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Abstract
Pain	is	experienced	by	people	with	cancer	during	treatment	and	in	survivorship.	
Exercise	can	have	an	acute	hypoalgesic	effect	(exercise-	induced	hypoalgesia;	EIH)	
in	healthy	individuals	and	some	chronic	pain	states.	However,	EIH,	and	the	mod-
erating	effect	of	exercise	intensity,	has	not	been	investigated	in	cancer	survivors.	
This	study	examined	the	effect	of	low-		and	high-	intensity	aerobic	exercise	on	EIH	
in	cancer	survivors	after	a	single	exercise	session	as	well	as	a	brief	period	of	ex-
ercise	training	(2-	weeks,	three	exercise	sessions	per	week).	Participants	(N = 19)	
were	randomized	to	low-		(30%–	40%	Heart	Rate	Reserve	(HRR)	or	high-		(60%–	70%	
HRR)	intensity	stationary	cycling	for	15–	20 min.	Pressure	pain	thresholds	(PPT)	
were	assessed	over	the	rectus femoris	and	biceps brachii	before	and	after	a	single	
exercise	session	and	again	after	a	short	training	period	at	the	assigned	intensity.	
Then,	following	a	6-	week	washout	period,	the	intervention	was	repeated	at	the	
other	 intensity.	After	 the	 first	 exercise	 session,	high-	intensity	exercise	 resulted	
in	greater	EIH	over	the	rectus femoris	than	low	intensity	(mean	difference ± SE:	
−0.51 kg/cm2 ± 0.15,	Cohen's	d = 0.78,	p = 0.004).	After	a	2-	week	training	period,	
we	found	no	difference	in	EIH	between	intensities	(0.01 kg/cm2 ± 0.25,	d = 0.00	
p = 0.99),	with	comparable	moderate	effect	sizes	for	both	low-		and	high-	intensity	
exercise,	 indicative	of	EIH.	No	EIH	was	observed	over	the	biceps brachii	of	the	
arm	at	either	low	or	high	intensity.	Low-	intensity	exercise	training	may	be	a	fea-
sible	option	to	increase	pain	thresholds	in	cancer	survivors.
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1 	 | 	 INTRODUCTION

Pain	is	experienced	by	people	with	cancer	across	the	can-
cer	 continuum.	 Pain	 reported	 in	 cancer	 population	 is	
highly	varied	with	respect	to	its	cause,	its	duration,	as	well	
as	 its	 impact	 on	 function,	 and	 quality	 of	 life.	 Common	
cancer	 treatments	 such	 as	 chemotherapy,	 radiotherapy,	
and	surgery	are	all	associated	with	pain	syndromes.	While	
most	 people	 with	 cancer	 experience	 pain	 during	 treat-
ment,	 some	 treatments	 are	 associated	 with	 a	 more	 pro-
tracted	experience	of	pain	well	into	survivorship.	Recent	
studies	 suggest	 that	 persisting	 pain	 may	 occur	 in	 over	
50%	 of	 cancer	 survivors	 across	 a	 range	 of	 cancer	 types	
(Belfer	et	al.,	2013;	Bovbjerg	et	al.,	2019;	Moye	et	al.,	2014;	
Mustafa	 Ali	 et	 al.,	 2017;	 Prinsloo	 et	 al.,	 2018;	 Schreier	
et	 al.,	 2018).	 Additionally,	 people	 who	 have	 undergone	
treatment	for	cancer	might	have	an	altered	perception	of	
pain	 or	 increased	 pain	 sensitivity.	 Unsurprisingly,	 per-
sistence	of	pain	after	treatment	is	associated	with	higher	
self-	perceived	 disability	 and	 lower	 quality	 of	 life	 (Caro-	
Moran	 et	 al.,	 2014).	 Therefore,	 strategies	 to	 reduce	 the	
burden	of	pain	during	survivorship	are	of	obvious	clinical	
importance.

Exercise	 may	 be	 one	 such	 strategy.	 Both	 acute	 (i.e.,	
a	single	bout)	(Naugle	et	al.,	2012)	and	chronic	exercise	
(i.e.,	 regular	 exercise	 over	 weeks	 to	 months)	 (Geneen	
et	al.,	2017)	have	been	shown	to	reduce	experimentally	
induced	 pain	 in	 healthy	 individuals	 and	 clinical	 pain	
in	 people	 with	 chronic	 musculoskeletal	 pain.	 In	 the	
acute	 setting,	 a	 reduction	 in	 pain	 by	 exercise	 is	 known	
as	 exercise-	induced	 hypoalgesia	 (EIH).	 EIH	 typically	
manifests	as	a	reduction	in	self-	reported	pain	during	ex-
posure	to	noxious	stimuli	and/or	as	an	increase	in	pain	
tolerance	or	pain	 threshold	 lasting	 for	<30 min	 follow-
ing	acute	exercise	(Naugle	et	al.,	2012;	Rice	et	al.,	2019).	
However,	 different	 pain	 responses	 have	 been	 demon-
strated	in	some	chronic	pain	groups	with	effects	ranging	
from	a	blunted	EIH	response	to	a	hyperalgesic	effect	of	
exercise.	This	indicates	that	the	magnitude	of	EIH,	likely	
of	clinical	 importance	 in	people	with	chronic	pain,	dif-
fers	 within	 and	 between	 chronic	 pain	 populations	 and	
is	often	reduced	compared	to	pain	free	individuals	(Rice	
et	al.,	2019;	Vaegter	&	Jones,	2020).	The	intensity	of	an	
acute	bout	of	exercise	is	an	important	factor	in	the	hypo-
algesic	effect,	with	larger	EIH	observed	following	higher	
intensity	 exercise	 in	 healthy	 individuals	 (Naugle	 et	 al.,	
2012,	2014).	Additionally,	 the	effect	of	exercise	training	
on	the	magnitude	of	EIH	has	only	recently	been	 inves-
tigated	in	healthy	populations,	where	it	was	shown	that	
EIH	increased	after	a	period	of	exercise	training	(Hansen	
et	al.,	2020).

Despite	 the	 prevalence	 of	 pain	 in	 cancer	 survivors,	
the	 effect	 of	 acute	 and	 chronic	 exercise	 on	 pain	 in	 this	

cohort	 has	 seldom	 been	 studied.	 One	 of	 the	 few	 stud-
ies	 conducted	 in	 cancer	 survivors	 investigated	 the	 effect	
of	 chronic	 aquatic	 exercise	 on	 pressure	 pain	 threshold	
(PPT)	 in	 breast	 cancer	 survivors	 (Cantarero-	Villanueva	
et	al.,	2013).	They	found	an	increase	in	PPT	(i.e.,	reduced	
sensitivity	to	noxious	pressure)	after	2 months	of	hydro-
therapy.	Similarly,	a	randomized	controlled	trial	in	breast	
cancer	survivors	(Fernández-	Lao	et	al.,	2012)	reported	an	
increase	in	PPT	after	8 weeks	of	training	consisting	of	aer-
obic,	strength,	and	mobility	exercises.

No	studies	to	date	have	investigated	the	acute	effect	of	
exercise	or	the	effect	of	exercise	training	on	EIH	in	cancer	
survivors,	nor	has	the	mediating	effect	of	exercise	intensity	
on	acute	EIH	been	explored	in	this	population.	Therefore,	
the	 aim	 of	 this	 study	 was	 twofold:	 (1)	 to	 investigate	 the	
effect	of	 exercise	 intensity	on	EIH	after	a	 single	bout	of	
exercise,	and	(2)	to	investigate	the	effect	of	exercise	inten-
sity	on	the	magnitude	of	EIH	after	a	short,	2-	week	training	
period.	It	was	hypothesized	that	higher	intensity	exercise	
would	elicit	a	greater	EIH,	as	evidenced	by	an	increase	in	
pain	thresholds,	after	both	acute	(single	bout)	and	short-	
term	(2 weeks)	exercise.

2 	 | 	 METHODS

This	exploratory	study	was	a	randomized	crossover	trial,	
designed	 to	determine	 the	difference	between	high-		and	
low-	intensity	aerobic	exercise	on	experimentally	induced	
pain	(pressure	pain	thresholds)	in	cancer	survivors.

What is the central question of the study?
•	 Is	 there	an	effect	of	 exercise	 intensity	on	pain	

thresholds	in	cancer	survivors?

What is the main finding and its 
importance?
•	 High-	intensity	exercise	elicits	a	greater	increase	

in	 pain	 thresholds	 than	 low	 intensity	 after	 a	
single	bout	of	exercise.	However,	after	a	short	
2-	week	training	period,	high-		and	low-	intensity	
exercise	elicit	a	similar	increase	in	pain	thresh-
olds,	 suggesting	 that	 low-	intensity	 exercise	
training	 may	 be	 a	 feasible	 option	 to	 increase	
pain	thresholds	in	cancer	survivors.

•	 This	is	important	giving	the	significant	barriers	
to	exercise	that	cancer	survivors	face,	meaning	
low-	intensity	 exercise	 may	 be	 a	 more	 feasible	
option.
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2.1	 |	 Participants

All	 procedures	 were	 approved	 by	 the	 South	 Eastern	
Sydney	 Local	 Health	 District	 Human	 Research	 Ethics	
Committee	 (HREC	 ref	 15/170)	 and	 conformed	 to	 the	
Declaration	of	Helsinki,	except	for	registration	in	a	data-
base	 (2013).	 Participants	 were	 recruited	 through	 Prince	
of	Wales	Hospital,	Department	of	Oncology.	Participants	
were	 considered	 eligible	 for	 this	 study	 if	 they:	 (1)	 had	 a	
diagnosis	of	non-	metastatic	breast	cancer,	colorectal	can-
cer,	prostate	cancer,	or	lymphoma,	(2)	had	completed	ad-
juvant	chemotherapy	or	radiotherapy	3–	12 months	prior	
to	enrolment,	though	breast	and	prostate	cancer	patients	
who	 were	 on	 hormonal	 therapy	 were	 eligible	 to	 partici-
pate,	 (3)	were	between	 the	ages	of	16	and	80 years,	and	
(4)	were	currently	completing	less	than	90 min	of	struc-
tured,	 moderate	 to	 vigorous	 physical	 activity	 per	 week.	
This	 last	condition	ensured	that	 the	dose	of	exercise	de-
livered	in	the	intervention	(20 min	per	session	plus	warm	
up	 and	 cool	 down	 3×	 per	 week)	 was	 greater	 than	 the	
participants’	current	physical	activity	levels.	Participants	
were	also	asked	to	maintain	their	usual	levels	of	activity	
throughout	 the	 duration	 of	 the	 study.	 Potential	 partici-
pants	 were	 not	 required	 to	 report	 pain	 to	 be	 eligible	 for	
this	study.	Participants	were	excluded	if	they	(1)	could	not	
freely	give	informed	consent,	(2)	were	on	an	experimental	
drug	trial,	or	(3)	were	currently	using	anti-	inflammatory	
or	 analgesic	 medication.	 Participants	 who	 were	 taking	
analgesic	medications	were	given	the	opportunity	to	par-
ticipate	if	they	could	cease	use	of	the	analgesic	during	the	
intervention.	Eligible	participants	were	identified	through	
the	 hospital	 database	 software,	 MOSAIQ	 (Elekta	 AB),	 a	

cancer	 services	 information	 system	 for	 electronic	 medi-
cal	management.	Study	information	was	provided	by	the	
patient's	treating	oncologist.	Participants	signed	a	consent	
to	 contact	 if	 they	wanted	 to	be	 included	 in	 the	 study	or	
if	they	wanted	further	information.	Once	the	participants	
had	signed	a	consent	to	contact	form,	they	were	contacted	
by	a	study	investigator	and,	if	they	were	still	willing	to	par-
ticipate,	provided	written	informed	consent.	All	exercise	
testing	and	training	 took	place	at	 the	University	of	New	
South	Wales	(Sydney,	Australia),	Department	of	Exercise	
Physiology	research	testing	facility.

2.2	 |	 Procedures

After	 informed	 consent	 was	 obtained,	 participants	 were	
randomized	 (using	 a	 computer-	generated	 number	 se-
quence	 from	 www.rando	mizer.org)	 to	 either	 the	 low-		
(30%–	40%	Heart	Rate	Reserve	(HRR))	or	high-		(60%–	70%	
HRR)	 intensity	 exercise	 group	 (Figure	 1)	 and	 under-
went	 baseline	 aerobic	 fitness	 testing	 on	 a	 cycle	 ergom-
eter	 (Ergoselect	 200,	 Ergoline	 GmbH,	 Lindenstraße	
5).	 Maximal	 aerobic	 fitness	 was	 predicted	 using	 a	 sub-
maximal	 aerobic	 capacity	 test,	 the	 modified	 YMCA	 test	
(Beekley	et	al.,	2004).	The	modified	YMCA	test	is	a	graded	
exercise	test	performed	on	a	cycle	ergometer.	Each	stage	
lasts	for	3 min	and	heart	rate,	blood	pressure	and	rating	
of	perceived	exertion	are	measured	at	each	stage.	The	test	
starts	at	25 W	and	workload	is	increased	every	3 min	based	
on	the	heart	rate	of	the	participant.	The	test	is	ceased	at	
80%	of	the	participants	age	predicted	heart	rate	maximum.	
Height	and	weight	were	measured	for	each	participant	at	

F I G U R E  1  Experimental	setup.	Participants	were	randomized	to	low-		or	high-	intensity	exercise	and	performed	2 weeks	of	exercise	
training	(stationary	bike)	at	the	assigned	intensity.	PPT	(arrows)	were	assessed	immediately	before	and	immediately	after	the	first	and	last	
exercise	sessions	of	the	2-	week	training	period.	After	the	initial	2 weeks	of	training,	participants	underwent	a	6-	week	no	exercise	washout	
period	and	then	returned	to	complete	the	exercise	intervention	at	the	other	intensity.	HRR,	heart	rate	reserve;	PPT,	Pressure	Pain	Threshold

http://www.randomizer.org
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the	 initial	session	using	a	stadiometer	 (Seca	stadiometer	
213,	 Seca)	 and	 calibrated	 scales	 (Charder	 Medical),	 and	
body	mass	index	(BMI)	was	calculated.	There	was	1 week	
between	the	baseline	testing	session	and	the	initial	exer-
cise	 session	 in	 the	 2  weeks	 training	 period.	 Before	 each	
exercise	session,	participants	confirmed	that	they	had	not	
consumed	 anti-	inflammatory	 or	 analgesic	 medications.	
The	initial	exercise	session	consisted	of	a	15-	min	exercise	
bout	at	the	prescribed	intensity	followed	by	a	5-	min	cool	
down.	Heart	rate	was	monitored	using	a	Polar	heart	rate	
monitor	 (Polar	 Electro	 Oy)	 and	 percentage	 of	 HRR	 was	
calculated	using	the	equation	below:

At	commencement	of	exercise,	 the	workload	was	ad-
justed	so	that	participants	reached	their	assigned	intensity	
within	the	first	3 min	of	exercise,	after	which	participants	
were	 asked	 to	 maintain	 this	 intensity	 for	 the	 remainder	
of	 the	 session.	 Heart	 rate	 was	 continually	 monitored	
throughout	the	training	session	and	recorded	every	30 s.	
Workload	was	adjusted	throughout	as	necessary	to	main-
tain	the	participant's	heart	rate	within	the	desired	range.

PPTs	 were	 measured	 immediately	 prior	 to	 exercise	
and	immediately	after	the	completion	of	exercise.	In	the	
2-	week	period	 following	 the	 initial	exercise	bout,	partic-
ipants	 returned	 to	 the	 lab	 and	 completed	 four	 exercise	
sessions.	 These	 sessions	 were	 increased	 in	 length	 up	 to	
20 min	(session	2 = 17 min,	sessions	3,	4	&	5 = 20 min),	
followed	by	a	5-	min	cool	down.	Participants	then	returned	
for	the	final	exercise	session,	which	was	matched	in	dura-
tion	to	the	initial	session	(i.e.,	15 min	followed	by	a	5-	min	
cool	down).	Participants	had	at	 least	1-	day	 rest	between	
exercise	sessions.	The	duration	of	the	exercise	sessions	was	
based	on	a	meta-	analytic	review	of	the	hypoalgesic	effect	
of	exercise	which	identified	that	exercise	durations	greater	
than	10 min	were	more	likely	to	induce	a	hypoalgesic	re-
sponse	 (Naugle	 et	 al.,	 2012).	 PPTs	 were	 measured	 again	
immediately	before	and	immediately	after	the	final	exer-
cise	bout.	Participants	then	underwent	a	washout	period	
of	no	structured	exercise	for	a	minimum	of	6 weeks,	after	
which	 they	 returned	 and	 were	 crossed	 over	 to	 complete	
the	exercise	intervention	at	the	other	intensity	(Figure	1).

2.3	 |	 Pressure pain threshold testing

PPTs	were	measured	using	algometry,	a	reliable	and	valid	
method	for	quantifying	PPT	across	a	range	of	healthy	and	
chronic	pain	populations	that	is	sensitive	to	the	effects	of	
exercise	 (Chesterton	 et	 al.,	 2007).	 A	 pressure	 algometer	

(Wagner	Force	Ten	FDX-	25)	with	a	1-	cm2	rubber-	tipped	
probe	was	used	to	apply	pressure	perpendicularly	to	the	
participant's	skin.	The	pressure	applied	by	the	algometer	
was	 increased	at	a	 rate	of	1-	kg	of	 force	per	 second	until	
the	participant	identified	that	the	feeling	of	pressure	had	
turned	to	pain.	At	this	point,	they	gave	a	verbal	command	
of	 “stop”	 and	 the	 value	 displayed	 on	 the	 algometer	 was	
recorded	as	the	participant's	PPT.	The	procedure	involved	
a	practice	trial	and	was	followed	by	three	test	trials	at	each	
of	two	sites:	the	thigh	over	the	rectus femoris	muscle	body	
and	the	arm	over	the	mid-	belly	of	the	bicep	brachii.	The	av-
erage	of	the	three	test	trials	was	determined	and	recorded	
as	 the	PPT	at	each	site.	Measurements	were	made	 from	
only	one	arm	and	leg,	determined	by:	(1)	the	least	affected	
limb	for	participants	who	had	lymphoedema	(n = 3),	or	(2)	
the	dominant	upper	limb	(n = 16).	Additionally,	it	is	rec-
ognized	that	delivering	specific	education	regarding	EIH	
can	amplify	the	reported	EIH	after	exercise	(Jones	et	al.,	
2017;	Vaegter	et	al.,	2020).	Therefore,	no	education	or	in-
formation	was	given	about	the	effect	of	exercise	on	pain	
thresholds	until	completion	of	the	entire	intervention.

2.4	 |	 SF- 36 Bodily pain subscale

Quality	of	life	was	assessed	using	the	RAND	36-	item	short	
form	health	survey	(SF-	36)	(Keller	et	al.,	1997).	The	SF-	36	
is	a	generalized	health	survey	that	is	used	to	examine	a	per-
son's	perceived	health	status	across	eight	health	concepts	
(physical	 functioning;	 role	 limitations	 because	 of	 physi-
cal	health	problems;	bodily	pain;	social	functioning;	gen-
eral	mental	health;	 role	 limitations	because	of	emotional	
problems;	vitality	and	general	health	perceptions).	Possible	
scores	range	from	0–	100,	with	a	score	of	100	representing	a	
very	good	perceived	quality	of	life.	The	bodily	pain	subscale	
of	 the	 SF-	36	 was	 isolated	 and	 used	 in	 conjunction	 with	
PPT	to	assess	clinical	pain	in	the	study	population	at	the	
beginning	of	the	study,	and	any	changes	in	pain	by	exercise	
across	the	2-	week	training	period.	Traditionally,	the	SF-	36	
is	based	on	a	4-	week	recall	period,	however,	in	the	present	
study,	a	1-	week	recall	period	version	was	used,	which	has	
been	demonstrated	to	be	more	sensitive	in	addressing	re-
cent	changes	to	health	status	(Keller	et	al.,	1997).	The	SF-	
36	was	administered	at	baseline,	1 week	before	initiation	of	
the	2-	week	training	period,	and	at	the	follow-	up	appoint-
ment	occurring	1 week	after	the	final	exercise	session.

2.5	 |	 Sample size calculation

As	 mentioned	 previously,	 few	 studies	 have	 investigated	
EIH	 in	 cancer	 survivors.	 Moreover,	 the	 available	 stud-
ies	in	these	cohorts	have	only	measured	pain	before	and	

Heart Rate Reserve (HRR) = Intended \% of max

[Age Predicted HRmax (220 - age) - HRrest] + HRrest
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after	a	 training	period	and	did	not	capture	 the	acute	ef-
fect	of	exercise	on	pain.	Therefore,	a	meta-	analytic	review	
by	Naugle	et	al.	(2012)	of	EIH	in	healthy	populations	was	
used	to	identify	effect	sizes	to	determine	the	required	sam-
ple	size	for	the	current	study.	Naugle	et	al.	(2012)	identi-
fied	 two	studies	 (Koltyn	et	al.,	 1996;	Meeus	et	al.,	 2010)	
that	investigated	the	effect	of	aerobic	exercise	on	PPTs	and	
the	weighted	effect	size	was	0.58.	Based	on	an	effect	of	this	
size,	n = 26	was	determined	as	sufficient	 to	capture	 the	
acute	EIH	induced	by	varying	intensities	of	exercise	using	
the	 “t tests	 -		 Means:	 Difference between two dependent 
means (matched pairs)”	model	[G	Power	(version:	3.1.9.2)	
with	80%	power	and	two-	tailed	alpha	of	0.05].

2.6	 |	 Statistical analysis

IBM	 Statistical	 Package	 for	 Social	 Sciences-	SPSS	 (ver-
sion	22)	was	used	 for	all	 statistical	analyses.	Descriptive	
statistics	were	calculated,	and	normality	of	 the	data	was	
assessed	through	histogram	analysis	of	the	calculated	re-
siduals.	A	per	protocol	analysis	was	completed	and	a	re-
stricted	 maximum	 likelihood-	based	 linear	 mixed	 model	
(LMM)	was	used	to	estimate	the	effect	of	exercise	intensity	
on	pain	thresholds,	taking	into	account	the	within	partici-
pant	correlation	of	outcome	measures.	The	order	(low	in-
tensity	first	vs.	high	intensity	first)	and	the	bout	of	training	
(exercise	bout	1/before	washout	vs.	exercise	bout	2/after	
washout)	effects	were	adjusted	in	the	model.	Results	were	
considered	 statistically	 significant	 if	 p  <  0.05.	 After	 the	
difference	 between	 intensities	 was	 assessed,	 effect	 sizes	
(Cohen's	 d)	 were	 calculated	 based	 on	 the	 mean	 differ-
ence	and	standard	deviation	(SD)	at	each	site,	timepoint,	
and	 intensity.	 Effect	 sizes	 were	 interpreted	 as	 negligible	
(<0.2),	 small	 (0.2–	0.49),	 moderate	 (0.5–	0.79),	 or	 large	
(>0.8)	(Fritz	et	al.,	2012).	Paired	t-	tests	were	used	to	assess	
changes	 in	 bodily	 pain	 from	 the	 SF-	36	 bodily	 pain	 sub-
scale	before	and	after	each	2 week	training	period,	and	to	
assess	changes	in	pre-	exercise	pain	thresholds	after	each	
2 week	 training	period.	Pre-	exercise	pain	 thresholds	are	
identified	as	those	measured	immediately	before	exercise	
session	1	(Ex1)	and	immediately	before	exercise	session	6	
(Ex6)	in	each	2 week	training	period.

3 	 | 	 RESULTS

3.1	 |	 Participant characteristics

Twenty-	three	 participants	 were	 recruited	 into	 the	 study	
between	July	2016	and	June	2018	(Figure	2).	Three	par-
ticipants	 dropped	 out	 of	 the	 study	 prior	 to	 baseline	 as-
sessment	citing	a	lack	of	motivation	to	attend	the	testing	

session	(n = 1),	work	commitments	(n = 1),	and	cancer	
recurrence	(n = 1).	Twenty	participants	completed	the	in-
tervention,	however,	data	for	one	participant	was	removed	
from	the	analysis	as	it	was	significantly	outlying	data	from	
rest	of	the	group	(more	than	3	SD	from	the	mean	across	
all	 timepoints)	 which	 significantly	 skewed	 the	 dataset	
and	 violated	 statistical	 assumptions.	 The	 participants,	
while	reporting	having	been	sedentary	for	approximately	
20 years,	had	a	history	of	elite	sport	engagement.	Previous	
studies	 have	 shown	 that	 engagement	 in	 elite	 level	 sport	
is	associated	with	reduced	pain	sensitivity	(Tesarz	et	al.,	
2012)	and	may	explain	the	abnormally	high	pain	thresh-
olds.	However,	we	conducted	a	sensitivity	analysis	includ-
ing	the	outlying	data	points	and	this	did	not	significantly	
change	the	results	(Tables	S3	and	S4).	Participants	(n = 19)	
had	a	mean	age	of	56.1 years	(±9.4),	were	mostly	female	

F I G U R E  2  Recruitment	diagram	detailing	flow	of	participants	
through	the	study

N= 350 assessed 
for eligibility

N= 58 signed 
consent to 

contact form 
and were 

approached

N=35 Declined to 
par�cipate. (Time 

poor, n=8; No answer, 
n=8; Too ac�ve, n=7; 
Not interested, n=5; 

Too far from Tx 
comple�on, n=4; 

Metasta�c disease, 
n=1; Feeling too 

unwell, n=1; Moving
interstate, n=1)

N= 23 Enrolled

Randomised

N=20 
Completed 

interven�on

N= 1 Removed 
from analysis

N= 19 Analysed

N=3 Dropped out.
(Recurrence, n=1; Lack 

of mo�va�on, n=1; 
Work commitments, 

n=1)
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breast	cancer	survivors	and	were	an	average	of	7.3 month	
from	completion	of	adjuvant	therapy	(Table	1).	The	aver-
age	intensity	achieved	during	the	high-	intensity	training	
sessions	was	65.2 ± 7.2%	of	heart	rate	reserve	(HRR;	tar-
get	60%–	70%	HRR)	and	during	low-	intensity	training	was	
31.4 ± 9.4%	HRR	(target	30%–	40%	HRR).	On	average,	par-
ticipants	competed	97.5%	of	exercise	sessions.	No	adverse	
events	were	reported	during	the	study.

3.2	 |	 Effect of exercise intensity on pain 
thresholds before and after short- term 
exercise training over the rectus femoris

After	a	single	bout	of	exercise,	we	found	a	significant	dif-
ference	between	exercise	intensities	on	PPT	over	the	rectus 
femoris	(mean	difference	between	intensities	[post	exercise	
-		pre	exercise] ± SE:	−0.51 kg/cm2 ± 0.15,	p = 0.004)	 in	
favor	of	high	intensity	(Figure	3,	panel	a).	High-	intensity	
exercise	elicited	a	moderate	effect	size	over	the	rectus femo-
ris	while	low	intensity	elicited	a	small	effect	size	over	the	
rectus femoris	(Table	2).	We	found	no	effect	of	the	order	of	
the	intervention	or	the	bout	of	training	(e.g.,	high	or	low	in-
tensity	first,	before	or	after	the	washout	period	[Table	S1]).

We	then	assessed	the	effect	of	a	short	training	period	
on	baseline	PPT	and	found	no	difference	 in	pre-	exercise	
pain	 thresholds	 between	 low	 intensity	 (mean	 Δ  ±  SD:	
0.20  kg/m2  ±  1.25  kg/m2,	 p  =  0.50)	 and	 high	 intensity	
(mean	Δ ± SD:	−0.23 kg/m2 ± 1.22kg/m2,	p = 0.44)	over	
the	rectus femoris.

Finally,	we	assessed	the	effect	of	a	short	training	pe-
riod	 (2  weeks)	 at	 high	 and	 low	 intensity	 on	 the	 acute	
EIH	response,	that	is,	the	effect	of	2 weeks	exercise	train-
ing	on	experimental	pain	responses	 to	a	single	exercise	
bout	of	exercise.	After	a	short	training	period	there	was	
no	 difference	 between	 high-		 and	 low-	intensity	 exercise	
on	 acute	 EIH	 over	 the	 rectus femoris	 (mean	 difference	

between	intensities ± SE:	0.01 kg/cm2 ± 0.25,	p = 0.99,	
Figure	3,	panel	b).	Both	low-		and	high-	intensity	exercise	
elicited	a	moderate	effect	on	EIH	over	the	rectus femoris	
(Table	2).

3.3	 |	 Effect of exercise intensity on pain 
thresholds before and after short- term 
exercise training over the biceps brachii

There	was	no	significant	effect	of	intensity,	order,	or	bout	
of	 training	 on	 PPT	 over	 the	 biceps brachii	 after	 a	 single	
bout	of	exercise	(Figure	4,	Table	S1).

There	was	also	no	difference	between	the	effect	of	high-		
and	low-	intensity	exercise	training	on	acute	EIH	over	the	
biceps brachii	(mean	difference	between	intensities ± SE:	
−0.20 kg/cm2 ± 0.14,	p = 0.18,	Table	S2).	Both	high-		and	
low-	intensity	exercise	elicited	a	small	effect	on	EIH	over	
the	biceps brachii	after	training	demonstrating	no	systemic	
effect	of	exercise	on	EIH	(Figure	4,	Table	2).

High	intensity	elicited	a	moderate	effect	on	PPT	over	
the	 rectus femoris,	 the	 primary	 exercising	 muscle,	 after	
both	the	first	and	last	exercise	session	in	a	short	2 week	
training	 period	 (Table	 2).	 Low-	intensity	 exercise	 elicited	
only	a	small	effect	on	PPT	over	the	rectus femoris	after	the	
first	exercise	session,	but	a	moderate	effect	after	the	final	
exercise	session	in	a	short	2-	week	training	period	(Table	
2).	Both	low-		and	high-	intensity	exercise	elicited	a	negli-
gible	effect	on	PPT	over	the	biceps brachii	(non-	exercising	
muscle)	after	a	single	bout	of	exercise	(Ex1)	and	a	small	
effect	after	a	short	training	period	(Ex6)	(Table	2).

3.4	 |	 SF- 36- bodily pain subscale

No	 change	 in	 bodily	 pain	 was	 reported	 after	 high-	
intensity	exercise	(mean	Δ ± SD:	−3.33 ± 12.49,	p = 0.32)	

Baseline (n = 19)
Baseline 2 
(n = 19)

Mean 
diff p- value

Age	(years) 56.1 ± 9.4 —	 —	 —	

Sex 86%	Female —	 —	 —	

Diagnosis 60%	Breast	cancer;	
27%	Colorectal	
cancer;	13%	
Prostate	cancer

—	 —	 —	

Time	since	treatment	
(months)

7.3 ± 4.5 —	 —	 —	

Height	(cm) 167.1 ± 5.4 —	 —	 —	

Weight	(kg) 81.5 ± 23.4 83.8 ± 23.1 2.30 0.17

BMI	(kg/m2) 29.4 ± 8.1 30.1 ± 8.1 0.6 0.16

T A B L E  1 	 Participant	characteristics
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or	 low-	intensity	 exercise	 (mean	 Δ  ±  SD:	 −0.33  ±  14.6,	
p = 0.93)	after	2 weeks	of	training.

4 	 | 	 DISCUSSION

This	study	demonstrated	that	high-	intensity	aerobic	exer-
cise	has	a	greater	effect	on	pain	 thresholds	 than	 low	 in-
tensity	after	a	single	bout	of	exercise	in	cancer	survivors.	
However,	after	a	 short	 training	period,	 low-	intensity	ex-
ercise	elicited	a	similar	hypoalgesic	effect	as	high	 inten-
sity	over	 the	working	muscle.	Our	 results	provide	novel	
knowledge	 to	 the	 limited	 literature	 on	 exercise-	induced	
pain	 moderation	 in	 cancer	 survivors	 in	 several	 ways.	
First,	it	is	the	only	study	investigating	the	acute	effect	of	
exercise	 on	 pain	 perception	 in	 cancer	 survivors	 and	 the	
mediating	 effect	 of	 exercise	 intensity	 on	 the	 magnitude	
of	 EIH.	 Second,	 this	 is	 the	 first	 study	 to	 investigate	 the	
effect	of	a	short	training	period	on	the	magnitude	of	the	
acute	 change	 in	 pain	 thresholds	 after	 exercise	 in	 cancer	
survivors.	Additionally,	we	 investigated	 the	effect	of	dif-
ferent	 intensities	 of	 exercise	 on	 this	 short-	term	 training	
response,	which	is	novel.

We	hypothesized	that	EIH	would	be	higher	in	response	
to	 high-	intensity	 compared	 to	 low-	intensity	 exercise.	

In	 partial	 agreement	 with	 this	 hypothesis,	 our	 results	
showed	a	significant	effect	of	intensity	on	reducing	pain	
sensitivity	 over	 the	 rectus femoris	 after	 an	 acute	 bout	 of	
exercise.	 That	 is,	 sensitivity	 to	 mechanically	 induced	
pain	decreased	over	 the	 leg	after	high-	intensity	exercise,	
whereas	sensitivity	was	not	reduced	after	low-	intensity	ex-
ercise.	An	intensity-	dependent	effect	of	acute	exercise	on	
EIH	has	previously	been	reported	in	healthy	populations,	
with	 moderate-	high-	intensity	 aerobic	 exercise	 (60%–	75%	
maximal	oxygen	uptake)	of	longer	durations	(>	10 min	up	
to	30 min)	more	likely	to	elicit	EIH	(Hoffman	et	al.,	2004;	
Koltyn,	2002;	Naugle	et	al.,	2012).	This	could	explain	why	
no	 EIH	 was	 observed	 following	 the	 initial	 low-	intensity	
exercise	session	in	the	present	study.

While	 the	 acute	 effect	 of	 exercise	 on	 EIH	 has	 been	
well	demonstrated	in	healthy	populations	(Naugle	et	al.,	
2012),	 few	 studies	 have	 focused	 on	 the	 effect	 of	 chronic	
exercise	on	the	EIH	response.	One	such	study	investigated	
the	 effect	 of	 exercise	 training	 on	 acute	 exercise-	induced	
pain	flares	in	people	with	hip	and	knee	pain	(Sandal	et	al.,	
2016).	 This	 study	 found	 that	 exercise	 training	 reduced	
the	magnitude	of	exercise-	induced	pain	flares	across	the	
course	 of	 the	 8  week	 training	 period.	 Although	 this	 ob-
servation	was	made	in	the	context	of	clinical	pain	rather	
than	experimentally	induced	pain,	the	results	are	in	line	
with	our	current	findings.	Here,	we	demonstrated	that	the	
effect	of	exercise	on	EIH	increased	after	a	short	training	
period	in	both	low-		and	high-	intensity	conditions	for	EIH.

Interestingly,	our	results	showed	that	after	2 weeks	of	
training,	 the	 difference	 between	 exercise	 intensities	 on	
EIH	was	no	longer	observable.	Indeed,	after	a	short	period	
of	training,	both	high-		and	low-	intensity	exercise	elicited	
a	 similar	 change	 in	 PPT	 after	 a	 single	 bout	 of	 exercise.	
This	novel	finding	suggests	that,	while	acute	EIH	may	be	
initially	 greater	 with	 high-	intensity	 exercise,	 short-	term	
exercise	at	low	intensity	can	ultimately	elicit	a	similar	hy-
poalgesic	response	after	only	a	few	weeks.	This	could	have	
significant	implications	for	cancer	survivors	who	are	often	
unable	to	engage	in	higher	intensity	exercise	due	to	barri-
ers	such	as	pain	and	fatigue	(Clifford	et	al.,	2018).

While	 an	 intensity-	dependent	 effect	 on	 EIH	 was	 ob-
served	over	 the	working	muscle	of	 the	 leg	 in	 this	 study,	
there	was	no	effect	of	exercise	on	EIH	over	the	arm	(non-	
exercised	 limb)	 at	 either	 high-		 or	 low-	intensity	 exercise.	
In	 healthy	 individuals,	 EIH	 can	 be	 experienced	 in	 non-	
exercised	 limbs,	albeit	usually	 to	a	smaller	extent	(Jones	
et	al.,	2017).	In	agreement	with	previous	research	(Micalos	
&	Arendt-	Nielsen,	2016;	Vaegter	et	al.,	2014),	in	the	pres-
ent	study	where	stationary	cycling	was	utilized,	exercise	
had	a	larger	effect	on	the	exercising	limb	compared	to	the	
non-	exercised	 limb,	 regardless	 of	 the	 intensity	 of	 exer-
cise,	with	only	small	EIH	observed	 in	 the	non-	exercised	
limb.	This	minimal	“systemic	effect”	of	exercise	on	pain	

F I G U R E  3  Effect	of	acute	exercise	and	short-	term	exercise	
training	on	pain	thresholds	over	the	rectus	femoris.	(a)	Acute	effect	
of	exercise	on	PPT:	Change	in	PPT	over	the	rectus	femoris,	before	
and	after	exercise	session	1	for	each	intensity.	(b)	Effect	of	short-	
term	training	on	the	magnitude	of	EIH	over	the	rectus	femoris:	EIH	
represents	the	change	in	pre-	post	PPT	before	and	after	the	exercise	
intervention.	The	unbroken	center	line	indicates	the	median,	
perforated	lines	indicate	quartiles	and	the	extremities	represent	the	
range
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may	 be	 a	 result	 of	 insufficient	 stimulus	 with	 respect	 to	
the	 duration	 and/or	 intensity	 of	 exercise.	 This	 may	 be	
an	 important	 consideration	 for	 cancer-	specific	 cohorts.	
For	 example,	 our	 cohort	 was	 predominantly	 breast	 can-
cer	survivors	who	are	more	likely	to	experience	ongoing	
upper	limb	and	chest	wall	pain	(Sagen	et	al.,	2014).	In	this	
circumstance,	 exercise	 prescription	 may	 need	 to	 be	 tai-
lored	to	target	the	regions	most	affected	by	pain.	We	also	
saw	 no	 change	 in	 self-	reported	 bodily	 pain	 as	 measured	
by	 the	 SF-	36	 after	 either	 low-		 or	 high-	intensity	 exercise.	
This	could	be	explained	by	 the	 limited	duration	of	each	
exercise	intervention	as	previous	research	has	shown	that	
longer	duration	interventions	(>4 weeks)	exhibit	a	greater	
reduction	in	bodily	pain	(Geneen	et	al.,	2017).

A	number	of	potential	mechanisms	have	been	suggested	
for	the	effect	of	exercise	on	pain	thresholds	(Jones,	Taylor,	
et	al.,	2017).	During	acute	exercise,	the	release	of	endoge-
nous	 substances	 contribute	 to	 the	 hypoalgesic	 response	
through	peripheral	and	central	mechanisms	(Koltyn	et	al.,	
2014).	 Previous	 research	 in	 animal	 models	 has	 demon-
strated	that	exercise	increases	endogenous	opioid	concentra-
tion	suggesting	central	control	of	pain	modulation	affected	
by	exercise	 training	 (Stagg	et	al.,	2011).	Furthermore,	our	
team	has	demonstrated	that	the	occlusion	of	blood	flow	to	
exercised	limbs	attenuates	EIH,	suggesting	that	neurotrans-
mitters	 released	during	exercise	may	also	act	peripherally	
to	influence	EIH	(Jones,	Taylor,	et	al.,	2017).	The	release	of	
these	endogenous	neurotransmitters	in	response	to	exercise	
may	be	influenced	by	the	intensity	and	duration	of	exercise.	
Thus,	it	could	be	speculated	that	a	combination	of	central	
and	peripheral	mechanisms	contribute	to	the	effect	demon-
strated	in	this	study.	However,	further	research	is	required	
to	understand	the	interaction	of	these	mechanisms.

The	cohort	in	this	study	reported	varying	levels	of	clin-
ical	pain	at	baseline	and	there	was	no	change	in	clinical	
pain	 reported	 across	 the	 2-	week	 training	 intervention	 at	
either	 low-		 or	 high-	intensity.	This	 was	 supported	 by	 the	
lack	 of	 change	 in	 baseline	 pain	 thresholds	 (Pre	 Ex1	 vs.	
Pre	 Ex6)	 after	 the	 2-	week	 training	 period	 at	 either	 high	
or	 low	intensity.	While	 the	 impact	of	exercise	at	varying	
intensities	 on	 clinical	 pain	 is	 an	 important	 outcome,	 it	
should	be	noted	that	2 weeks	of	exercise	may	not	be	suf-
ficient	to	reduce	clinical	pain	in	this	population.	Indeed,	
previous	studies	showing	reduced	pain	in	cancer	survivor	
populations	 with	 exercise	 training	 at	 least	 8  weeks	 long	
(Cantarero-	Villanueva	 et	 al.,	 2013;	 Fernández-	Lao	 et	 al.,	
2012).	Additionally,	participants	in	the	present	study	were	
previously	sedentary.	Research	has	shown	that	initiation	
of	exercise	may	be	associated	with	a	transient	increase	in	
muscle	pain	and	discomfort	which	resolves	with	adapta-
tion	to	exercise	(Geneen	et	al.,	2017).	As	such,	the	effect	of	
this	short	training	period	on	clinical	pain	may	not	predict	
the	effect	of	a	longer	intervention	on	clinical	pain	at	low	T
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and	high	intensity,	and	further	investigation	of	these	ad-
aptations	is	warranted.

4.1	 |	 Limitations

Our	novel	findings	should	be	considered	in	the	context	of	a	
limited	sample	size	as	difficulties	in	recruitment	resulted	in	a	
smaller	than	proposed	sample	size.	An	underpowered	study	
can	increase	the	likelihood	of	type	I	and	type	II	errors	occur-
ring	(Fletcher,	2008).	However,	moderate	effect	sizes	were	
observed	for	some	of	the	effects,	suggesting	that	it	is	unlikely	
that	type	II	error	occurred.	Nonetheless,	a	larger	sample	size	
would	increase	confidence	in	the	findings	of	this	study.	The	
lack	 of	 a	 non-	exercising	 control	 group	 limited	 our	 ability	
to	assess	the	effect	of	each	individual	exercise	intervention	
on	pain	sensitivity	in	this	cohort	and	should	be	assessed	in	
future	 randomized	 controlled	 trials.	 Additionally,	 in	 this	
study	 potential	 mechanisms	 of	 EIH,	 including	 intensity-	
dependent	differences,	could	not	be	established.

4.2	 |	 Future directions

Future	 research	 should	 investigate	 the	 effect	 of	 exer-
cise	 on	 several	 candidate	 biologic	 systems	 including	

circulating	 endogenous	 factors	 such	 as	 opioids	 and	
other	 nociceptive	 mediators,	 to	 better	 understand	 the	
mechanisms	 underlying	 the	 analgesic	 effect	 of	 exercise	
(Marchand	et	al.,	2005).

Understanding	the	impact	of	exercise	and	specific	edu-
cation	(Vaegter	et	al.,	2020)	on	pain	sensitivity	could	max-
imize	the	benefits	of	exercise	for	pain	management	in	this	
group	and	should	be	a	focus	of	future	research.	Recent	ev-
idence	suggests	that	specific	education	about	the	hypoal-
gesic	effect	of	exercise	can	impact	EIH	(Jones,	Valenzuela,	
et	al.,	2017;	Vaegter	et	al.,	2020)	and	impact	pain	intensity	
in	cancer	survivors	(Pas	et	al.,	2020).	This	 is	particularly	
relevant	for	cancer	survivors	who	may	be	avoidant	of	ex-
ercise	due	to	fear	of	worsened	pain	symptoms.	A	combina-
tion	of	low-	intensity	exercise	and	pain	education	may	be	
one	way	to	maximize	the	beneficial	impacts	of	exercise	on	
pain	in	this	population.

In	 addition	 to	 pain	 education,	 the	 use	 of	 resistance	
training	 to	 modulate	 EIH	 was	 not	 investigated	 in	 this	
study.	Resistance	exercise	is	considered	safe	and	effective	
for	cancer	survivors	and	has	been	shown	to	increase	pain	
thresholds	 in	 healthy	 and	 other	 chronic	 disease	 popula-
tions	(Li	et	al.,	2016).	Future	research	is	needed	to	investi-
gate	the	effects	of	resistance	exercise	of	varying	intensities	
on	pain	thresholds	in	cancer	survivors.

5 	 | 	 CONCLUSION

Our	data	identified	anatomical	site-	specific	and	intensity-	
dependent	effects	of	exercise	on	experimental	pain	sensi-
tivity	in	cancer	survivors.	Additionally,	we	demonstrated	
the	absence	of	intensity-	specific	effect	on	pain	sensitivity	
after	 a	 short	 training	 period.	 Our	 findings	 suggest	 that	
even	low-	intensity	aerobic	exercise	may	have	hypoalgesic	
benefits	for	cancer	survivors	who	are	less	able	or	willing	
to	 exercise	 at	 high	 intensities.	 These	 results	 are	 encour-
aging,	since	many	survivors	report	treatment-	related	side	
effects,	such	as	fatigue	and	pain,	as	barriers	to	exercise	for	
which	low-	intensity	exercise	may	be	a	more	viable	option.	
However,	replication	of	these	findings	should	be	a	priority	
in	future	research	to	confirm	the	reliability	of	EIH	in	can-
cer	survivor	cohorts.	Following	this,	further	investigation	
into	the	impact	of	different	intensities	of	exercise	on	clini-
cal	pain	and	the	combined	effect	of	exercise	and	specific	
education	about	EIH	could	help	 to	maximize	 the	effects	
seen	in	this	study.
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term	training	on	the	magnitude	of	EIH	over	the	biceps	brachii:	EIH	
represents	the	change	in	pre-	post	PPT	before	and	after	the	exercise	
intervention.	The	unbroken	center	line	indicates	the	median,	
perforated	lines	indicate	quartiles	and	the	extremities	represent	the	
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