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Abstract
Objective: This	study	investigated	whether	arterial	stiffening	is	a	determinant	of	sub-
tle retinal microvascular changes that precede diabetic retinopathy.
Research design and methods: This	 study	 used	 cross-	sectional	 data	 from	 the	
Maastricht	 Study,	 a	 type	 2	 diabetes-	enriched	 population-	based	 cohort	 study.	We	
used	multivariable	linear	regression	analysis	to	investigate,	in	individuals	without	and	
with	type	2	diabetes,	the	associations	of	carotid	distensibility	coefficient	and	carotid-	
femoral	 pulse	wave	 velocity	with	 retinal	microvascular	 diameters	 and	 flicker	 light-	
induced	dilation	and	adjusted	for	cardiovascular	and	lifestyle	risk	factors.
Results: The	retinal	microvascular	diameter	study	population	consisted	of	N = 2434 
participants	(51.4%	men,	mean	±	SD	age	59.8	±	8.1	years,	and	28.1%	type	2	diabe-
tes).	No	measures	of	arterial	stiffness	were	significantly	associated	with	microvascular	
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1  |  INTRODUC TION

Clinical diabetic retinopathy is preceded by subtle retinal micro-
vascular changes that include initial widening and later narrowing 
of	 retinal	microvascular	 diameters,	 and	 impaired	 retinal	microvas-
cular	flicker	light-	induced	dilation.1,2	These	changes	are	thought	to	
reflect	 impaired	 retinal	 autoregulation,	 which	 predisposes	 to	 en-
hanced	retinal	capillary	pressure	and	consequent	capillary	dilation,	
leakage,	rupture,	and	nonperfusion,	which	are	hallmark	features	of	
non-	proliferative	diabetic	retinopathy.2	Widening	and	narrowing	of	
retinal microvascular diameters are thought to reflect impairment 
of	 autoregulation	 and	 microvascular	 remodeling,	 respectively.2,3 
In	 turn,	 lower	 retinal	microvascular	 flicker	 light-	induced	dilation	 is	
thought to reflect dysfunction of the neurovascular coupling unit 
(i.e.,	dysfunction	of	both	neuronal	and	endothelial	cells).4 Because 
hyperglycemia is associated with neurodegeneration5 and endothe-
lial cell dysfunction2,6,7 individuals with type 2 diabetes may be es-
pecially	 at	 risk	 for	 lower	 retinal	microvascular	 flicker	 light-	induced	
dilation.	 Indeed,	 we	 have	 observed	 lower	 retinal	 microvascular	
flicker	 light-	induced	dilation	in	 individuals	with	prediabetes	as	well	
as in individuals with type 2 diabetes.8

Arterial	 stiffening	may	 be	 a	 potentially	 reversible	 determinant	
of adverse changes in retinal vascular structure and function.9 
Mechanistically,	arterial	stiffening	is	thought	to	enhance	the	propa-
gation of arterial pressure and flow waves.3	This	increases	transmis-
sion	of	detrimental	pulsatile	energy	into	the	retinal	microcirculation,	
which	is	especially	vulnerable	to	arterial	stiffening-	induced	hemody-
namic	stress	because	the	retina	is	a	high-	flow,	low-	impedance	micro-
vascular system.3,10

Indeed,	there	is	some	evidence	that	arterial	stiffening	is	asso-
ciated with narrowing of retinal arterioles11– 15	and,	possibly,	wid-
ening	of	 retinal	 venules,13 although these studies did not adjust 

for	 potential	 confounders	 such	 as	 blood	 pressure,14	 diet,11–	16 
and physical activity.11–	16 Current evidence is also limited be-
cause	the	associations	between	arterial	stiffness	and	flicker	light-	
induced retinal arteriolar and venular dilation have not yet been 
investigated.

In	view	of	the	above,	we	studied	the	associations	between	arte-
rial	stiffness	and	retinal	arteriolar	and	venular	diameters	and	flicker	
light-	induced	 dilation	 in	 the	 population-	based	 Maastricht	 Study.	
We	 hypothesized	 that	 greater	 arterial	 stiffness	 is	 associated	with	
narrower	 retinal	 arterioles,	 possibly	 wider	 retinal	 venules,	 lower	
arteriolar-	to-	venular	 ratio,	 and	 lower	 retinal	 arteriolar	 and	 venular	
flicker	light-	induced	dilation,	and	that	associations	may	be	stronger	
in individuals with type 2 diabetes.

2  |  METHODS

2.1  |  Study population and design

We	used	data	from	The	Maastricht	Study,	an	observational	prospec-
tive	population-	based	cohort	study.	The	rationale	and	methodology	
have been described previously.17	In	brief,	the	study	focuses	on	the	
etiology,	pathophysiology,	complications,	and	comorbidities	of	type	
2	 diabetes	 and	 is	 characterized	 by	 an	 extensive	 phenotyping	 ap-
proach. Eligible for participation were all individuals aged between 
40	and	75	years	and	living	in	the	southern	part	of	the	Netherlands.	
Participants	 were	 recruited	 through	 mass	 media	 campaigns	 and	
from	 the	 municipal	 registries	 and	 the	 regional	 Diabetes	 Patient	
Registry	via	mailings.	Recruitment	was	stratified	according	to	known	
type	2	diabetes	status,	with	an	oversampling	of	individuals	with	type	
2	 diabetes,	 for	 reasons	 of	 efficiency.	 The	 present	 report	 includes	
cross-	sectional	data	from	the	first	3451	participants,	who	completed	
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diameters.	Greater	carotid	distensibility	coefficient	(i.e.,	lower	carotid	stiffness)	was	
significantly	associated	with	greater	retinal	arteriolar	flicker	light-	induced	dilation	(per	
standard	deviation,	standardized	beta	[95%	CI]	0.06	[0.00;	0.12])	and	non-	significantly,	
but	directionally	similarly,	associated	with	greater	retinal	venular	flicker	light-	induced	
dilation	(0.04	[−0.02;	0.10]).	Carotid-	femoral	pulse	wave	velocity	(i.e.,	aortic	stiffness)	
was	not	 associated	with	 retinal	microvascular	 flicker	 light-	induced	dilation.	The	as-
sociations between carotid distensibility coefficient and retinal arteriolar and venular 
flicker	light-	induced	dilation	were	two-		to	threefold	stronger	in	individuals	with	type	
2 diabetes than in those without.
Conclusion: In	this	population-	based	study	greater	carotid,	but	not	aortic,	stiffness	
was	associated	with	worse	 retinal	 flicker	 light-	induced	dilation	and	 this	association	
was	stronger	 in	 individuals	with	type	2	diabetes.	Hence,	carotid	stiffness	may	be	a	
determinant of retinal microvascular dysfunction.

K E Y W O R D S
aortic	stiffness,	arterial	stiffness,	carotid	stiffness,	diabetic	retinopathy,	microvascular	
dysfunction,	retinal	microvascular	diameter,	type	2	diabetes	mellitus
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the	baseline	survey	between	November	2010	and	September	2013.	
The	 examinations	 of	 each	 participant	 were	 performed	 within	 a	
time	 window	 of	 3	 months.	 The	 study	 has	 been	 approved	 by	 the	
institutional	medical	 ethical	 committee	 (NL31329.068.10)	 and	 the	
Minister	of	Health,	Welfare	and	Sports	of	the	Netherlands	(Permit	
131088-	105234-	PG).	All	participants	gave	written	informed	consent.

2.2  |  Arterial stiffness

All	measurements	were	done	by	 trained	vascular	 technicians	una-
ware	 of	 the	 participants'	 clinical	 or	 diabetes	 mellitus	 status,	 in	 a	
dark,	 quiet,	 temperature-	controlled	 room	 (21–	23°C),	 as	 described	
previously.18,19	Participants	were	asked	to	refrain	from	smoking	and	
drinking	 coffee,	 tea,	 or	 alcoholic	 beverages	 3	 h	 before	 the	 study.	
Participants	were	allowed	to	have	a	light	meal	(breakfast	or	lunch).	
All	 measurements	 were	 performed	 in	 the	 supine	 position	 after	
10	min	of	rest.	Talking	or	sleeping	was	not	allowed	during	the	exami-
nation.	During	 the	vascular	measurements	 (≈45	min),	brachial	 sys-
tolic,	diastolic,	and	mean	arterial	pressure	 (MAP)	were	determined	
every	5	min	with	an	oscillometric	device	(Accutorr	Plus,	Datascope	
Inc,	Montvale,	NJ,	USA).	The	MAP	and	heart	rate	during	these	meas-
urements	were	 used	 in	 the	 statistical	 analysis.	 A	 3-	lead	 ECG	was	
recorded continuously during the measurements to facilitate auto-
matic signal processing.

2.2.1  |  Local	carotid	arterial	elastic	properties

Measurements	 of	 local	 carotid	 arterial	 properties	 were	 done	 at	
the	 left	 common	 carotid	 artery	 (10-	mm	 proximal	 to	 the	 carotid	
bulb),	 with	 the	 use	 of	 an	 ultrasound	 scanner	 equipped	 with	 a	
7.5-	MHz	linear	probe	(MyLab	70,	Esaote	Europe	B.V.,	Maastricht,	
the	Netherlands).	 This	 setup	 enables	 the	measurement	 of	 diam-
eter,	 distension,	 and	 intima-	media	 thickness	 (IMT)	 as	 described	
previously.18,19	Briefly,	during	the	ultrasound	measurements,	a	B-	
mode	 image	on	 the	basis	of	19	M-	lines	was	depicted	on	 screen,	
and	an	online	echo-	tracking	algorithm	showed	real-	time	anterior	
and	posterior	arterial	wall	displacements.	The	M-	mode	recordings	
were	composed	of	19	simultaneous	recordings	at	a	frame	rate	of	
498	Hz.	The	distance	between	the	M-	line	recording	positions	was	
0.96	mm;	 thus,	a	 total	 segment	of	18.24	mm	of	each	artery	was	
covered	 by	 the	 scan	 plane.	 For	 offline	 processing,	 the	 radiofre-
quency	signal	was	fed	into	a	dedicated	PC-	based	acquisition	sys-
tem	(ART.LAB,	Esaote	Europe	B.V.)	with	a	sampling	frequency	of	
50	MHz.	Data	processing	was	performed	in	MatLab	(version	7.5,	
Mathworks,	 Natick,	 MA,	 USA).	 The	 distension	 waveforms	 were	
obtained	 from	 the	 radio	 frequency	 data	with	 the	 use	 of	 a	wall-	
track	algorithm.18	Carotid	IMT	was	defined	as	the	distance	of	the	
posterior wall from the leading edge interface between lumen and 
intima to the leading edge interface between media and adventi-
tia.19	The	median	diameter,	distension,	and	IMT	of	three	measure-
ments were used in the analyses.

Local	 arterial	 elastic	 properties	were	 quantified	 by	 calculating	
the following indices20:

1.	 Distensibility	 coefficient	 (DC)

Young's	elastic	modulus	(YEM)

where ΔD	is,	distension;	IMT,	intima-	media	thickness;	and	PP,	brachial	
pulse	pressure	 (calculated	as	systolic	blood	pressure	 [BP]	minus	dia-
stolic	BP).

2.2.2  |  Carotid-	femoral	pulse	wave	velocity

Carotid-	femoral	pulse	wave	velocity	(cfPWV;	in	m/s)	was	determined	
according to international guidelines with the use of applanation to-
nometry	 (SphygmoCor,	 Atcor	Medical,	 Sydney,	 NSW,	 Australia).21 
Pressure	waveforms	were	determined	at	the	right	common	carotid	
arteries and right common femoral arteries. Difference in the time 
of	pulse	arrival	from	the	R-	wave	of	the	ECG	between	the	two	sites	
(transit	 time)	was	determined	with	 the	 intersecting	 tangents	 algo-
rithm.	The	pulse	wave	travel	distance	was	calculated	as	80%	of	the	
direct	 straight	 distance	 (measured	with	 an	 infantometer)	 between	
the	two	arterial	sites.	The	median	of	three	consecutive	cfPWV	(de-
fined	as	traveled	distance/transit	time)	recordings	was	used	 in	the	
analyses.	Details	are	provided	in	the	Appendix	S1.

2.3  |  Retinal microvascular function measures

All	 participants	 were	 asked	 to	 refrain	 from	 smoking	 and	 drinking	
caffeine-	containing	beverages	3	h	before	the	measurement.22,23	A	
light	meal	(breakfast	and	(or)	lunch),	low	in	fat	content,	was	allowed	
if	taken	at	least	90	min	prior	to	the	start	of	the	measurements.

For	retinal	measurements,	pupils	were	dilated	with	0.5%	tropi-
camide	and	2.5%	phenylephrine	at	least	15	min	prior	to	the	start	of	
the examination.

2.3.1  |  Retinal	microvascular	diameters

All	 fundus	 photographs	 were	 taken	 with	 an	 auto-	focus,	 auto-	
shot,	 and	 auto-	tracking	 fundus	 camera	 (Model	 AFC-	230;	 Nidek,	
Gamagori,	 Japan)	 in	 an	 optic	 disc-	centered	 field	 of	 view	 of	 45°	
in	 a	 darkened	 room.	 Static	 retinal	 vessel	 analysis	 (one	 image	 of	
the	 left	 or	 right	 eye	 was	 randomly	 chosen	 per	 participant)	 was	
performed using the retinal health information and notifica-
tion	 system	 (RHINO)	 software	 developed	 by	 the	 RetinaCheck	

(1)DC= (2ΔD×D+ΔD2)∕(PP×D2) (10−3 kPa−1)

(2)YEM=D∕(IMT×DC) (103 kPa)
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group	 of	 the	 Technical	 University	 of	 Eindhoven	 (Eindhoven,	 the	
Netherlands).24,25 Optic disc detection and arteriole/venule clas-
sification were corrected manually. Retinal vessel diameters were 
measured at 0.5– 1.0 disc diameter away from the optic disc mar-
gin and were presented as central retinal arteriolar equivalent and 
central	retinal	venular	equivalent	(CRAE	and	CRVE,	respectively)	in	
measurement	units	(MU)	and	as	arteriole-	to-	venule	ratio	(AVR).	The	
scale	factor	is	based	on	the	optic	disc	diameter,	which	is	assumed	
to be 1800 μm,26	that	is,	1	MU	=	1	pixel	size	×	1800	μm/pixel	size	
of	optic	disc	diameter.	CRAE	and	CRVE	 represent	 the	equivalent	
single-	vessel	parent	diameter	for	the	six	largest	arterioles	and	larg-
est	venules	in	the	region	of	interest,	respectively.	The	calculations	
were	based	on	the	improved	Knudtson-	Parr-	Hubbard	formula.27

Fundus	 photographs	 of	 insufficient	 quality,	 for	 example,	 ob-
structed	by	lashes	or	defocused,	were	evaluated	and	discussed	with	
a	 second	observer	and	excluded	on	mutual	 agreement.	We	calcu-
lated	the	 intraclass	correlation	coefficients	for	CRAE	and	CRVE	to	
assess	 the	 agreement	 between	 analyses	 of	 the	 RHINO	 software	
with versus without manual identification of arterioles and venules 
using	2556	 images.	The	 intraclass	 correlation	 coefficient	of	CRAE	
was	0.910	and	that	of	CRVE	was	0.897.

2.3.2  |  Retinal	microvascular	flicker	light-	
induced dilation

The	retinal	arteriolar	and	venular	dilation	 response	 to	 flicker	 light,	
which is thought to be related to nutritive demands of activated 
retinal	 neurons,28 was measured in a dimly lit room by use of the 
Dynamic	Vessel	Analyzer	(DVA)	(IMEDOS,	Jena,	Germany).	Per	par-
ticipant,	we	randomly	measured	the	left	or	right	eye.

During	the	measurement,	the	participant	was	instructed	and	en-
couraged to focus on the tip of a fixated needle inside the retinal 
camera	(FF450;	Carl	Zeiss	GmbH,	Jena,	Germany),	while	the	fundus	
of	the	eye	was	examined	under	green	measuring	light	(530–	600	nm,	
illumination	of	fundus	approximately	6500	lux).	A	straight	arteriolar	
or venular segment of approximately 1.5 mm in length located 0.5 
to 2.0 disc diameter from the margin of the optic disc in the tem-
poral	section	was	examined.	When	the	specific	vessel	profile	was	
recognized,	 vessel	 diameter	 was	 automatically	 and	 continuously	
measured	for	150	s.	A	baseline	recording	of	50	s	was	followed	by	a	
40-	s	flicker-	light	exposure	period	(flicker	frequency	12.5	Hz,	bright-	
to-	dark	contrast	ratio	25:1)	followed	by	a	60-	s	recovery	period.	The	
DVA	 automatically	 corrected	 for	 alterations	 in	 luminance	 caused	
by,	for	example,	slight	eye	movements.	During	blinks	and	small	eye	
movements,	the	registration	stopped	and	restarted	once	the	vessel	
segments	were	automatically	re-	identified.28

The	 integrated	DVA	software	 (version	4.51,	 Imedos)	 automati-
cally calculated baseline diameter and percentage dilation. Baseline 
diameter	was	calculated	as	the	average	diameter	size	of	the	20–	50	s	
recording	 and	 was	 expressed	 in	 measurement	 units	 (MU),	 where	
1	MU	 is	equal	 to	1	µm	of	 the	Gullstrand's	eye.29	Percentage	dila-
tion over baseline was based on the average dilation achieved at 
time-	points	10	and	40	s	during	the	flicker	stimulation	period.	Two	

regression	lines	were	drawn	(at	intervals	0–	10	s	and	10–	40	s	during	
flicker	 stimulation)	 and	averaged	 to	 assess	 average	percentage	di-
lation.	 The	 software	 successfully	 assessed	 two	 regression	 lines	 in	
95.4%	of	the	curves;	only	102	dilation	curves	(4.6%)	were	based	on	
one	regression	line.	The	purpose	of	taking	the	average	dilation	was	
to account for interindividual variation in the curve shape during di-
lation.	More	details	are	provided	in	the	Appendix	S1.

2.4  |  Covariates

We	determined	glucose	metabolism	status	(normal	glucose	metabolism,	
prediabetes,	type	1	diabetes,	or	type	2	diabetes)	based	on	a	75-	gram	
oral	glucose	tolerance	test	and	use	of	glucose-	lowering	medication	ac-
cording	to	the	World	Health	Organization	2006	criteria.17 Education 
level	(‘educational	status’)	was	classified	into	three	groups:	low	(none,	
primary	 or	 lower	 vocational	 education	 only),	 medium	 (intermediate	
general	secondary,	intermediate	vocational	or	higher	general	secondary	
education),	and	high	(higher	vocational	education	or	university	level	of	
education).	Alcohol	consumption	was	classified	as	non-	consumer,	low-	
consumer	(≤7	alcoholic	drinks/week	for	women;	≤14	alcoholic	drinks/
week	for	men),	or	high-	consumer	(>7	alcoholic	drinks/week	for	women;	
>14	alcohol	drinks/week	for	men).	We	determined	age,	sex,	smoking	
status	 (never,	 former,	 current),	medication	 use,	waist	 circumference,	
body	mass	 index	 (BMI),	 total/high-	density	 lipoprotein	 (HDL)	 choles-
terol	ratio,	triglycerides,	fasting	plasma	glucose,	2-	h	post-	load	glucose,	
and	glycated	hemoglobin	(HbA1c),	office	and	ambulatory	blood	pres-
sure,	 accelerometer-	assessed	 physical	 activity,	 estimated	 glomerular	
filtration	rate	(eGFR),	albuminuria,	prior	cardiovascular	disease,	plasma	
biomarkers	 of	 low-	grade	 inflammation	 (i.e.,	 high-	sensitive	 C-	reactive	
protein,	serum	amyloid	A,	 interleukin-	6,	 interleukin-	8,	and	tumor	ne-
crosis	 factor-	alpha)	 and	 retinopathy	 as	 described	 previously.5,17,30–	32 
An	 automated	 refractor	 (Tonoref	 II;	Nidek)	was	 used	 for	 automated	
refraction	 and	 noncontact	 tonometry	 assessment	 in	 both	 eyes.	We	
determined	 glaucoma	 as	 the	 use	 of	 intraocular	 pressure-	lowering	
medication	or	intraocular	pressure	greater	than	21	mm	Hg.	We	used	
a validated food frequency questionnaire to assess the Dutch Health 
Diet	score	(‘diet	score’).33,34	As	described	previously,	we	used	question-
naires to assess income level and occupational status.35

2.5  |  Statistical analyses

All	 analyses	 were	 performed	 with	 Statistical	 Package	 for	 Social	
Sciences	 version	 23.0	 (IBM	 SPSS,	 IBM	 Corp,	 Armonk,	 NY,	 USA).	
We	used	multivariable	 linear	 regression	analysis	 to	 investigate	the	
associations	between	(standardized)	carotid	DC,	YEM,	and	cfPWV	
(determinants)	with	 (standardized)	 retinal	microvascular	 diameters	
(i.e.,	 CRAE,	 CRVE,	 AVR)	 and	 retinal	 arteriolar	 and	 venular	 flicker	
light-	induced	dilation	(outcomes).	We	checked	whether	measures	of	
arterial stiffness were associated with baseline diameter in analyses 
of	retinal	microvascular	flicker	light-	induced	percentage	dilation	be-
cause such associations may result in spurious estimates of associa-
tions,	but	this	was	not	the	case	[data	are	not	shown].
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Model	1	 shows	crude	 results.	 In	model	2	we	adjusted	 for	age,	
sex,	 glucose	 metabolism	 status	 (entered	 as	 dummies	 [i.e.,	 type	 2	
diabetes,	or	prediabetes,	or	other	types	of	diabetes	versus	normal	
glucose	metabolism	status]).	In	model	3,	we	additionally	adjusted	for	
mean	arterial	pressure	and	heart	rate.	We	chose	these	variables	as	
they	are	key	potential	confounders	(all)	or	were	oversampled	(type	
2	diabetes).	In	model	4,	we	additionally	adjusted	for	variables	whose	
status as potential confounders has been less firmly established 
(use	of	antihypertensive	medication	 [yes/no],	waist	circumference,	
total	cholesterol/HDL	cholesterol	ratio,	lipid-	modifying	medication,	
smoking	 status	 [current,	 ever,	 never],	 alcohol	 consumption	 status	
[none,	low,	high]	and	educational	status	[low,	medium,	high]).

Data	were	expressed	as	standardized	regression	coefficient	and	
corresponding	95%	confidence	 interval	 (95%	CI).	Collinearity	diag-
nostics	 (i.e.,	 tolerance	 <0.10	 and/or	 variance	 inflation	 factor	 >10)	
were used to detect multicollinearity between covariates. For analy-
ses,	p-	value	<	.05	was	considered	statistically	significant.

To	assess	whether	associations	differed	by	type	2	diabetes	status	
(i.e.,	between	individuals	with	type	2	diabetes	and	individuals	without	
diabetes)	or	 sex	we	 tested	 for	 interaction.	We	excluded	participants	
with other types of diabetes from the interaction analyses because the 
number	of	participants	with	other	types	of	diabetes	was	small.	We	hy-
pothesized	a	priori	that	associations	may	be	stronger	individuals	with	
type 2 diabetes as under hyperglycemic circumstances the retinal mi-
crovasculature	is	likely	more	vulnerable.	As	most	previous	studies	did	
not	find	interaction	by	sex,	we,	a	priori,	did	not	expect	interaction	by	sex	
to	be	likely.11,14 pinteraction	<	.10	was	considered	statistically	significant.

2.5.1  |  Additional	analyses

First,	 we	 repeated	 the	 analysis	 additionally	 adjusting	 for	 the	 diet	
score,	 physical	 activity,	 and	 refractive	error.	Adjustment	 for	 these	
potential confounders was not included in the main analysis be-
cause data were missing in a relatively large number of participants 
(n	=	120–	488	had	missing	data	on	one	or	more	of	these	variables).	

Second,	we	additionally	adjusted	for	kidney	variables	(eGFR	and	al-
buminuria),	prior	cardiovascular	disease,	plasma	biomarkers	of	low-	
grade	 inflammation,	 retinopathy,	 and	 glaucoma.	 We	 adjusted	 for	
these covariates in a separate model because these variables may be 
confounders,	but	may	also	 (partly)	mediate	 the	associations	under	
study.	 Third,	we	 substituted	 glucose	metabolism	 status	 by	 fasting	
plasma	glucose,	2-	h	post-	load	glucose,	or	HbA1c;	waist	 circumfer-
ence	by	BMI;	mean	arterial	pressure	measured	during	the	vascular	
ultrasound	measurement	by	24-	h	mean	arterial	pressure;	and	educa-
tional	status	by	occupational	status	and	income	level.	Fourth,	when	
type	2	diabetes	status	modified	associations,	we	repeated	tests	for	
interaction analyses with continuous measures of hyperglycemia 
(i.e.,	fasting	plasma	glucose,	2-	h	post-	load	glucose,	and	HbA1c).

3  |  RESULTS

3.1  |  Selection and characteristics of the study 
population

Figure 1 shows an overview of the study population selection.
Table	1	shows	general	characteristics	according	to	retinal	arte-

riolar	diameter	 (CRAE)	and	Table	S1	shows	general	 characteristics	
according	 to	 retinal	 venular	 flicker	 light-	induced	 dilation.	 Overall,	
participants with a narrower arteriolar caliber and lower venular 
flicker	light-	induced	dilation	were	more	often	men,	had	a	higher	age,	
and	had	a	more	adverse	cardiovascular	risk	profile.	General	charac-
teristics of participants included in the study were highly compara-
ble	to	those	of	participants	with	missing	data	(Table	S2).

3.2  |  Arterial stiffness and retinal 
microvascular diameters

After	adjustment,	neither	carotid	DC,	nor	carotid	YEM,	nor	cfPWV	
were	significantly	associated	with	CRAE	(per	SD,	standardized	beta	

F I G U R E  1 Retinal	microvascular	diameter	and	retinal	microvascular	flicker	light-	induced	dilation	study	population	selection
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TA B L E  1 General	study	population	characteristics	according	to	tertiles	of	arteriolar	diameter

Characteristic
Total study group 
(N = 2434)

Tertiles of arteriolar diameter

Tertile 1 (low) (n = 811) Tertile 2 (middle) (n = 809)
Tertile 3 (high) 
(n = 814)

Demographics

Age,	years 59.8	±	8.2 61.3	±	7.9 59.6	±	8.1 58.6	±	8.3

Men 1252	(51.4%) 477	(58.8%) 414	(51.2%) 453	(55.7%)

Educational status

Low 801	(32.9%) 269	(33.2%) 266	(32.9%) 266	(32.7%)

Medium 707	(29.0%) 230	(28.4%) 242	(29.9%) 235	(28.9%)

High 926	(38.0%) 312	(38.5%) 301	(37.2%) 313	(38.5%)

Occupational statusa 

Low 654	(32.2%) 201	(29.6%) 212	(32.1%) 241	(35.0%)

Middle 701	(34.6%) 233	(34.3%) 242	(36.7%) 226	(32.8%)

High 673	(33.2%) 245	(36.1%) 216	(31.2%) 222	(32.2%)

Income	per	month,	eurosa  2016.8	±	814.0 2084	±	831 2007	±	789 1959	±	818

Lifestyle	factors

Smoking	status

Never 817	(33.6%) 255	(31.4%) 276	(34.1%) 286	(35.1%)

Former 1302	(53.5%) 467	(57.6%) 432	(53.4%) 403	(49.5%)

Current 315	(12.9%) 89	(11.0%) 101	(12.5%) 125	(15.4%)

Alcohol	consumption

None 440	(18.1%) 131	(16.2%) 135	(16.7%) 174	(21.4%)

Low	(women	≤7,	men	≤14) 1368	(56.2%) 441	(54.4%) 480	(59.3%) 447	(54.9%)

High	(women	>7,	men	>14) 626	(25.7%) 239	(29.5%) 194	(24.0%) 193	(23.7%)

Physical	activity,	h/daya  2.0	±	0.7 1.9	[1.5–	2.5] 2.0	[1.5–	2.4] 1.9	[1.5–	2.4]

Dutch	Healthy	diet	score,	points 83.6	±	14.6 82.8	±	14.4 84.4	±	14.4 83.7	±	14.8

Cardiovascular	risk	factors

Glucose metabolism status

Normal	glucose	metabolism 1364	(56.0%) 429	(52.9%) 470	(58.1%) 465	(57.1%)

Prediabetes 357	(14.7%) 130	(16.0%) 119	(14.7%) 108	(13.3%)

Type	2	diabetes 684	(28.1%) 238	(29.3%) 212	(26.2%) 234	(28.7%)

Other types of diabetes 29	(1.2%) 14	(1.7%) 8	(1.0%) 7	(0.9%)

Fasting	plasma	glucose,	mmol/La  5.6	[5.1–	6.5] 5.6	[5.1–	6.7] 5.5	[5.1–	6.4] 5.5	[5.0–	6.5]

2-	h	post-	load	plasma	glucose,	mmol/
La 

6.2	[5.1–	9.4] 6.5	[5.2–	9.7] 6.2	[5.1–	9.1] 6.1	[4.9–	9.5]

HbA1c,	%a  5.7	[5.4–	6.2] 5.7	[5.4–	6.3] 5.7	[5.4–	6.2] 5.6	[5.4–	6.2]

HbA1c,	mmol/mola  39	[36–	44] 39	[36–	45] 39	[36–	44] 38	[36–	44]

Glucose lowering medication 568	(23.3%) 201	(24.8%) 179	(22.1%) 188	(23.1%)

Waist	circumference,	cm 27.0	±	4.5 27.0	±	4.3 27.0	±	4.3 27.1	±	4.8

Body	mass	index,	kg/m2a  27.0	±	4.5 27.0	±	4.3 27.0	±	4.3 27.1	±	4.8

History of cardiovascular diseasea  405	(16.7%) 139	(17.3%) 124	(15.4%) 142	(17.6%)

eGFR,	ml/min/1.73	m2a  88.3	±	14.8 87.9	±	14.9 88.7	±	14.3 88.3	±	15.2

Albuminuria,	mg/24	ha  6.6	[4.0–	11.8] 7.2	[4.4–	13.4] 6.3	[3.8–	11.3] 6.2	[3.8–	10.7]

Total-	to-	HDL	cholesterol	ratio 3.6	±	1.2 3.6	±	1.2 3.6	±	1.2 3.6	±	1.1

Triglycerides,	mmol/L 1.2	[0.9–	1.7] 1.2	[0.9–	1.7] 1.2	[0.9–	1.7] 1.2	[0.9–	1.7]

Use	of	lipid-	modifying	medication 910	(37.4%) 341	(42.0%) 279	(34.5%) 290	(35.6%)

Office	systolic	BP,	mmHga  134.1	±	18.2 138.7	±	18.3 134.2	±	17.5 131.6	±	18.0

(Continues)
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[95%	CI],	respectively,	−0.00	[−0.05,	0.05];	0.02	[−0.02;	0.07];	0.03	
[−0.02;	0.08]),	CRVE	 (−0.01	 [−0.06;	0.04];	0.02	 [−0.02;	0.07];	0.00	
[−0.05;	0.05])	or	AVR	 (0.01	 [−0.04;	0.06];	0.00	 [−0.04;	0.05];	0.04	
[−0.01;	0.09])	(Table	2).

Type	2	diabetes	status	and	sex	did	not	modify	any	of	the	above	
associations	(Table	S3).

3.3  |  Arterial stiffness and flicker light- induced 
retinal arteriolar and venular dilation

After	 adjustment,	 greater	 carotid	 DC	 was	 significantly	 associ-
ated	 with	 greater	 retinal	 arteriolar	 and	 non-	significantly,	 but	
directionally	 similarly,	 associated	 with	 greater	 retinal	 venular	

Characteristic
Total study group 
(N = 2434)

Tertiles of arteriolar diameter

Tertile 1 (low) (n = 811) Tertile 2 (middle) (n = 809)
Tertile 3 (high) 
(n = 814)

Office	diastolic	BP,	mmHga  76.2	±	10.0 78.1	±	10.1 76.1	±	9.7 74.2	±	9.7

Mean	arterial	pressure,	mmHg 96.5	±	10.2 98.9	±10.4 96.4	±	9.9 94.3	±	9.7

24-	h	mean	arterial	pressure,	mmHga  88.6	±	8.0 90.5	±	8.2 88.5	±	7.8 86.7	±	7.4

Heart	rate,	bpm 62.6	±	9.4 62.6	±	9.5 62.5	±	9.1 62.7	±	9.6

Use	of	antihypertensive	medication 974	(40.0%) 354	(43.6%) 322	(39.8%) 298	(36.6%)

Inflammation	markersa 

C-	reactive	protein,	µg/ml 1.3	[0.6–	2.7] 1.3	[0.6–	2.6] 1.2	[0.6–	2.7] 1.3	[0.6–	2.9]

Serum	amyloid	A,	µg/ml 3.3	[2.1–	5.4] 3.2	[2.2–	5.5] 3.3	[2.0–	5.6] 3.4	[2.0–	5.5]

Tumor	necrosis	factor	α,	pg/ml 2.2	[1.9–	2.6] 2.2	[1.9–	2.6] 2.2	[1.9–	2.5] 2.2	[1.9–	2.6]

Interleukin-	6,	pg/ml 0.6	[0.4–	0.9] 0.6	[0.4–	0.9] 0.6	[0.4–	0.9] 0.6	[0.4–	0.9]

Interleukin-	8,	pg/ml 4.1	[3.3–	5.3] 4.2	[3.4–	5.4] 4.1	[3.2–	5.2] 4.0	[3.3–	5.2]

Eye variables

Retinopathya  38	(1.7%) 13	(1.7%) 13	(1.7%) 12	(1.6%)

Glaucomaa  114	(5.2%) 46	(5.7%) 40	(4.9%) 28	(3.4%)

Refractive errora 

Right eye 0.1	[−1.5	to	1.1] 0.0	[−2.0	to	1.0] 0.1	[−1.50	to	1.1] 0.1	[−1.0	to	1.3]

Left	eye 0.1	[−1.4	to	1.1] −0.1	[−2.3	to	0.9] 0.13	[−1.4	to	1.13] 0.3	[−1.0	to	1.3]

Arterial	stiffness

cfPWV,	m/sb  9.0	±	2.1 9.3	±	2.2 8.9	±	2.0 8.8	±	2.1

Carotid	DC,	10−3/kPa 14.5	±	5.12 13.9	±	5.1 14.3	±	4.9 15.2	±	5.4

Carotid	YEM,	103/kPaa  0.73	±	0.34 0.77	±	0.35 0.75	±	0.33 0.70	±	0.33

Retinal microvascular function

Arteriolar	diameter	(CRAE),	µm 142.2	±	20.4 120.2	±	10.9 141.9	±	5.2 164.6	±	10.7

Venular	diameter	(CRVE),	µm 214.4	±	31.1 190.9	±	24.5 213.1	±	21.6 239.2	±	25.7

Arteriole-	to-	venule	ratio	(AVR),	no	
unit

0.67	±	0.08 0.64	±	0.08 0.67	±	0.07 0.69	±	0.07

Arteriolar	flicker	light-	induced	
dilation,	%c 

3.0	±	2.8 3.2	±	2.9 3.1	±	2.8 2.8	±	2.8

Venular	flicker	light-	induced	dilation,	
%c 

3.9	±	2.2 3.9	±	2.3 3.8	±	2.1 4.0	±	2.4

Note: Data	presented	as	mean	±	standard	deviation,	median	[interquartile	range],	or	number	(%).
Abbreviations:	AVR,	arterio-	to-	venule	ratio;	BP,	blood	pressure;	carotid	DC,	carotid	distensibility	coefficient;	carotid	YEM,	carotid	Young	elastic	
modulus;	cfPWV,	carotid	-	femoral	pulse	wave	velocity;	CRAE,	central	retinal	arteriolar	equivalent;	CRVE,	central	retinal	venular	equivalent;	eGFR;	
estimated	glomerular	filtration	rate;	HbA1c,	glycated	hemoglobin;	HDL,	high-	density	lipoprotein.
aData	available	for	occupational	status,	n	=	2028;	income	level,	n	=	1841;	body	mass	index,	n	=	2433;	physical	activity,	n	=	1946;	Dutch	healthy	
diet	score,	n	=	2314;	fasting	plasma	glucose,	n	=	2433;	2-	h	post-	load	plasma	glucose,	n	=	2249;	HbA1c,	n	=	2429;	history	of	cardiovascular	disease,	
n	=	2418;	eGFR,	n	=	2416;	albuminuria,	n	=	2415;	office	systolic	and	diastolic	blood	pressure,	n	=	2432;	24-	h	mean	arterial	pressure,	n	=	2169;	
inflammation	markers,	n	=	2411;	retinopathy,	n	=	2254;	glaucoma,	n	=	2211;	refractive	error	right	eye,	n	=	2237,	refractive	error	left	eye	n	=	2229;	
carotid	YEM,	n = 2432.
bValue	shown	for	cfPWV	study	population	with	complete	retinal	arteriolar	diameter	data.
cValue shown for carotid stiffness population with complete arteriolar or venular dilation data.

TA B L E  1 (Continued)
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flicker	light-	induced	dilation	(respectively,	0.06	[0.00;	0.12];	0.04	
[−0.02;	0.10];	Table	2	and	Figure	2).	In	contrast,	carotid	YEM	and	
cfPWV	were	not	 significantly	 associated	with	 retinal	 arteriolar	
flicker	 light-	induced	 dilation	 (respectively,	 −0.01	 [−0.06;	 0.05]	
and	 −0.01	 [−0.07;	 0.05])	 or	 with	 retinal	 venular	 flicker	 light-	
induced	 dilation	 (respectively,	 −0.02	 [−0.07;	 0.03]	 and	 −0.02	
[−0.078	0.04]).

Type	2	diabetes	modified	the	associations	between	carotid	DC	and	
arteriolar	and	venular	 flicker	 light-	induced	dilation	 (pinteraction = .02 
and pinteraction	=	.01,	respectively).	Sex	modified	the	associations	be-
tween	carotid	DC	and	carotid	YEM	with	venular	flicker	light-	induced	
dilation	(pinteraction = .02 and pinteraction	=	.02,	respectively;	pinteraction 
values	are	shown	in	Table	S3).	In	participants	with	type	2	diabetes,	
but	 not	 in	 participants	 without	 diabetes,	 greater	 carotid	 DC	 was	
significantly	 associated	 with	 greater	 arteriolar	 and	 venular	 flicker	
light-	induced	dilation	(respectively,	0.14	[0.04;	0.25]	and	0.16	[0.06;	
0.26]	in	participants	with	type	2	diabetes	versus	0.03	[−0.04;	0.10]	
and	−0.02	 [−0.09;	0.05]	 in	participants	without	diabetes;	Table	S4	
and	Figure	2).	In	men,	but	not	in	women,	carotid	DC	and	YEM	were	
significantly	 associated	 with	 retinal	 venular	 flicker	 light-	induced	
dilation	 (respectively,	0.11	 [0.03;	0.19]	and	−0.08	 [−0.16;	−0.01]	 in	
men	 versus	 −0.03	 [−0.11;	 0.06]	 and	0.05	 [−0.03;	 0.12]	 in	women;	
Table	S5).	There	was	no	 three-	way	 interaction	by	 type	2	diabetes	
status	and	sex	(pinteraction	>	.10)	(data	are	not	shown).

3.4  |  Additional analyses

Quantitatively similar results were observed in a range of sensitivity 
analyses.	First,	 after	 additional	 adjustment	 for	diet	 score,	physical	
activity,	and	refractive	error,	associations	did	not	materially	change	
(Table	S6).	Second,	associations	remained	similar	after	additional	ad-
justment	 for	kidney	variables,	prior	cardiovascular	disease,	plasma	
biomarkers	 of	 low-	grade	 inflammation,	 retinopathy,	 and	 glaucoma	
(Table	S6).	Third,	associations	were	not	materially	altered	when	glu-
cose	metabolism	status	was	substituted	by	fasting	plasma	glucose,	
2-	h	 post-	load	 glucose	 or	 HbA1c;	 when	 waist	 circumference	 was	
substituted	 by	 BMI;	 when	 mean	 arterial	 pressure	 measured	 dur-
ing	the	vascular	ultrasound	measurement	was	substituted	by	24-	h	
mean arterial pressure; or when educational status was substituted 
by	 occupational	 status	 or	 income	 level	 (Table	 S7).	 Fourth,	 when	
we replaced glucose metabolism status by continuous measures 
of	 hyperglycemia,	 2-	h	 post-	load	 glucose	 modified	 the	 association	
between	carotid	DC	and	retinal	arteriolar	and	venular	flicker	 light-	
induced	dilation	 (pinteraction = .05 and pinteraction	=	 .03,	 respectively)	
and	HbA1c	modified	the	association	between	carotid	DC	and	retinal	
venular	 flicker	 light-	induced	 dilation	 (pinteraction	 =	 .07;	 Table	 S3).	 In	
stratified	analyses,	 the	only	significant	associations	were	between	
carotid	DC	and	arteriolar	and	venular	 flicker	 light-	induced	dilation	
in	participants	with	WHO-	defined17	higher	 levels	of	2-	h	post-	load	
glucose	(≥11.1	mmol/L;	0.20	[0.06;	0.33]	and	0.21	[0.08;	0.34],	re-
spectively;	Table	S5;	Figure	2).

4  |  DISCUSSION

The	current	population-	based	study	has	three	main	findings.	First,	
carotid and aortic stiffness were not significantly associated with 
retinal	arteriolar	and	venular	diameters.	Second,	carotid	but	not	aor-
tic stiffness was significantly associated with worse retinal arteriolar 
flicker	light-	induced	dilation	in	individuals	with	type	2	diabetes	but	
not	in	individuals	without	diabetes.	Third,	carotid	but	not	aortic	stiff-
ness	was	significantly	associated	with	worse	retinal	venular	flicker	
light-	induced	dilation	in	individuals	with	type	2	diabetes,	but	not	in	
individuals	without	diabetes;	and	in	men,	but	not	in	women.

In	contrast	to	previous	studies,11– 15 we observed no association 
between	arterial	stiffness	and	narrower	retinal	arteriolar	diameters,	
possibly	because	inward	remodeling	(the	proximate	cause	of	arteri-
olar	narrowing)3 occurs in a more advanced disease stage than was 
present	in	the	population	that	we	studied.	Additionally,	and	similar	
to	most	previous	 studies,11,14,15 we observed no association of ar-
terial	stiffness	with	retinal	venular	diameters,	possibly	because	he-
modynamic stress in venules is insufficient to affect their structure.

Retinal	arteriolar	and	venular	flicker	light-	induced	dilation	(which	
represent measures of microvascular function and specifically neu-
rovascular	 coupling)	may	 be	more	 easily	 affected	 by	 arterial	 stiff-
ness	than	retinal	arteriolar	and	venular	diameters	(which	presumably	
mostly	reflect	microvascular	structure).36	Indeed,	we	observed	that	
carotid stiffness was significantly associated with less retinal arteri-
olar	and	non-	significantly	with	less	venular	flicker	light-	induced	di-
lation.	The	observation	that	carotid	stiffness	was	two-		to	threefold	
more	 strongly	 associated	 with	 lower	 flicker	 light-	induced	 dilation	
under	hyperglycemic	circumstances	 (i.e.,	 in	 individuals	with	type	2	
diabetes	and	with	higher	 levels	of	2-	h	post-	load	glucose)	 suggests	
that the retinal microvasculature may be more vulnerable to he-
modynamic	 stress	 in	 the	 presence	 of	 hyperglycemia.	 Associations	
were	likely	stronger	because	hyperglycemia	impairs	both	neuronal1 
and endothelial cell2	 function	 (i.e.,	neurovascular	coupling)	and	 in-
tact	 neurovascular	 coupling	 is	 required	 for	 flicker	 light-	induced	
dilation.4,6,7

Additionally,	we	 consider	 the	 observation	 that	 the	 association	
between greater carotid stiffness and worse retinal venular dilation 
was stronger in men exploratory. Further investigation of this obser-
vation is warranted.

The	lack	of	an	association	of	both	carotid	YEM	and	aortic	stiff-
ness	 with	 retinal	 microvascular	 flicker	 light-	induced	 dilation	 does	
not	necessarily	contradict	the	findings	above.	Carotid	YEM	reflects	
stiffness	 of	 the	 material	 of	 the	 vessel	 wall,10 but not the arterial 
stiffening-	induced	hemodynamic	stress	which	is	thought	to	be	det-
rimental to the retinal microvasculature.11– 15	Aortic	stiffening,	which	
reflects	both	muscular	and	elastic	artery	remodeling	(in	contrast	to	
carotid	 stiffening	which	 [mostly]	 reflects	 elastic	 remodeling),	may	
not have yet occurred to such an extent that greater aortic pulsatile 
hemodynamic stress affects the retinal microvasculature.37

Strengths	 of	 this	 study	 are	 the	 large	 size	 of	 this	 population-	
based cohort study with oversampling of individuals with type 2 
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diabetes which enables accurate comparison of individuals with and 
without	diabetes,	the	large	number	of	potential	confounders	which	
were	considered,	and	 the	standardized	assessment	of	all	 variables	
included	 in	 this	 study.	Carotid	 and	 aortic	 stiffness,	 as	well	 as	 ret-
inal	microvascular	diameters,	were	measured	with	 state-	of-	the-	art	
methods.21,23,25

Limitations	include	the	following.	First,	due	to	the	cross-	sectional	
nature	of	the	study,	we	cannot	account	for	temporality	and,	there-
fore,	causal	 inferences	should	be	made	with	considerable	caution.	
Although	 many	 data	 support	 the	 concept	 that	 arterial	 stiffening	
may	lead	to	hemodynamic	stress	in	the	retinal	microvasculature,	in	
theory,	we	 cannot	with	 the	 current	 data	 exclude	 that	 option	 that	
arterial stiffening and retinal microvascular dysfunction reflect sep-
arate entities of macrovascular and microvascular angiopathies in 
patients with diabetes.3	Second,	we	may	have	underestimated	the	
strength of the association between arterial stiffness and retinal 

microvascular	 flicker	 light-	induced	dilation	 response	 if	 such	an	 as-
sociation was stronger among participants that were excluded from 
the	study	population	(who	generally	tend	to	be	sicker).	Additionally,	
the use of brachial rather than carotid pulse pressure to calculate 
carotid DC will again tend to underestimate associations through 
regression dilution.10,38	 Third,	 even	 though	 we	 took	 an	 extensive	
set	 of	 confounders	 into	 account,	we	 cannot	 fully	 exclude	 residual	
confounding.39	Fourth,	we	studied	Caucasian	individuals	aged	40–	
75	years,	and	therefore,	our	results	may	be	generalizable	to	such	a	
population;	whether	 these	results	also	apply	 to	other	populations,	
for	example,	older	populations,	requires	further	study.40

In	summary,	in	this	population-	based	study	greater	carotid,	but	
not	aortic,	stiffness	was	associated	with	worse	retinal	flicker	 light-	
induced dilation and this association was stronger in individuals with 
type	2	diabetes.	Hence,	carotid	stiffness	may	be	a	determinant	of	
retinal microvascular dysfunction.

TA B L E  2 Associations	of	aortic	and	carotid	stiffness	with	retinal	microvascular	diameter	and	flicker	light-	induced	dilation

Arterial stiffness Model

Retinal microvascular diameter
Retinal microvascular flicker light- induced 
dilation

CRAE
Stβ (95%CI)

CRVE
Stβ (95%CI)

AVR
Stβ (95%CI)

Arteriolar dilation
Stβ (95%CI)

Venular dilation
Stβ (95%CI)

Carotid	DC,	per	
SD

1 0.11 (0.07; 0.15) 0.03	(−0.01;	0.07) 0.11 (0.07; 0.15) 0.09 (0.04;0.13) 0.03	(−0.01;	0.08)

2 0.07 (0.03; 0.12) 0.00	(−0.04;	0.05) 0.09 (0.04; 0.13) 0.03	(−0.02;	0.08) 0.01	(−0.04;	0.06)

3 −0.00	(−0.05;	
0.05)

−0.00	(−0.06;	0.04) 0.01	(−0.04;	0.06) 0.06 (0.00; 0.12) 0.04	(−0.01;	0.10)

4 −0.00	(−0.05;	
0.05)

−0.01	(−0.06;	0.04) 0.01	(−0.04;	0.06) 0.06 (0.00; 0.12) 0.04	(−0.02;	0.10)

Carotid	YEM,	per	
SD

1 −0.08 (−0.12; 
−0.04)

−0.00	(−0.04;	0.04) −0.09 (−0.13; 
−0.05)

−0.05	(−0.09;	0.00) −0.02	(−0.07;	
0.02)

2 −0.04	(−0.08;	
0.01)

0.02	(−0.03;	0.06) −0.06 (−0.11; 
−0.02)

0.01	(−0.04;	0.05) −0.00	(−0.05;	
0.05)

3 0.02	(−0.02;	0.07) 0.03	(−0.02;	0.07) −0.00	(−0.05;	
0.04)

−0.01	(−0.06;	0.04) −0.03	(−0.08;	
0.03)

4 0.02	(−0.02;	0.07) 0.02	(−0.02;	0.07) 0.00	(−0.04;	0.05) −0.01	(−0.06;	0.05) −0.02	(−0.07;	
0.03)

cfPWV,	per	SD 1 −0.11 (−0.15; 
−0.07)

−0.04	(−0.08;	0.01) −0.09 (−0.13; 
−0.05)

−0.08 (−0.13; −0.04) −0.04	(−0.09;	
0.01)

2 −0.05 (−0.09; 
0.00)

−0.01	(−0.05;	0.04) −0.05 (−0.10; 
−0.01)

0.00	(−0.05;	0.06) 0.00	(−0.05;	0.05)

3 0.03	(−0.02;	0.08) 0.00	(−0.05;	0.05) 0.04	(−0.01;	0.09) −0.02	(−0.07;	0.04) −0.03	(−0.08;	
0.03)

4 0.03	(−0.02;	0.08) 0.00	(−0.05;	0.05) 0.04	(−0.01;	0.09) −0.01	(−0.07;	0.05) −0.02	(−0.08;	
0.04)

Note: Standardized	regression	coefficient	(stβ)	represents	arteriolar	or	venular	dilation	in	SD	per	SD	greater	arterial	stiffness.	For	the	retinal	
microvascular	diameter	population	1	SD	corresponds	with	5.16	×	10−3/kPa	for	carotid	DC,	0.34	×	103/kPa	for	carotid	YEM,	2.08	m/s	for	cfPWV,	
20.39	µm	for	CRAE,	31.07	µm	for	CRVE	and	0.08	(no	unit)	for	AVR.	For	the	retinal	arteriolar	flicker	light-	induced	dilation	population	1	SD	
corresponds	with	5.14	×	10−3/kPa	for	carotid	DC,	0.37	×	103/kPa	for	carotid	YEM,	2.07	m/s	for	cfPWV,	2.82%	for	flicker	light-	induced	arteriolar	
dilation	and	2.20%	for	flicker	light-	induced	venular	dilation.	Bold	denotes	p	<	.05.	Model	1:	crude.	Model	2:	age,	sex,	and	glucose	metabolism	status;	
model	3:	model	2	+	mean	arterial	pressure	and	heart	rate;	model	4:	model	2	+	smoking	status,	alcohol	consumption,	waist	circumference,	total-	to-	
high	density	lipoprotein	cholesterol	ratio,	lipid-	modifying	and	antihypertensive	medication,	educational	status.
Abbreviations:	AVR,	arteriole-	to-	venule-	ratio;	cfPWV,	carotid-	to-	femoral	pulse	wave	velocity;	CI,	confidence	interval;	CRAE,	central	retinal	arteriolar	
equivalent;	CRVE,	central	retinal	venular	equivalent;	DC,	distensibility	coefficient;	SD,	standard	deviation;	YEM,	Young's	elastic	modulus.
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The	 present	 population-	based	 study	 found	 that	 carotid	 stiffness	
may	be	a	determinant	of	retinal	microvascular	dysfunction.	Hence,	
prevention of carotid stiffness may contribute to the prevention of 
retinal microvascular dysfunction.
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