	range	of	
energy	demands	for	instrumental	activities	of	daily	living	are	between	
3-METS	 and	 5-METs.	 Even	 energy	 demands	 of	 5-METS	 are	 con-
sidered	to	be	of	moderate	intensity	and	thus	easily	tolerated	by	most	
healthy	adults.	Furthermore,	most	healthy	adults	reach	their	anaerobic	
threshold,	which	is	a	marker	of	the	onset	of	fatigue,	at	an	energy	de-
mand	approaching	5-MET’s	or	higher.

Panel 3a:	Peak-VO2	in	relation	to	energy	demand.	The	x-axis	represents	
individual	 subjects	by	group.	Y-axis	 represents	peak	VO2	 in	ml/kg/min.	
Mean	values	(standard	deviations)	are	represented	above	for	each	respec-
tive	group.	3-MET	(10.5	ml/kg/min	VO2	demand)	and	5-MET	(17.5	ml/
kg/min	 VO2	 demand)	 intensity	 bars	 displayed	 horizontally.	 P-value	 is	
1-tailed.	p<0.001.

Panel 3b:	AT-VO2	in	relation	to	work	demand.	The	x-axis	represents	in-
dividual	subjects	by	group.	Y-axis	represents	AT-VO2	in	ml/kg/min.	Mean	
values	(standard	deviations)	are	represented	above	for	each	group.	3-MET	
(10.5	ml/kg/min	VO2	demand)	and	5-MET	(17.5	ml/kg/min	VO2	demand)	
intensity	bars	displayed	horizontally.	P-value	is	1-tailed.	p<0.001.

Figure 4:	Physiologic	VO2	(ml/kg/min)	reserve	is	represented	on	the	y-ax-
is.	The	x-axis	represents	individual	subjects	by	group.	Mean	values	(stan-
dard	deviations)	are	represented	above	for	each	respective	group.	P-value	
is	1-tailed.	p=0.002.
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	 Women	with	 SLE	 in	 this	 study	 not	 only	 reached	 the	 anaerobic	
threshold	at	a	low	metabolic	demand,	but	they	also	reached	volition-
al	exhaustion	at	significantly	lower	treadmill	walking	duration.	This	
information	provides	additional	insight	into	the	functional	limitations	
faced	by	patients	with	SLE	in	the	community	as	well	as	in	physical	
therapy	clinical	settings.

	 Previous	literature	has	demonstrated	altered	VO2	kinetics	in	indi-
viduals	with	SLE,	as	evidenced	by	increased	time	to	steady	state	in	
individuals	with	SLE	compared	to	controls	[11].	It	was	suggested	that	
the	findings	of	an	increased	oxygen	deficit,	as	well	as	these	prolonged	
VO2	 kinetics,	may	 underlie	 the	 performance	 fatigability	 in	women	
with	SLE	[11].	The	current	findings	of	this	smaller	subset	add	to	this	
literature,	demonstrating	significant	decreases	VO2	amplitude	change	
and	transition	constant	in	the	SLE	group	when	compared	to	controls.	
This	suggests	that	increased	performance	fatigability	may	in	part	be	
mediated	through	delayed	metabolic	transition	from	rest	to	oxidative	
steady	state	during	physical	activity	in	women	with	SLE.

	 In	order	to	sustain	physical	activity,	adequate	muscle	oxygenation	
is	necessary	for	repletion	of	the	ATP	used	by	the	cross	bridges	of	the	
working	muscles.20	From	the	onset	of	work	until	an	oxidative	steady	
state	is	reached	(matching	of	oxygen	utilization	and	oxygen	demand),	
anaerobic	metabolism	must	compensate	for	the	oxygen	deficit	[26].	
As	 a	 result,	metabolic	 by-product	 concentrations	 increase,	 compet-
ing	with	high-energy	phosphates	and	other	ions	for	cross-bridge	and	
metabolic	pump	binding	sites	and	reducing	cytosol	and	mitochondrial	
pH.	Accumulation	of	the	by-products	impairs	muscle	contractile	and	
metabolic	function,	diminishing	cardiorespiratory	endurance	and	ex-
acerbating	performance	fatigability	[20].

	 VO2	on-kinetics	 can	 be	 utilized	 as	 a	marker	 of	 fatigue	 and	 im-
paired	exercise	tolerance	[27]	and	reflects	the	rate	at	which	the	oxida-
tive	system	can	transition	to	a	steady	state	of	increased	energy	output,	
which	matches	the	oxygen	demand,	during	physical	activity	[28].	The	
kinetics	can	be	characterized	in	two	domains,	the	overall	rate	of	the	
VO2	 transition	and	 the	magnitude	of	change	 in	VO2	 from	rest,	or	a	
lower	intensity	of	activity,	to	steady	state.	With	the	metabolic	demand	
held	constant,	a	faster	VO2	kinetics	results	in	a	lower	oxygen	deficit,	
less	substrate-level	phosphorylation,	and	 thus	higher	exercise	 toler-
ance,	whereas	slower	VO2	kinetics	result	in	a	higher	oxygen	deficit,	
increased	substrate	level-phosphorylation,	and	reduced	exercise	tol-
erance	[28].	Thus,	delayed	attainment	of	a	steady	state,	as	seen	in	this	
sample	of	women	with	SLE,	may	hamper	the	ability	to	perform	and	
sustain	physical	activity.

	 Previously,	 VO2	 on-kinetics	 has	 been	 shown	 to	 be	 delayed	 in	
women	with	SLE	compared	to	healthy	controls	both	at	similar	per-
centages	 of	 the	 anaerobic	 threshold	 and	 at	 similar	 absolute	 energy	
demands	[11].	VO2	measured	at	the	lung	reflects	the	response	to	exer-
cise	perturbation	of	both	systemic	oxygen	delivery	(indexed	as	cardi-
ac	output;	Qt)	and	muscle	oxidative	function	and	oxygen	extraction	
reflected	in	the	arteriovenous	oxygen	difference	(a-vO2)	[29].

	 It	 has	 been	 proposed	 [30]	 that	maximal	VO2	 is	 generally	 limit-
ed	by	central	circulatory	delivery	of	oxygen	to	the	working	muscles	
via	the	cardiovascular	system	whereas	during	submaximal	endurance	
efforts,	skeletal	muscle	oxygen	extraction	is	 thought	to	limit	endur-
ance,	which	is	the	inverse	of	performance	fatigability.	Previous	work	
has	suggested	that	a-vO2	may	be	diminished	during	exercise	in	wom-
en	with	SLE	while	Qt	was	suggested	to	be	similar	between	women	
with	SLE	and	controls	[11].	A	prolonged	metabolic	transition	in	the		

working	muscles	has	also	been	observed,		adding	further	plausibili-
ty	that	muscle	oxygen	extraction	limitations	may	in	part	mediate	in-
creases	in	performance	fatigability	in	women	with	SLE.

	 Clinically	 significant	 patient-reported	 fatigue	was	 also	 observed	
in	this	subset,	similar	to	previous	studies	[7,8].	The	current	study	also	
revealed	significant	associations	between	FSS	and	primary	measures	
of	cardiorespiratory	fitness	(time	and	VO2	at	the	AT	and	peak;	physio-
logic	reserve).	Additionally,	the	current	study	adds	to	the	literature	by	
revealing	a	significant	association	between	the	ability	to	sustain	pro-
longed	walking	on	the	treadmill	and	fatigue	severity	scores,	further-
ing	the	link	between	etiologic	impairments,	performance	fatigability,	
and	subjective	fatigue	in	this	population.

	 For	 physical	 therapists	 and	 other	 rehabilitation	 and	 healthcare	
professionals,	understanding	the	impact	that	fatigability	can	have	on	
patients	 function	and	presentation	 in	clinic	 is	critical	 for	creating	a	
comprehensive	and	individualized	plan	of	care.	Furthermore,	under-
standing	the	underlying	physiologic	 limitations	 is	 important	for	de-
veloping	appropriate	and	effective	interventions.	Methods	such	as	en-
ergy	conservation	and	prescriptive	aerobic	exercise	planning	[1]	are	
suggested	to	address	fatigue	and	aerobic	capacity	in	this	population.	
Additionally,	kinetics	have	been	shown	to	improve	following	aerobic	
exercise	training	in	other	populations	and	these	effects	seem	to	occur	
earlier	than	those	changes	seen	in	maximal	VO2	[27].	Further	research	
is	needed	to	understand	additional	effective	interventions	as	well	as	
optimal	dosage	of	currently	effective	interventions.

	 It	 is	 worth	 acknowledging	 the	 multifactorial	 nature	 of	 fatigue,	
as	many	factors	may	contribute	to	increased	fatigability	during	pro-
longed	activity	in	this	population	that	were	not	measured	in	this	study.	
Factors	 previously	 associated	with	 fatigue	 in	 individuals	with	SLE	
include	sleep	quality,	depression,	anxiety,	mood,	and	vitamin	D	defi-
ciency	or	insufficiency	[31].	Therefore,	while	the	current	findings	are	
both	novel	and	critical	to	our	understanding	of	fatigability	in	women	
with	lupus,	they	are	also	preliminary,	setting	the	foundation	for	which	
future	 studies	 should	 also	 investigate	 potential	 moderating	 factors	
that	may	contribute	to	performance	fatigability	during	prolonged	ac-
tivity	in	individuals	with	SLE.

Study Limitations

 The	ability	to	generalize	the	results	of	this	study	is	limited	by	the	
small	sample	size	which	may	not	be	an	accurate	representative	sam-
ple	of	all	the	women	with	heterogeneous	clinical	syndromes	of	SLE.	
Results	and	conclusions	of	 this	study	must	be	delimited	 to	 the	cur-
rent	sample	and	experimental	conditions.	Furthermore,	the	study	em-
ployed	a	cross-sectional	design,	thus	future	experimental	studies	with	
a	larger	population	are	needed	to	assess	the	role	of	delayed	metabolic	
transition	as	a	mediator	 in	performance	 fatigability	 in	SLE	popula-
tion.

	 Phase	of	menstrual	 cycle	 and	use	of	oral	 contraceptive	was	not	
controlled	in	this	study.	Dean	et.al	[32]	have	previously	reported	that	
in	 healthy	women,	menstrual	 phase	 had	 no	 effect	 on	 Peak-VO2	 or	
lactate	 threshold.	Conversely,	Lebrun	et	al	 [33]	reported	a	decrease	
in	Peak-VO2	of	4.7%	from	the	follicular	to	the	midluteal	phase	in	a	
group	of	healthy	women	using	oral	contraceptives,	although	in	a	pla-
cebo	control	group	an	increase	of	1.4%	occurred	across	these	phases.	
While,	 potential	 introduction	 of	 bias	 introduced	 by	 the	 variance	 in	
menstrual	cycle	and	use	of	oral	contraceptives	appears	minimal,	simi-
lar	effects	if	found	in	the	current	study	would	account	for	a	bias	of	no		
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greater	than	-20%	to	+06%	of	1	SD	from	the	mean	Peak-VO2	in	the	
women	with	SLE	(-0.95	to	+0.28mL·kg-1·min-1)	and	-27%	to	+08%	in	
controls	(-1.36	to	+0.40mL·kg-1·min1).

	 Inclusion	criteria	required	subjects	to	be	physically	inactive	hav-
ing	not	performed	physical	activity	causing	them	to	perspire	for	10	
minutes	or	longer,	one	or	more	times	per	week,	during	the	6	months	
prior	to	enrolling	in	the	study.	This	subjective	measure	of	physical	ac-
tivity	may	have	allowed	for	increased	variability	in	reported	physical	
activity	levels	due	to	increased	fatigability	in	the	women	with	SLE.	In	
general,	peak-VO2	does	not	appear	to	be	related	to	self-assessed	phys-
ical	activity	levels,	but	has	shown	moderate-strong	associations	with	
self-assessed	physical	function	[34].	However,	whether	VO2	on-kinet-
ics	and	physical	activity	level	are	related	remains	unknown.

	 Drug-induced	myopathy	is	one	possible	side	effect	of	orally	ad-
ministered	prednisone,	particularly	when	the	agent	is	fluorinated,	or	
dosages	exceed	40mg/d.	The	women	with	SLE	in	the	present	study	
were	maintained	on	dosages	much	less	than	40mg/d.	Dosages	similar	
to	those	used	by	patients	in	the	present	study	have	not	been	shown	to	
decrease	mitochondrial	 enzyme	 concentrations	 nor	VO2-peak	 but	 a	
degree	of	uncertainty	regarding	prednisone	toxicity	and	the	dose-re-
sponse	remains.

Conclusion

 The	 current	 study	 demonstrates	 significant	 increases	 in	 perfor-
mance	fatigability	during	extended	periods	of	walking	in	women	with	
SLE	and	suggests	that	this	performance	fatigability	may	be	exacerbat-
ed	 through	delayed	metabolic	 transition	during	physical	activity.	 In	
women	with	SLE,	the	inability	to	sustain	the	energy	requirements	req-
uisite	for	a	5-MET	work	rate,	which	is	the	upper	limit	of	the	metabolic	
demands	of	instrumental	activities	of	daily	living,	accentuates	the	se-
verity	of	their	functional	limitations,	potentially	reducing	health-relat-
ed	quality	of	life.	These	findings	have	direct	implications	for	physical	
therapists,	clinical	providers,	and	caregivers	treating	individuals	with	
SLE.
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