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Aerobic exercise reduces intraocular pressure and expands Schlemm’s canal 
dimensions in healthy and primary open-angle glaucoma eyes
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Purpose:	Aerobic	exercise	(AE)	has	been	reported	to	decrease	intraocular	pressure	(IOP)	in	healthy	subjects	
and	there	are	concomitant	morphological	changes	in	the	anterior	segment	of	the	eye	including	the	Schlemm’s	
canal	 (SC).	However,	 its	 effects	on	 IOP	and	SC	morphology	 in	glaucoma	patients	had	not	been	 studied	
before.	We	aim	to	investigate	the	effect	of	AE	on	the	IOP	and	SC	dimension	in	both	healthy	and	primary	
open‑angle	glaucoma	(POAG)	eyes.	Methods: The	area	and	diameter	of	SC	and	IOP	were	measured	in	35	
primary	open‑angle	glaucoma	(POAG)	patients	(59	eyes)	and	36	healthy	subjects	(72	eyes)	before	and	after	
performing	moderate	intensity	of	AE	by	running	on	a	treadmill	for	30	min.	SC	was	imaged	by	swept‑source	
optical	coherence	tomography	(SS‑OCT)	for	evaluation.	Results:	In	comparison	with	baseline	values,	mean	
IOP	decreased	significantly	following	AE	in	both	POAG	and	healthy	eyes	(both P <	0.001),	in	which	POAG	
eyes	showed	a	greater	degree	of	reduction	compared	to	healthy	eyes	(P =	0.002).	In	comparison	with	baseline	
values,	in	both	POAG	and	healthy	eyes,	the	average	cross‑sectional	area	(POAG:	80.48	+/‑	59.54	vs.	99.20	
+/‑	54.87	pixels;	healthy:	151.84	+/‑	52.76	vs.	198.23	+/‑	53.70	pixels;	both P <	0.001)	and	diameter	(POAG:	3.73	
+/‑	1.69	vs.	4.33	+/‑	1.74	pixels;	healthy:	5.61	+/‑	1.02	vs.	6.47	+/‑	1.20	pixels;	both P <	0.001)	of	SC	significantly	
increased	 after	AE.	 In	 POAG,	 both	 treated	 and	 untreated	with	 IOP‑lowering	medications,	 a	 significant	
reduction	in	mean	IOP	and	increase	in	SC	dimensions	following	AE	were	observed	(all P < 0.05),	and	there	
were	no	significant	differences	of	such	measurements	between	the	two	subgroups	(all P >	0.05).	Conclusion: 
AE‑induced	reduction	in	IOP	and	an	increase	in	SC	dimensions	in	POAG	eyes	as	in	healthy	eyes.	Further	
studies	to	evaluate	the	long‑term	effect	of	AE	on	IOP	control	and	SC	morphology	in	POAG	seem	warranted.
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Elevation	of	intraocular	pressure	(IOP)	is	a	major	risk	factor	of	
primary	open‑angle	glaucoma	(POAG),	the	commonest	form	
of	glaucoma	worldwide.[1,2]	To	date,	 IOP	 reduction	 remains	
the	mainstay	of	treatment	for	POAG	to	protect	the	optic	nerve,	
attenuate	degeneration	of	retinal	ganglion	cells	and	progression	
of	visual	field	defects.[3]	However,	despite	being	prescribed	
maximal	 doses	 of	 antiglaucoma	medications	 or	 having	
undergone	multiple	 surgical	 procedures,	 some	 glaucoma	
patients	 still	 could	not	 achieve	 satisfactory	 IOP	 control.[4,5] 
Furthermore,	less	invasive	and	conservative	treatment	options	
are	often	preferable	from	patients’	perspectives.	Therefore,	the	
identification	of	beneficial	lifestyle	modifications	to	control	IOP	
in	glaucoma	is	an	area	of	clinical	interest.

Aerobic	exercise	(AE)	is	known	to	reduce	IOP	in	healthy	eyes	by	
various	potential	mechanisms.[6‑8]	Yan	et al.	recently	observed	that	IOP	
was	lowered	while	the	dimension	of	Schlemm’s	canal	(SC)	became	

significantly	increased	in	healthy	eyes	after	AE	using	ultrasound	
biomicroscopy	 (UBM)	and	 swept‑source	optical	 coherence	
tomography	(SS‑OCT),	respectively.[9,10]	Prostaglandin	(PG)	analogs,	
trabeculectomy,	and	minimally	 invasive	glaucoma	surgery	are	
all	proven	effective	treatments	for	glaucoma	with	the	common	
effects	of	 facilitating	aqueous	outflow	through	 the	 trabecular	
meshwork	(TM)	and	SC	to	achieve	IOP	reduction.[11‑13] Therefore, AE 
may	potentially	be	a	beneficial	lifestyle	modification	in	glaucoma	
management	with	its	observed	effects	on	IOP	and	SC.	Nevertheless,	
previous	studies	on	the	effects	of	AE	in	IOP	were	mostly	conducted	
in	healthy	eyes	with	 limited	evidence	 to	 support	 its	 role	 in	
POAG.[14,15]	Furthermore,	effects	of	AE	in	expanding	SC	dimension	
were	only	recently	reported	in	healthy	eyes.[9,10,16] Therefore, these 
effects	of	AE	are	yet	to	be	comprehensively	evaluated	in	POAG.

The	morphology	of	SC	in	POAG	eyes	is	grossly	altered	as	
compared	to	healthy	eyes,	and	it	is	uncertain	if	the	effects	of	
AE	 in	healthy	eyes	are	 retained	and	reproducible	 in	POAG	
eyes.[17‑19]	Decreased	dimension	of	SC	in	POAG	was	thought	to	
be	associated	with	impaired	aqueous	outflow	and	IOP	elevation	
in POAG.[17]	 Furthermore,	 it	 has	 been	 shown	 that	 acute	
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elevation	of	IOP	caused	the	collapse	of	SC	which	could	further	
increase	the	resistance	of	the	aqueous	outflow	pathway	and	
induce	a	vicious	cycle	of	progressively	increasing	IOP.[20] In the 
presence	of	unfavorable	SC	morphology,	further	complicated	
by	elevated	IOP	causing	SC	collapse	in	POAG	eyes,	it	remains	
unknown	if	AE	could	achieve	similar	outcomes	of	increasing	
SC	dimension	and	reducing	IOP	as	in	healthy	eyes.

Imaging	of	 the	anterior	 segment	has	advanced.	 In	 recent	
studies,	 our	 group	has	 extensively	 studied	 changes	 in	 SC	
morphology	 and	 anterior	 chamber	 in	 healthy	 eyes	 under	
various	physiological	conditions	utilizing	SS‑OCT.[21,22]	SS‑OCT	
in	current	clinical	practice	allows	noncontact,	detailed,	and	high	
resolution in vivo imaging	of	the	anterior	segment	and	is	a	reliable	
SC	measurement	method.[13,23,24]	During	 imaging	by	SS‑OCT,	
patients	remain	in	an	upright	sitting	position,	which	maintains	
physiological	aqueous	fluid	gravity.	These	properties	of	SS‑OCT	
allowed	noninvasive	evaluation	of	the	SC	morphology	in	POAG	
eyes	following	AE	in	the	most	physiological	setting	with	minimal	
influences	of	the	eye	by	the	imaging	device.

The	objectives	of	this	study	were	to	determine	if	AE	retains	
similar	effects	of	inducing	IOP	reduction	and	SC	dimension	
increase	as	previously	reported	in	healthy	eyes	and	to	compare	
such	effects	in	different	POAG	treatment	groups	to	evaluate	
the	potential	benefits	of	AE	in	POAG	eyes.

Methods
Study design and subjects
This	 is	an	observational,	 cross‑sectional	study.	A	 total	of	35	
POAG	patients	and	36	healthy	volunteers	were	recruited	from	
the	Department	of	Glaucoma,	Zhongshn	Ophthalmic	Center,	
and	Sun	Yat‑sen	University	Medical	School.	This	study	was	
approved	by	the	Ethics	Review	Committee	of	the	Zhongshan	
Ophthalmic	Center	and	adhered	to	the	tenets	of	the	Declaration	
of	Helsinki.	Written	informed	consent	was	obtained	from	all	
subjects	before	study	participation.	History	of	IOP‑lowering	
medication	use	was	recorded	for	all	POAG	patients.

All	participants	underwent	a	detailed	ocular	examination,	
which	 included	measurements	 of	 best‑corrected	 visual	
acuity,	spherical	equivalent	(SE)	by	an	autorefractor	(KR‑8900	
version	 1.07;	 Topcon	Corporation,	 Tokyo,	 Japan),	 axial	
length	(AL)	(IOL	Master,	Carl	Zeiss	Meditec,	LaJolla,	CA,	USA),	
slit‑lamp	biomicroscopy,	gonioscopy,	fundus	examination	by	
indirect	 ophthalmoscope	and	 IOP	measured	by	Goldmann	
applanation	 tonometry.	Besides,	 all	participants	underwent	
examinations	for	measurement	of	blood	pressure	(BP)	and	heart	
rate	(HR)	with	an	Omron	automatic	BP	instrument	(Omron	
HEM‑7200;	Omron,	Dalian,	Liaoning,	China).	 Subjects	with	
unclear	ocular	media,	 coexisting	ocular	diseases	other	 than	
POAG,	history	of	ophthalmic	surgeries	or	systemic	diseases,	
and	low‑quality	OCT	images	were	excluded.	In	POAG	patients,	
both	 eyes	were	 included	 if	 they	were	diagnosed	as	POAG,	
otherwise,	only	the	diseased	eye	was	included.	Both	eyes	of	
the	healthy	subjects	were	included.

POAG	was	diagnosed	based	on	(1)	drainage	angle	of	Shaffer	
grade	II	or	above	on	darkroom	gonioscopy,	(2)	glaucomatous	
optic	disc	 cupping	and	 loss	of	neuroretinal	 rim,	 (3)	 typical	
glaucomatous	visual	field	 loss	present	 on	 the	 24–2	pattern	
Swedish	 interactive	 threshold	 algorithm	 (SITA)	 on	 the	
Humphrey	Field	Analyzer	(Carl	Zeiss	Meditec	Inc.,	Dublin,	CA,	

USA)	within	6	months	of	the	study,	and	(4)	absence	of	secondary	
causes	for	the	glaucomatous	optic	neuropathy	(e.g.,	previous	
trauma,	use	of	 steroids,	uveitis,	 etc.).	Healthy	 subjects	had	
anterior	 chamber	 angle	 of	 Shaffer	 grade	 II	 or	 above,	 no	
optic	disc	 abnormalities	 in	 clinical	 examination,	 no	visual	
field	abnormalities	on	visual	field	testing,	and	no	history	of	
glaucoma,	or	other	ocular	diseases	except	myopia	or	hyperopia	
of	between	‑6.00	D	to	+3.00	D.

Treadmill exercise
All	 participants	were	 requested	 to	 abstain	 from	 eating	
or	drinking	 for	 at	 least	 3	 h	 before	 treadmill	 exercise.	 The	
prescribed	HR	range	during	exercise	(between	60%	and	80%	
of the estimated maximum HR [HRmax])	of	each	subject	was	
calculated	to	monitor	exercise	intensity,	where	HRmax	=	220	‑	
age/minute.[25]	All	participants	ran	on	a	treadmill	for	30	min,	
including	a	warm‑up	for	5	min.	HR	was	tracked	continuously	
throughout	running	with	a	Fitbit	Charge	2TM	wristband	(Fitbit,	
San	Francisco,	CA,	USA).[26]	All	participants	were	instructed	
to	maintain	personalized,	moderate‑intensity	 speed	 zones	
between	60%	and	80%	of	their	estimated	HRmax throughout the 
exercise.	The	measurements	of	BP,	HR,	IOP,	and	imaging	of	SC	
were	performed	before	and	immediately	after	AE.

SS-OCT imaging acquisition and processing
Each	subject	was	imaged	by	SS‑OCT	(CASIA	SS‑1000;	Tomey,	
Nagoya	Corp.,	 Japan)	before	and	immediately	after	AE	in	a	
dark	room.	Four	quadrants	of	the	corneoscleral	limbus	were	
captured	with	a	 three‑dimensional	 imaging	 scan	procedure	
with	 a	 6	 ×	 6	mm	raster	 scan	 system,	which	 comprised	256	
B‑scans,	each	consisting	of	256	A‑scans,	with	a	total	of	65,536	
axial	scans	per	volume. The	participants	were	asked	to	stare	at	
an	external	fixation	target	while	scanning.	The	same	position	in	
crypts	and	furrows	of	the	iris	was	referred	to	as	the	landmarks	
to	scan	SC	images	in	the	same	subject	[Fig.	1].

ImageJ	 (http://imagej.nih.gov/ij/,	National	 Institutes	 of	
Health,	 Bethesda,	MD,	USA)	was	used	 to	measure	 the	 SC	
diameter	and	cross‑sectional	area.	The	diameter	was	defined	
as	the	average	value	of	three	measurements	of	the	sagittal	axial	
length	of	the	thin,	lucent	space	on	the	SS‑OCT	images	[Fig.	1].	
The	cross‑sectional	area	was	drawn	freehand	twice	by	depicting	
the	SC	outline	as	described	in	our	previous	study.[27] The values 
of	the	SC	parameters	of	superior,	nasal,	inferior,	and	temporal	
quadrants	were	 included	 in	 the	analysis.	Two	 independent	
experienced	technicians	masked	to	the	clinical	data	completed	
these	measurements.	The	intra	and	interobserver	reliability	of	
the	diameters	and	areas	of	SC	was	reported	in	Supplementary	
Tables	 S1	 and	 S2.	Average	 values	 of	 the	 two	 technicians’	
measurements	were	recorded	as	the	final	SC	measurements.

Statistical analysis
All	 statistical	 analyses	were	performed	using	 the	Statistical	
Package	 for	 the	 Social	 Sciences	 (SPSS)	 software	 24.0	 (IBM	
Corp.,	Armonk,	NY,	USA).	The	means	and	standard	deviations	
were	 calculated	 for	 all	measured	variables.	The	Chi‑square	
test	was	used	 to	 compare	 the	percentage	of	 sections	with	
observable	SC	before	and	after	exercise.	The	nonparametric	
test	 (paired	 samples)	was	used	 for	 the	 comparison	 of	 the	
area	and	diameter	of	SC,	IOP,	and	other	parameters	between	
baseline	and	post‑exercise	values,	adjusting	for	age	and	sex	
using	 the	 analysis	of	 covariance	 in	 all	 subjects.	Analysis	of	
covariance	(ANCOVA)	was	performed	to	compare	the	changes	
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of	IOP	and	SC	dimensions	between	POAG	and	healthy	eyes	
and	between	POAG	subgroups,	 adjusting	 for	 age,	 sex,	 and	
eye.	Nonparametric	 Spearman’s	 correlation	 analysis	was	
performed	to	statistically	examine	the	relationships	between	
the	changes	in	IOP	and	SC	parameters.	Generalized	estimating	
equations	(GEEs)	model,	with	95%	confidence	intervals	(CIs),	
was	 applied	 for	 the	multivariable	 analysis.	 The	 statistical	
significance	was	defined	as	a P value	of	less	than	0.05.

Results
A	total	of	59	eyes	from	35	POAG	patients	and	72	eyes	from	
36	 healthy	 volunteers	were	 included	 in	 this	 study.	 The	
demographic	and	baseline	ocular	characteristics	were	reported	
in Table	1.	The	changes	of	HR	and	BP	in	all	participants	before	
and after AE were shown in Supplementary Table	 S3.	The	
baseline	value	of	 IOP	 in	 eyes	with	POAG	was	 statistically	
higher than that of normal eyes (P	<	0.001).

Effect of AE on IOP and SC
Mean	 IOP	was	 significantly	 reduced	 after	AE	 in	 both	
POAG	(16.82	+/‑	4.40	vs.	14.70	+/‑	3.52	mmHg)	and	healthy	(13.04	
+/‑	2.31	vs.	12.03	+/‑	1.73	mmHg)	eyes	(both P <	0.001)	[Table	2].	
Average	cross‑sectional	area	and	diameter	of	SC	also	significantly	
increased	after	AE	in	both	POAG	(cross‑sectional	area:	80.48	
+/‑	59.54	vs.	99.20	+/‑	54.87	pixels;	diameter:	3.73	+/‑	1.69	vs.	
4.33	+/‑	1.74	pixels)	and	healthy	(cross‑sectional	area:	151.84	
+/‑	52.76	vs.	198.23	+/‑	53.70	pixels;	diameter:	5.61	+/‑	1.02	vs.	
6.47	+/‑	1.20	pixels)	eyes	 (all P <	0.001)	 [Table	 2	and	Fig.	 2].	
Values	of	cross‑sectional	area	and	diameter	of	each	quadrant	
of	SC	were	also	significantly	 increased	(all P <	0.05)	 in	both	
POAG	and	healthy	eyes,	except	for	the	diameters	of	the	nasal	
and	temporal	quadrants	in	POAG	eyes	(P	=	0.063	and P =	0.077,	
respectively)	[Table	2].

We	 further	 compared	 the	magnitude	of	 changes	 in	 IOP	
and	 SC	dimension	 between	POAG	and	healthy	 eyes	 after	
AE [Supplementary Table	S4].	Mean	decrease	in	IOP	after	AE	
was	 significantly	more	 in	POAG	eyes	 compared	 to	healthy	
eyes	(‑2.12	+/‑	0.25	vs.	‑1.04	+/‑	0.22	mmHg; P =	0.002).	Increase	
in	 average	SC	 cross‑sectional	 area	was	 significantly	 less	 in	
POAG	eyes	compared	to	healthy	eyes	(15.90	+/‑	6.55	vs.	47.60	
+/‑	5.80	pixels; P =	0.001).	An	increase	in	average	SC	diameter	
did	 not	 show	 significant	 differences	 between	POAG	and	
healthy eyes (P =	0.248).

The	 SC	was	 observable	 in	 84.3%	of	 POAG	eyes	 before	
exercise	and	87.3%	after	exercise.	However,	the	difference	in	
such	values	was	not	significant	(X =	0.852, P =	0.356;	Table	3).	
The	SC	was	observable	in	97.9%	of	healthy	eyes	both	before	and	
after	exercise	with	no	statistical	difference	(X =	0.000, P =	1.000).

The	POAG	eyes	were	 further	 stratified	 into	 eyes	 treated	
with	 topical	 prostaglandin	 analogues	 (PG)	 (19	 patients,	
33	 eyes)	 and	 eyes	 treated	 by	 other	 topical	 IOP‑lowering	
medications	(non‑PG)	(6	patients,	8	eyes)	according	to	the	history	
of	use	of	IOP‑lowering	medications	for	analysis	of	effects	of	AE	
on	IOP	and	SC	dimension.	IOP	decreased	significantly	after	AE	
in	both	PG	(16.50	+/‑	4.75	vs.	14.00	+/‑	3.79	mmHg; P <	0.001)	and	
non‑PG	groups	(17.26	+/‑	3.93	vs.	15.22	+/‑	3.01	mmHg; P <	0.001).	
Average	area	and	diameter	of	SC	significantly	increased	after	
AE	in	both	PG	(area:	93.26	+/‑	69.12	vs.	107.53	+/‑	62.39	pixels;	
diameter:	 4.07	+/‑	 1.85	vs.	 4.55	+/‑	 1.97	pixels; P =	0.012	and 
P =	0.015,	respectively)	and	non‑PG	(area:	64.26	+/‑	40.24	vs.	88.62	
+/‑	42.35	pixels;	diameter:	3.92	+/‑	1.37	vs.	4.04	+/‑	1.39	pixels; 
P =	0.001	and P =	0.004,	respectively)	groups	[Table 4].

Furthermore,	 the	 magnitude	 of	 reduction	 of	 IOP	
and	 increase	 in	 SC	 dimension	 showed	 no	 significant	
differences	between	treated	and	PG	and	non‑PG	groups	(all 
P >	0.05)	[Supplementary	Table	S5].

In	 healthy	 eyes,	 increase	 of	 SC	 area	 in	 the	 temporal	
quadrant	 and	 diameter	 in	 the	 inferior	 quadrant	 showed	
a	 positive	 correlation	with	 the	 decrease	 of	 IOP	 in	 both	
univariable	 (temporal	 area:	 r	 =	 0.274, P =	0.022	and	 inferior	
diameter:	r	=	0.294, P = 0.014)	and	multivariable	(temporal	area:	
β	=	0.004, P =	0.026	and	inferior	diameter:	β	=	0.170, P =	0.034)	
analyses.	In	POAG	eyes,	the	increase	in	inferior	SC	area	was	
negatively	correlated	with	the	decrease	of	IOP	in	univariable	
analysis	 (r	 =	 ‑0.295, P =	 0.046).	However,	 no	 significant	
associations	 in	multivariable	analysis	 (β	 =	 ‑0.182, P =	0.127)	
were	 observed	 [Table	 5].	 In	 the	POAG	 subgroup	 analysis,	
no	 significant	 correlations	 and	 associations	were	observed	
between	SC	dimension	and	IOP	[Supplementary	Table	S6].

Discussion
In	this	study,	we	evaluated	the	effect	of	AE	on	the	IOP	and	
SC	dimension	 in	both	POAG	and	healthy	eyes.	We	 further	
compared	such	effect	between	POAG	and	healthy	eyes,	and	
between	POAG	subgroups	receiving	different	IOP‑lowering	
pharmacological	 treatments.	Our	 results	demonstrated	 that	
short‑term	AE	 induced	 IOP	 reduction	 immediately	 in	both	
POAG	and	healthy	eyes,	regardless	of	history	of	IOP‑lowering	
medication	use,	which	reproduced	and	corroborated	findings	
in	previous	studies	conducted	in	only	healthy	eyes.[9,10] Results 
of	 this	 study	 supported	 that	AE	 could	 be	 of	 a	 potentially	
beneficial	 role	 to	 POAG	 eyes	 and	 further	 considered	 as	

Figure 1: SS‑OCT images of scanning position of SC in POAG 
eyes. The crypts and furrows of the iris are used to mark the 
scanning guidelines to ensure the same scanning cross‑section 
of SC before (a) and after (b) aerobic exercise. Morphology of SC 
before (c) and after (d) aerobic exercise is marked by an arrow
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a	 lifestyle	modification	 in	 POAG	patients	 for	 achieving	
satisfactory	IOP	control.

Previous	 studies	 demonstrated	 grossly	 altered	 SC	
morphology	 in	glaucomatous	 eyes	 as	 compared	 to	healthy	
eyes,	which	could	 impair	aqueous	drainage	and	result	 in	a	
vicious	 cycle	of	 IOP	elevation.[17‑19]	 The	dimension	of	 SC	 in	
POAG	eyes	in	our	current	study	was	also	smaller	than	that	
in	healthy	eyes	at	baseline,	which	was	following	the	results	
of previous literature.[19,28]	 In	 our	 current	 study,	 following	
AE,	 IOP	 in	both	POAG	and	healthy	eyes	was	 significantly	
reduced.	Meanwhile,	 there	was	 a	 significant	 increase	 in	
average	cross‑sectional	area	and	diameter	of	the	SC	after	AE	
in	both	POAG	and	healthy	eyes.	These	results	suggested	the	

utility	of	AE	in	promoting	the	expansion	of	SC	in	POAG	eyes,	
despite	altered	and	less	favorable	baseline	SC	morphology,	in	
addition to healthy eyes as reported in previous studies.[9,10] 
The	enlargement	of	SC	likely	facilitated	aqueous	outflow	and	
drainage	 through	 it	 into	 episcleral	veins,	 in	 turn,	 lowering	
the IOP.[17]

We	 further	 compared	 the	magnitude	 of	 changes	 in	 SC	
dimensions in POAG and healthy eyes following AE. In 
comparison	with	healthy	 eyes,	 the	 extent	of	 increase	 in	SC	
area after AE in POAG eyes was less. However, despite a lesser 
degree	of	SC	expansion,	POAG	eyes	achieved	a	greater	degree	
of	IOP	reduction	after	AE.	These	findings	suggested	that	POAG	
eyes	have	 retained	 reactiveness	 in	SC	 in	 response	 to	AE	as	

Table 1: Baseline Characteristics of POAG Patients and Healthy Subjects

Variables POAG Patients Healthy Subjects P†

Number of patients (eyes) 35 (59) 36 (72) ‑

Mean age, years (SD) 36.09 (10.53) 31.97 (9.65) 0.007

Sex (male/female) 31/4 15/21 <0.001

AL, mm (SD) 25.06 (1.37) 24.08 (0.92) <0.001

SE, diopter (SD) ‑2.93 (2.11) ‑1.97 (2.05) 0.011

IOP, mmHg (SD) 16.8 (4.40) 13.0 (2.31) < 0.001

Average SC area, pixels (SD) 80.4 (59.54) 151.8 (52.76) < 0.001
Average SC diameter, pixels (SD) 3.73 (1.69) 5.61 (1.02) <0.001

AL = Axial length; IOP = Intraocular pressure; SC = Schlemm’s canal; SD = Standard deviation; SE = Spherical equivalent. †independent sample t‑test was used 
for continuous variables; Chi‑square test was used for categorical variables.

Table 2: Changes in IOP and SC in POAG and Healthy Eyes Before and After Exercise

POAG Eyes (Mean ± SD) Healthy Eyes (Mean ± SD)

Before Exercise After Exercise P† Before Exercise After Exercise P†

IOP, mmHg 16.82 ± 4.40 14.70 ± 3.52 <0.001 13.04 ± 2.31 12.03 ± 1.73 <0.001
Superior Area, pixels 74.82 ± 52.29 98.62 ± 78.30 0.007 156.42 ± 78.58 208.67 ± 94.8 <0.001
Inferior Area, pixels 96.53 ± 93.05 121.75 ± 110.37 0.001 156.89 ± 78.21 214.88 ± 98.64 <0.001
Nasal Area, pixels 93.45 ± 91.54 110.07 ± 103.7 0.009 142.91 ± 102.35 179.93 ± 87.96 <0.001
Temporal Area, pixels 79.34 ± 80.73 92.48 ± 73.17 0.009 151.14 ± 97.69 189.21 ± 88.18 <0.001
Superior Diameter, pixels 3.65 ± 1.64 4.25 ± 1.95 0.014 5.79 ± 1.94 6.50 ± 2.04 0.002
Inferior Diameter, pixels 4.38 ± 2.36 5.17 ± 2.80 0.010 6.11 ± 1.81 7.36 ± 2.16 <0.001
Nasal Diameter, pixels 3.88 ± 2.15 4.43 ± 2.52 0.063 5.22 ± 1.73 5.99 ± 1.76 0.002
Temporal Diameter, pixels 3.77 ± 2.29 4.15 ± 2.15 0.077 5.32 ± 1.61 6.02 ± 1.95 <0.001
Average Area, pixels 80.48 ± 59.54 99.20 ± 54.87 <0.001 151.84 ± 52.76 198.23 ± 53.70 <0.001
Average Diameter, pixels 3.73 ± 1.69 4.33 ± 1.74 <0.001 5.61 ± 1.02 6.47 ± 1.20 <0.001
IOP = Intraocular pressure; POAG = Primary open angle glaucoma; SC = Schlemm’s canal; SD = Standard deviation. † = Nonparametric test (Related samples).

Table 3: Proportion of POAG and Healthy Eyes with an Observable Schlemm’s Canal Before and After Aerobic Exercise

Quadrants POAG Eyes with Observable SC Healthy Eyes with Observable SC

Before AE After AE χ2 P(two tail)† Before AE After AE χ2 P(two tail)†

Total, n (%) 199/236 (84.3%) 206/236 (87.3) 0.852 0.356 141/144 (97.9) 141/144 (97.9) 0.000 1.000

Superior Region, n (%) 53/59 (89.8) 53/59 (89.8) 0.000 1.000 36/36 (100) 36/36 (100) 0.000 1.000

Inferior Region, n (%) 51/59 (86.4) 52/59 (88.1) 0.076 0.782 35/36 (97.2) 35/36 (97.2) 0.000 1.000

Nasal Region, n (%) 43/59 (72.9) 48/59 (81.4) 1.201 0.273 35/36 (97.2) 35/36 (97.2) 0.000 1.000

Temporal Region, n (%) 52/59 (88.1) 53/59 (89.8) 0.086 0.769 35/36 (97.2) 35/36 (97.2) 0.000 1.000
P (among four quadrants) 0.045 0.458 ‑ ‑ 0.796 0.796 ‑ ‑

AE = Aerobic exercise; SC = Schlemm’s canal. † = χ2 test.
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healthy	eyes,	and	the	same	dose	of	exercise	induces	more	effect	
in	IOP	reduction	in	POAG	eyes	despite	a	less	favorable	baseline	
SC	dimension	and	a	lesser	degree	of	SC	expansion	following	AE.	
Vahabikashi	et al.	found	that	tissues	from	glaucomatous	eyes	
were	stiffer	than	normal	eyes,	with	greatly	increased	stiffness	
residing	within	the	inner‑wall	surface	of	SC.[29]	In	addition,	SC	
also	exhibited	less	favorable	morphology	at	baseline	in	POAG	
eyes	compared	to	healthy	eyes.[10,17,18,20]	These	previous	findings	
may	explain	the	less	reactive	SC	in	POAG	to	AE	as	evidenced	
by	the	smaller	proportion	of	POAG	eyes	with	observable	SC	
both	before	and	after	AE,	and	the	lesser	SC	expansion	following	
AE	compared	to	healthy	eyes.	Nonetheless,	the	greater	degree	

of	 IOP	 reduction	 in	POAG	with	a	modest	 expansion	 in	SC	
following	AE	proved	that	AE	could	still	be	beneficial	for	IOP	
reduction	 in	 POAG	patients.	 Furthermore,	 these	 findings	
suggest	that	the	increase	in	aqueous	outflow	facility	and	SC	
expansion	may	not	be	 in	 a	 linear	 relationship,	which	may,	
therefore,	explain	the	insignificant	relationships	between	the	
increase	in	SC	dimensions	and	decrease	in	IOP	in	regression	
analyses	of	the	current	study	and	previous	studies	conducted	
in healthy eyes.[10]	The	exact	mechanisms	and	full	picture	of	AE	
leading	to	SC	expansion	and	IOP	reduction	are,	therefore,	yet	
to	be	completely	elucidated.	Further	studies	in	this	direction	
are warranted.

Table 4: Changes in IOP and SC Parameters in POAG Subgroups Before and After Aerobic Exercise

Parameters PG (Mean ± SD) Non‑PG (Mean ± SD)

Before Exercise After Exercise P* Before Exercise After Exercise P*

IOP, mmHg 16.50 ± 4.75 14.00 ± 3.79 <0.001 17.26 ± 3.93 15.22 ± 3.01 <0.001
Superior Area, pixels 75.51 ± 36.63 98.97 ± 62.29 0.026 73.95 ± 68.03 98.18 ± 96.31 0.114

Inferior Area, pixels 109.13 ± 110.66 132.18 ± 133.31 0.018 80.11 ± 69.06 100.22 ± 65.65 0.010
Nasal Area, pixels 103.60 ± 105.78 117.55 ± 126.10 0.258 93.45 ± 91.54 110.07 ± 103.7 0.005
Temporal Area, pixels 95.98 ± 94.72 102.59 ± 84.83 0.213 54.38 ± 44.95 77.30 ± 49.18 0.008
Superior Diameter, pixels 3.87 ± 1.58 4.46 ± 1.88 0.041 3.38 ± 1.71 3.98 ± 2.04 0.131

Inferior Diameter, pixels 4.53 ± 2.73 5.43 ± 3.27 0.029 4.15 ± 1.71 4.78 ± 1.88 0.171

Nasal Diameter, pixels 4.09 ± 2.32 4.30 ± 2.79 0.925 3.61 ± 2.09 4.59 ± 2.17 0.009
Temporal Diameter, pixels 4.14 ± 2.48 4.37 ± 2.34 0.459 3.17 ± 1.85 3.80 ± 1.81 0.049
Average Area, pixels 93.26 ± 69.12 107.53 ± 62.39 0.012 64.26 ± 40.24 88.62 ± 42.35 0.001
Average Diameter, pixels 4.07 ± 1.85 4.55 ± 1.97 0.015 3.92 ± 1.37 4.04 ± 1.39 0.004
IOP = Intraocular pressure; PG = Prostaglandin analogues; SC = Schlemm’s canal; SD = Standard deviation; * = Wilcoxon test (paired samples)

Table 5: Association Analysis of IOP Changes in Healthy and Overall POAG Patients

Variables Healthy Eyes POAG Eyes

Univariable Analysis Multivariable Analysis Univariable Analysis Multivariable Analysis

r P β 95%CI P r P β 95%CI P

Eyes ‑0.109 0.368 ‑ ‑ ‑ ‑0.029 0.827 ‑ ‑ ‑

Age 0.279 0.020* 0.030 ‑0.003, 0.063 0.079 0.093 0.485 ‑ ‑ ‑

Sex ‑0.082 0.498 ‑ ‑ ‑ ‑0.176 0.182 ‑ ‑ ‑

SE ‑0.062 0.611 ‑ ‑ ‑ 0.037 0.783 ‑ ‑ ‑

AL 0.095 0.435 ‑ ‑ ‑ ‑0.052 0.703 ‑ ‑ ‑

δ SBP ‑0.013 0.940 ‑ ‑ ‑ 0.124 0.357 ‑ ‑ ‑

δ DBP 0.131 0.452 ‑ ‑ ‑ 0.055 0.686 ‑ ‑ ‑

δ HR ‑0.118 0.500 ‑ ‑ ‑ ‑0.270 0.043* ‑0.042 ‑0.108, 0.023 0.205

δ Average area 0.117 0.335 ‑ ‑ ‑ ‑0.025 0.853 ‑ ‑ ‑

δ Average diameter 0.081 0.507 ‑ ‑ ‑ ‑0.167 0.222 ‑ ‑  ‑

δ superior area ‑0.160 0.186 ‑ ‑ ‑ 0.080 0.576 ‑ ‑ ‑

δ inferior area 0.229 0.057 ‑ ‑ ‑ ‑0.179 0.218 ‑ ‑ ‑

δ nasal area ‑0.070 0. 568 ‑ ‑ ‑ ‑0.074 0.637 ‑ ‑ ‑

δ temporal area 0.274 0.022 0.004 0.000, 0.007 0.026 ‑0.142 0.334 ‑ ‑ ‑

δ superior diameter ‑0.043 0.721 ‑ ‑ ‑ 0.049 0.741 ‑ ‑ ‑

δ inferior diameter 0.294 0.014 0.170 0.013, 0.326 0.034 ‑0.295 0.046* ‑0.182 ‑0.414, 0.052 0.127

δ nasal diameter ‑0.154 0.204 ‑ ‑ ‑ ‑0.262 0.103 ‑ ‑ ‑
δ temporal diameter 0.003 0.982 ‑ ‑ ‑ ‑0.198 0.192 ‑ ‑ ‑

IOP = Intraocular pressure, SC = Schlemm’s canal, SE = Spherical equivalent, AL = Axial length, systolic SBP = Systolic blood pressure, DBP = Diastolic blood 
pressure, HR = Heart rate, δ = The change of the variables after exercise. The variables without δ were baseline data. CI = Confidence interval. The multivariable 
analysis adjusted for age, sex, eye, AL, SE
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Figure 2: Changes in cross‑sectional area and diameter of SC in healthy subjects and POAG patients. Bar charts with error bar demonstrating a 
significant increase in cross‑sectional area and diameter of SC after aerobic exercise in different quadrants (panels a and b) in healthy subjects 
and POAG patients (panels c‑h)
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Among	25	patients	 (41	 eyes)	 receiving	prior	 treatments,	
19	 patients	 (33	 eyes)	 patients	 are	 prescribed	 topical	 PG	
analogs.	 PG	 analogs	 facilitate	 aqueous	 outflow	 through	
both	the	conventional	and	uveoscleral	pathways.[30,31] In the 
conventional	 pathway,	Chen	 et al. have reported that PG 
analogs	led	to	IOP	reduction	and	SC	expansion.[12] Following 
prior	 treatment	 by	PG	 analogs,	 significant	 IOP	 reduction	
and	 SC	 expansion	 following	AE	were	 still	 observed	 in	
the	 PG‑treated	 POAG	 eyes,	 and	 the	 changes	 of	 IOP	 and	
SC	 dimension	 following	AE	 did	 not	 differ	 significantly	
between	POAG	eyes	receiving	PG	analogs	and	other	classes	
of	 IOP‑lowering	medications.	 This	 was	 an	 interesting	
observation	and	revealed	that	following	prior	pharmacological	
treatment	which	 targeted	 SC	 for	 IOP	 reduction,	 effects	 of	
AE	 on	 both	 IOP	 reduction	 and	 SC	 expansion	were	 still	
retained.	We	have	previously	 further	 stratified	 all	 POAG	
eyes	into	treated	(25	patients,	41	eyes)	and	newly	diagnosed	
nontreated	(10	patients,	18	eyes)	groups	and	found	that	both	
groups also showed similar responses to AE [Supplementary 
Tables	 S7	 and	S8].	To	our	knowledge,	 this	 observation	has	
not	been	reported	in	the	existing	literature.	There	are	various	
implications.	Firstly,	this	is	evidence	to	further	support	the	use	
of	AE	as	a	lifestyle	modification	for	IOP	reduction	in	patients	
already	on	prior	pharmacological	treatment.	Besides,	many	
patients	with	 IOP	refractory	 to	pharmacological	 treatments	
undergo	 laser	 treatments	 or	 glaucoma	 surgeries	 targeting	
the	TM	or	SC	to	reduce	IOP	by	facilitating	aqueous	outflow	
through	such	pathway.	AE	may	also	retain	its	effects	and	can	
be	recommended	as	a	lifestyle	modification	for	IOP	reduction	
in this group of patients who have undergone invasive 
interventions	 in	 addition	 to	 pharmacological	 treatments.	
Lastly,	it	indicates	that	the	regulation	of	SC	is	likely	due	to	a	
multitude	of	mechanisms.	Previous	studies	have	reported	the	
role	of	sympathetic	activation	which	might	explain	the	effect	
of	AE	 to	 induce	 further	changes	 in	SC	 following	 treatment	
by	PG	analogs.[32‑34]	 The	 current	 observation	 suggests	 these	
regulatory	 pathways	 act	 synergistically	 in	 expanding	 SC.	
Further	studies	to	evaluate	the	effect	of	AE	on	POAG	eyes	with	
prior	interventions	targeting	SC,	the	exact	mechanisms	of	SC	
regulation,	and	methods	to	achieve	maximal	SC	activation	for	
IOP	reduction	are	warranted.

After	adjusting	for	age	and	sex,	we	only	observed	a	positive	
association	between	an	 increase	of	SC	area	 in	 the	 temporal	
quadrant	and	SC	diameter	in	the	inferior	quadrant	with	IOP	
reduction	in	healthy	eyes.	No	statistically	significant	associations	
were	 found	 in	 changes	 in	SC	dimension	 in	other	quadrants	
with	IOP	reduction.	In	POAG	eyes,	no	statistically	significant	
associations	were	observed	between	changes	in	SC	dimension	
and	IOP	reduction.	Such	findings	were	similar	to	results	from	
Yan	et al.[10]	AE	is	well	known	to	reduce	IOP	in	healthy	eyes	
in existing literature, and previous studies had proposed 
various	mechanisms	 to	explain	 such	a	phenomenon.[14,35] To 
date,	the	precise	mechanisms	of	AE	leading	to	IOP	reduction	
remain	unknown.	Various	mechanisms	including	sympathetic	
activation,	dehydration,	 increased	plasma	osmolarity,	 and	
decreased	blood	pH	has	been	suggested	to	contribute	to	the	
post‑exercise	 IOP	 reduction.[14,35,36]	 SC	 expansion	 following	
AE, therefore, may only have a modest role and does not fully 
account	 for	 the	 IOP	reduction.	Furthermore,	similar	 to	prior	
studies,	the	current	study	which	focused	on	SC	morphology	did	
not	directly	measure	the	increase	in	aqueous	outflow	through	
the	expanded	SC	following	AE.[9,10,16]	We	hypothesize	that	direct	

measurements	of	such	increased	outflow	which	results	in	IOP	
reduction	and	of	episcleral	venous	pressure	which	 increases	
after	increased	aqueous	outflow	through	TM	and	SC	may	better	
account	for	and	correlate	with	IOP	reduction	as	compared	to	the	
measurement	of	changes	in	physical	dimensions	of	SC.	Future	
studies	of	such	design	are	warranted	so	that	the	precise	effects	of	
AE‑induced	SC	enlargement	on	IOP	reduction	can	be	evaluated.

To	our	knowledge,	this	is	the	first	study	conducted	on	POAG	
patients	 to	demonstrate	 the	utility	 of	AE	both	 in	 inducing	
SC	expansion	 and	 IOP	 reduction.	The	American	Academy	
of	Ophthalmology	Preferred	Practice	Pattern	 recommends	
that	 the	 IOP	of	glaucoma	patients	 should	achieve	 the	 target	
pressure	at	which	visual	field	is	unlikely	to	progress	over	their	
lifetime,[37]	and	physical	activity	is	reported	to	be	associated	with	a	
significantly	lower	risk	of	glaucoma.[38]	The	results	of	this	current	
study	provide	evidence	to	support	that	AE	may	be	a	potentially	
beneficial	 lifestyle	modification	 in	both	 treatment	naïve	eyes	
and	eyes	 treated	with	 IOP‑lowering	medications	 to	achieve	
satisfactory	IOP	control	for	prevention	of	visual	field	progression.

Limitations
Limitations	 of	 our	 study	 should	 be	 noted.	 Firstly,	 it	 is	 a	
cross‑sectional	 study.	The	 long‑term	 impact	 of	AE	on	 IOP	
in	POAG	eyes	 cannot	be	ascertained.	 Secondly,	we	did	not	
follow	the	subjects	to	evaluate	their	SC	morphology	and	IOP	
at	other	time‑points	following	AE	to	look	for	recovery	of	SC	
and	IOP	to	baseline	values	 to	ascertain	 the	sustainability	of	
AE’s	effect	on	these	two	outcomes.	A	recent	study	reported	
that	SC	dimensions	and	IOP	in	healthy	individuals	recovered	
at	15	and	60	min	following	AE,	respectively.[16] Further studies 
are	warranted	 to	 evaluate	 the	 long‑term	 effects	 of	AE	 on	
SC	morphology	 and	 IOP	 in	POAG	eyes,	 and	 longitudinal	
studies	are	necessary	to	evaluate	the	potential	benefits	of	AE	
in lowering the risk of POAG development and progression.

Conclusion
This	study	revealed	AE‑induced	SC	expansion	and	reduced	IOP	
in	both	POAG	and	healthy	eyes.	Our	results	showed	that	AE	
retained	its	effects	to	induce	SC	enlargement	and	IOP	reduction	in	
POAG	eyes	despite	the	worse	baseline	SC	morphology	in	POAG	
eyes	compared	to	healthy	eyes.	Besides,	prior	use	of	IOP‑lowering	
medications	did	not	attenuate	AE‑induced	SC	and	IOP	changes	
in POAG eyes. These results laid down some groundwork for 
the	possibility	of	the	potential	use	of	AE	as	a	beneficial	lifestyle	
modification	 for	 IOP	reduction	 in	POAG	patients.	However,	
further	 longitudinal	 studies	with	 larger	 sample	 sizes	 are	
warranted	to	evaluate	the	long‑term	impacts	of	AE	on	IOP	control,	
SC	morphology,	and	disease	progression	in	POAG	patients	to	
whether	AE	has	an	adjunctive	role	in	the	management	of	POAG.
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