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Abstract
Objective: Cognitive	impairments	in	type	1	diabetes	may	result	from	hyperglycemia-	
associated	cerebral	microangiopathy.	We	aimed	to	identify	cerebral	microangiopathy	
and	skin	microvascular	dysfunction—as	a	surrogate	marker	for	generalized	microvas-
cular	function—as	predictors	of	cognitive	performance	over	time.
Methods: In	this	prospective	cohort	study,	25	type	1	diabetes	patients	with	prolif-
erative retinopathy and 25 matched healthy controls underwent neurocognitive test-
ing	 at	 baseline	 and	 after	 follow-	up	 (3.8	±	0.8	years).	 At	 baseline,	 1.5-	T	 cerebral	
magnetic	resonance	imaging	was	used	to	detect	WML	and	cerebral	microbleeds.	Skin	
capillary perfusion was assessed by means of capillary microscopy.
Results: In	 type	 1	 diabetes	 patients,	 but	 not	 in	 healthy	 controls,	 the	 presence	 of	
WML	 (ß	=	−0.419;	 P = 0.037)	 as	 well	 as	 lower	 skin	 capillary	 perfusion	 (baseline:	
ß	=	0.753;	 P < 0.001;	 peak	 hyperemia:	 ß	=	0.743;	 P = 0.001; venous occlusion: 
ß	=	0.675;	P = 0.003;	capillary	recruitment:	ß	=	0.549;	P = 0.022)	at	baseline	was	as-
sociated	 with	 lower	 cognitive	 performance	 over	 time,	 independent	 of	 age,	 sex,	
HbA1c,	and	severe	hypoglycemia.	The	relationship	between	WML	and	lower	cogni-
tive performance was significantly reduced after adjusting for capillary perfusion.
Conclusions: These data fit the hypothesis that cerebral microangiopathy is a mani-
festation	 of	 generalized	 microvascular	 dysfunction,	 leading	 to	 lower	 cognitive	
performance.

www.wileyonlinelibrary.com/journal/micc
https://orcid.org/0000-0002-9436-503X
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:a.emanuel@vumc.nl


2 of 10  |     EMANUEL Et AL.

1 | INTRODUC TION
Type	1	diabetes	 is	 a	 complex	endocrine	disease,	which,	 in	 case	of	
poor	glycemic	control,	can	lead	to	long-	term	microvascular	compli-
cations,	 affecting	 kidneys,	 peripheral	 and	 central	 nervous	 system,	
and eyes.1	The	brain	has	also	been	recognized	as	a	key	organ	that	
can	be	affected	by	long-	standing	type	1	diabetes.2	Cross-	sectional	
and longitudinal studies have shown that type 1 diabetes is associ-
ated	with	mild-	to-	moderate	impairments	in	multiple	neurocognitive	
domains compared with healthy controls.3,4

The pathophysiology underlying these cognitive decrements 
in	 type	 1	 diabetes	 has	 not	 yet	 been	 fully	 elucidated.	 Risk	 factors	
for cognitive impairment include longer duration and early onset 
of	 diabetes	 as	well	 as	 poor	 glycemic	 control,	which	 suggests	 that	
hyperglycemia-	induced	 damage	 is	 a	 pathophysiological	 determi-
nant.5,6	Additionally,	the	presence	of	diabetic	microangiopathy—that	
is,	retinopathy,	nephropathy,	and	neuropathy—was	cross-	sectionally	
associated with lower performance on several neuropsychological 
tests 3,7,8	and	longitudinally	with	mild,	but	clinically	relevant	cogni-
tive	decline	independent	of	lifetime	HbA1c	in	the	DCCT1 and its ep-
idemiological	follow-	up,	the	EDIC	trial.6

In	type	1	diabetes,	diabetic	microangiopathy	has	been	proposed	
to	reflect	a	state	of	generalized	microvascular	dysfunction,	including	
in	the	brain,	which	may	lead	to	cSVD.	On	brain	MRI,	cSVD	presents	
with	ischemic	WML,	lacunar	infarcts,	and	non-	lobar	cMB.9,10	The	link	
between	cSVD	and	peripheral	microvascular	complications	 is	 sup-
ported	by	data	from	our	own	group,	which	show	higher	prevalence	
of	 cMB	 in	 type	 1	 diabetes	 patients	with	 proliferative	 retinopathy	
compared with those without.11	In	addition,	diabetic	retinopathy	and	
neuropathy	 have	 been	 associated	with	 the	 presence,	 volume,	 and	
severity	of	WML.8,12	We	therefore	hypothesize	that	generalized	mi-
crovascular	dysfunction,	manifest	by	 impaired	microvascular	 func-
tion	of	 the	skin,	and	cSVD	may	correlate	with	decline	 in	cognitive	
function over time.

In	this	prospective	cohort	study,	we	aimed	to	 identify	cerebral	
microangiopathy	and	skin	capillary	perfusion—as	a	surrogate	marker	
of	generalized	microvascular	function—as	independent	predictors	of	
cognitive	performance,	controlling	for	possible	confounding	factors	
including	HbA1c,	diabetes	duration,	and	the	number	of	severe	hypo-
glycemic events.

2  | MATERIAL S AND METHODS

This	prospective	cohort	 study	was	part	of	 a	 larger	 cross-	sectional	
study	 conducted	 at	 the	VU	University	Medical	Centre,13 in which 
we assessed the effects of type 1 diabetes and concomitant prolif-
erative	retinopathy	on	cognition,	brain	volume,	and	functional	and	

structural	connectivity.	A	randomly	selected	subgroup	of	25	type	1	
diabetes patients with proliferative retinopathy and 25 healthy con-
trols—matched	for	age,	gender,	BMI,	and	IQ—were	invited	to	return	
for	 follow-	up	 measurements	 between	 May	 2007	 and	 September	
2009.	Inclusion	criteria	at	baseline	were	as	follows:	age	18-	56	years,	
right-	handedness,	and,	for	the	type	1	diabetes	patients,	a	diabetes	
duration	of	at	 least	10	years.	Exclusion	criteria	at	both	time	points	
were	psychiatric	comorbidity,	 insufficient	visual	acuity	 (below	0.3)	
to	perform	neuropsychological	 tests,	brain	 trauma,	previous	coma	
unrelated	to	hypoglycemia,	alcohol	consumption	 (men:	>21	units	a	
week;	women:	>14	units	a	week)	and	drug	use,	use	of	centrally	act-
ing	medication,	MRI	contraindications,	and,	for	the	healthy	controls,	
hypertension	at	baseline.	At	baseline	and	follow-	up,	all	participants	
were	subjected	 to	evaluation	of	cognitive	 function	and	brain	MRI.	
Skin	microvascular	 function	was	assessed	at	baseline	by	means	of	
nail fold capillary microscopy. To be able to perform the neuropsy-
chological	tests,	all	participants	were	required	to	have	normal	or	cor-
rected	to	normal	vision.	Additionally,	none	of	the	patients	had	central	
proliferative	retinopathy,	thus	not	affecting	the	central	focus	area	of	
vision. This study was conducted in accordance with the Declaration 
of	Helsinki	201314 and approved by the medical ethics committee 
of	the	VU	University	Medical	Centre.	All	participants	signed	written	
informed	consent	at	baseline	and	during	follow-	up.

2.1 | Justification of sample size and group selection

This prospective cohort study is a randomly selected subsample of a 
larger	cross-	sectional	study,	in	which	type	1	diabetes	patients	with	
and without retinopathy and healthy controls were included. Due 
to	 funding	 limitations,	we	were	able	 to	 include	50	of	 the	153	par-
ticipants	 that	were	 included	at	baseline.	We	chose	 to	 include	 two	
groups	of	25	participants,	instead	of	three	groups	of	approximately	
16 participants to increase the power of the study. The groups were 
selected	based	on	the	largest	expected	differences,	taking	into	con-
sideration that these results cannot be translated to type 1 diabetes 
patients in general.

2.2 | Cognitive functioning

All	 participants	 underwent	 a	 detailed	 neuropsychological	 assess-
ment	 covering	 the	 domains	 of	 memory,	 information-	processing	
speed,	 executive	 functions,	 attention,	 motor,	 and	 psychomotor	
speed. The tests were described previously.15	 General	 cognitive	
ability was constructed by averaging results with respect to the 
above-	mentioned	 six	 domains.	 Raw	 scores	were	 transformed	 into	
z-	scores	 based	 on	 the	mean	 and	 SD	 values	 from	 healthy	 controls	
of	the	larger	cross-	sectional	study	and	inversed	if	necessary	so	that	
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higher z-	scores	 indicated	 better	 performance.	 To	 quantify	 change	
in	 cognitive	 performance	 over	 time,	 the	 RCI	 was	 computed	 from	
baseline	and	follow-	up	data	by	the	following	formula:	((Xfollow-	up–
Xbaseline)–(mean-	controls	 follow-	up–mean-	controls	 baseline))/
standard	deviation	delta-	score	controls.	Thus,	for	each	test	the	mean	
delta-	score	of	 the	 controls	was	 subtracted	 from	 the	 raw	 subject's	
delta-	score	and	divided	by	the	standard	deviation	of	the	delta-	score	
of the controls.16	 To	 rule	 out	 confounding	 as	 a	 result	 of	 hypo-		 or	
hyperglycemia,	glucose	levels	had	to	be	between	4	and	15	mmol/L	
before	and	during	neuropsychological	testing.	When	outside	of	this	
range,	patients	were	 instructed	 to	eat	or	 inject	 insulin	and	 testing	
was postponed for 30 min until blood glucose levels were within the 
required	range.17

2.3 | Brain MRI

MRI	 scanning	was	performed	on	 a	1.5-	T	magnetic	 resonance	 sys-
tem	 (Siemens-	Sonata,	 Erlangen,	 Germany).	 Further	 details	 on	 the	
magnetic	resonance	acquisition	protocol	have	been	described	previ-
ously.13	Vascular	WML	were	assessed	using	T2	FLAIR	and	cerebral	
microbleeds	 using	 T2*	 susceptibility	weighted	 imaging.	 All	 images	
were	rated	by	an	experienced	neuroradiologist,	who	was	blinded	to	
any	clinical	information.	Both	WML	and	cMB	were	scored	as	present	
or	not	present.	The	Fazekas	scale	is	often	used	to	indicate	severity	
of	WML18;	however,	in	this	study	all	but	one	subject	had	a	Fazekas	
score of 1.

2.4 | Skin microvascular function

Peripheral	 microvascular	 function	 was	 assessed	 by	 skin	 capillary	
microscopy as described previously.19	 Briefly,	 nail	 fold	 capillaries	
in	 the	dorsal	 skin	of	 the	 third	 finger	were	visualized	by	a	capillary	
microscope.	Baseline	capillary	density	(baseline)	was	defined	as	the	
number	of	continuously	erythrocyte-	perfused	capillaries	per	square	
millimeter.	Capillary	density	during	peak	reactive	hyperemia	(peak)	
was	counted	after	4	min	of	arterial	occlusion.	Maximal	capillary	den-
sity	was	assessed	during	VO.	CR	was	calculated	as	the	absolute	and	
relative increase in capillary density from baseline to capillary den-
sity	during	peak	reactive	hyperemia.

2.5 | Statistical analyses

Data	 were	 analyzed	 with	 SPSS	 version	 22.0	 (IBM-	SPSS,	 Chicago,	
IL).	Data	are	presented	as	mean	±	SD,	median[range]	(not	normally	
distributed),	 or	 raw	 numbers	 with	 percentages	 (categorical	 data).	
We	 assessed	 differences	 between	 patients	 and	 healthy	 controls	
using	 the	unpaired	 t	 test	or	Mann–Whitney	U	 test	 for	 continuous	
variables,	 depending	 on	 the	 data	 distribution,	 and	 the	 X²	 test	 for	
categorical	data.	Since	the	sample	size	of	this	study	limits	the	num-
ber	of	variables	allowed	in	our	multiple	regression	analysis,	we	first	
performed several simple regression analysis with change in general 
cognition as dependent variable and the most evident confounding 
factors	based	on	current	literature	(ie,	BMI,	smoking,	hypertension,	

HbA1c,	 diabetes	 duration,	 and	 severe	 hypoglycemic	 events	 in	 the	
past)	 as	 independent	 variables.20,21	 Subsequently,	 multiple	 linear	
regression	models	were	used	to	assess	the	significance	of	covariate-	
adjusted associations between the change in general cognitive abil-
ity	 (dependent	variable)	and	variables	of	cerebral	microangiopathy	
and	skin	microvascular	function	(predictors/independent	variables).	
Age	and	sex	(model	2)	and	variables	demonstrating	associations	 in	
the simple regression analysis with a P-	value	<0.1	(model	3)	qualified	
as independent variables for inclusion into the multiple regression 
analyses.	Next,	we	added	capillary	perfusion	variables	as	independ-
ent	 variable	 to	 the	 regression	models	with	WML	as	predictor	 and	
vice	 versa.	 Missing	 data	 were	 excluded	 pairwise.	 A	 two-	sided	 P-	
value	<0.05	was	considered	statistically	significant.	We	performed	
a	Cook's	distance	analysis	to	examine	the	influence	of	two	apparent	
outliers	based	on	the	scatter	plot.	Finally,	we	carried	out	mediation	
analyses	to	examine	whether	the	presence	of	WML	was	a	mediator	
between	skin	perfusion	and	the	change	in	general	cognitive	ability.	
This	analysis	was	performed	in	STATA	version	13SE	(StatCorp	LLC,	
College	Station,	TX)	using	 the	bootstrapping	method	according	 to	
Preacher and Hayes.22

3  | RESULTS

3.1 | Participants

Table 1 shows the characteristics of type 1 diabetes patients and 
healthy controls at baseline. There was no difference from baseline 
to	follow-	up	between	type	1	diabetes	patients	and	healthy	controls	
(3.56	±	0.65	 and	3.94	±	0.91	years,	 respectively;	P = 0.098).	Owing	
to	the	selection	method,	there	also	were	no	significant	differences	
between	 the	 two	groups	 in	age	 (type	1	diabetes:	46.1	±	6.3	years;	
controls:	44.3	±	8.5	years;	P = 0.410),	sex	(type	1	diabetes:	40%	male;	
controls:	 52%	male;	 P = 0.395),	 IQ	 (type	 1	 diabetes:	 112.3	±	12.7;	
controls:	 109.4	±	13.1;	 P = 0.433),	 and	 BMI	 (type	 1	 diabetes:	
26.2	±	4.9	kg/m2;	controls:	25.1	±	2.9	kg/m2; P = 0.307).	In	addition,	
we also did not detect significant differences in diastolic blood pres-
sure	(type	1	diabetes:	75.4	±	7.8	mmHg;	controls:	78.9	±	6.2	mmHg;	
P = 0.088),	 systolic	 blood	pressure	 (type	1	 diabetes:	 133.0	 [107.0-	
151.5]	 mmHg;	 controls:	 128.0	 [101.0-	139.0]	 mmHg;	 P = 0.137),	
smoking	(yes)	(type	1	diabetes:	3	(12%);	controls:	2	(8%);	P = 0.637),	
and	cholesterol	 levels	 (type	1	diabetes:	4.4	±	0.8	mmol/L;	controls:	
4.8	±	0.9	mmol/L;	P = 0.120).	By	definition,	HbA1c	was	higher	in	type	
1	diabetes	patients	(7.9	±	1.0%)	than	in	healthy	controls	(5.3	±	0.3%;	
P < 0.001).

3.2 | Neurocognitive functioning

At	 baseline,	 type	 1	 diabetes	 patients	 had	 significantly	 lower	
general	cognitive	ability	(z-	score)	relative	to	healthy	controls	(type	
1	 diabetes:	 −0.3830	±	0.45;	 controls:	 −0.0030	±	0.36;	P = 0.002),	
which	 was	 driven	 by	 significantly	 lower	 information-	processing	
speed	(type	1	diabetes:	−0.7622	±	0.84;	controls:	−0.0002	±	0.56;	
P < 0.001)	 and	 motor	 speed	 (type	 1	 diabetes:	 −0.4928	±	0.91;	
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controls:	 −0.0012	±	0.81;	 P = 0.048).	 At	 follow-	up,	 general	 cog-
nitive ability did not change significantly in both the patient and 
control	group.	The	reliable	change	index	of	executive	function	was	
significantly	 lower	in	the	type	1	diabetes	patients	(−0.337	±	0.53)	
compared	 with	 the	 healthy	 controls	 (−0.003	±	0.34;	 P = 0.010).	
These data are shown in Table 2 and were published previously 
23).	We	have	measured	plasma	glucose	 levels	before	neurocogni-
tive testing. There were no significant differences between these 
measurements	(baseline:	7.65	±	3.75	versus	follow-	up:	8.29	±	3.44;	
P = 0.559).

3.3 | White matter lesions and cerebral microbleeds

At	baseline,	the	presence	of	WML	(type	1	diabetes:	6	(24%);	con-
trols:	6	(24%);	P = 0.999)	and	cMB	(type	1	diabetes:	5	(20%);	controls:	
4	(17.4%);	P = 0.941)	was	not	significantly	different	between	type	1	
diabetes	patients	and	healthy	controls	in	(Table	3).

3.4 | Skin microvascular function

At	baseline,	we	did	not	detect	significant	differences	between	type	
1	diabetes	patients	and	healthy	controls	in	skin	capillary	perfusion:	
that	 is,	 baseline	 (type	 1	 diabetes	 45.0	±	7.7;	 controls:	 50.6	±	11.1;	
P = 0.087),	peak	(type	1	diabetes	63.7	±	13.6;	controls:	70.4	±	19.2;	
P = 0.238),	and	VO	(type	1	diabetes	65.2	±	13.3;	controls:	70.6	±	18.9;	
P = 0.334)	capillary	density,	as	well	as	absolute	CR	(type	1	diabetes	
18.6	±	7.9;	controls:	19.7	±	11.3;	P = 0.745)	and	CR	percentage	(type	
1	diabetes	40.7	±	16.1;	controls:	38.4	±	17.6;	P = 0.685)	(Table	3).

3.5 | Simple regression analysis

A	simple	regression	analysis	with	general	cognitive	ability	(the	mean	
of	all	tests)	as	dependent	variable	and	BMI,	smoking,	hypertension,	
HbA1c,	diabetes	duration,	early	onset	of	diabetes,	and	severe	hypo-
glycemic	events	in	the	past	(self-	reported)	as	independent	variables	

Type 1 diabetes 
(n = 25)

Controls  
(n = 25) P- value

Age	(years) 46.1	±	6.3 44.3	±	8.5 0.409

Sex	(m/f(%male)) 10/15	(40%) 13/12	(52%) 0.395

Estimated	IQ 112.3	±	12.7 109.4	±	13.1 0.433

Education	levela 6	[2-	8] 6	[4-	8] 0.204

BMI	(kg/m²) 26.2	±	4.9 25.1	±	2.9 0.307

Diastolic blood pressure 
(mmHg)

75.4	±	7.8 78.9	±	6.2 0.088

Systolic	blood	pressure	
(mmHg)

133.0	[107.0-	151.5] 128.0	[101.0-	139.0] 0.137

Hypertensionb	(n(%)) 11	(44%) -	 -	

Smoking	(n(%)) 3	(12%) 2	(8%) 0.637

Total	cholesterol	(mmol/L) 4.4	±	0.8 4.8	±	0.9 0.120

HbA1c	(mmol/mol) 63	±	10.9 34	±	3.3 <0.001

HbA1c	(%) 7.9	±	1.0 5.3	±	0.3 <0.001

Diabetes	duration	(years) 34.7	±	8.1 -	 -	

Diabetes early onsetc	(n(%)) 8	(32%) -	 -	

Severe	hypoglycemic	eventsd 1	[0-	25] -	 -	

Albuminuria	(n(%))e 5	(20%) -	 -	

Peripheral	neuropathy	(n(%))f 10	(40%) -	 -	

Data	are	presented	as	mean	±	SD,	median[range]	or	absolute	number(%).	BMI,	body	mass	 index;	
HbA1c	,	glycated	hemoglobin;	IQ,	intelligence	quotient;	m/f,	male/female.	Bold	values	are	statisti-
cally	significant	results	(P	<	0.05).
aEducation	level	was	based	on	a	Dutch	scoring	system	ranging	from	1	to	8,	One	indicates	unfinished	
primary	school,	and	8	indicates	a	completed	university	study	at	master's	level.	
bHypertension	was	defined	as	a	systolic	blood	pressure	of	140	mmHg	or	above,	a	diastolic	blood	
pressure of 90 mmHg or above or the use of antihypertensive drugs. 
cEarly	onset	of	type	1	diabetes	was	defined	as	diabetes	onset	before	the	age	of	seven.	
dSevere	hypoglycemic	events	were	self-	reported.	
eAlbuminuria	was	defined	as	an	albumin:	creatinine	ratio	>2.5	mg/mmol	for	men	and	>3.5	mg/mmol	
for	women	and	assessed	with	24-	hour	urine	sampling.	
fPeripheral	neuropathy	was	based	on	medical	records	or,	in	case	they	were	not	available,	based	on	
self-	report.	

TABLE  1 Baseline	characteristics
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was	performed	to	detect	possible	confounding	factors.	With	a	sig-
nificance level of P	<	0.100,	HbA1c	and	the	number	of	severe	hypo-
glycemic events in the past were identified as possible confounding 
factors	 and	 were	 subsequently	 added	 to	 the	 multiple	 regression	
model	(model	3).

3.6 | Multiple regression analysis

In	 type	1	diabetes	patients,	 a	 significant	association	was	detected	
between poorer general cognitive ability over time and presence of 
WML	 (ß	=	−0.419;	P = 0.037),	 as	well	 as	with	 lower	baseline	 capil-
lary	density	(ß	=	0.753;	P < 0.001),	peak	hyperemia	capillary	density	
(ß	=	0.743;	P = 0.001),	venous	occlusion	capillary	density	(ß	=	0.675;	
P = 0.003),	and	absolute	capillary	recruitment	(ß	=	0.549;	P = 0.022)	
at	 baseline	 (Figure	1).	 These	 associations	 were	 independent	 of	
age,	 sex	 (model	 2),	 and	 HbA1c	 and	 severe	 hypoglycemic	 events	
(model	 3)	 and	 were	 not	 present	 in	 the	 control	 population	 (Table	
S4).	There	was	no	 relationship	between	 the	presence	of	 cMB	and	

general cognitive ability in both type 1 diabetic patients and healthy 
controls.	 The	 presence	 of	 WML	 was	 not	 associated	 with	 one	 of	
the	 parameters	 of	 skin	 capillary	 perfusion	 (baseline:	 ß	=	−0.319;	
P = 0.213,	 peak:	 ß	=	−0.168;	 P = 0.519,	 VO:	 ß	=	−0.294;	 P = 0.252,	
CR	 absolute:	 ß	=	0.020;	 P = 0.938,	 and	 CR	 percentage:	 ß	=	0.117;	
P = 0.656).	 However,	 the	 relationship	 between	WML	 and	 general	
cognitive	ability	decreased	significantly	 (β	 change	>	10%)	and	was	
no	 longer	 significant	 when	 combined	 with	 baseline	 (β	=	−0.184;	
P = 0.320),	 peak	 (β	=	−0.289;	 P	=	0.100),	 and	 VO	 (β	=	−0.227;	
P = 0.269)	capillary	density.	Adding	WML	to	the	regression	analysis	
only	slightly	(<10%)	changed	the	associations	between	capillary	per-
fusion	and	general	cognitive	ability	 (baseline:	β	=	0.694;	P	=	0.002;	
peak:	β	=	0.695;	P	=	0.001;	VO:	β	=	0.608;	P	=	0.008,	 and	CR	 (abs)	
β	=	0.558;	P	=	0.012).	Cook's	distance	analysis	for	detecting	influen-
tial	cases	showed	no	observations	above	1.	Further	analysis	of	the	
six	independent	cognitive	domains	demonstrated	in	type	1	diabetes	
patients	 and	 controls	 that	 the	presence	of	WML	was	 significantly	
associated	with	decline	in	motor	speed	(type	1	diabetes:	ß	=	−0.399;	

TABLE  2 Baseline	and	reliable	change	index	of	neurocognitive	function

Baseline (z- scores) Reliable change index

Type 1 diabetes 
(n = 25) Controls (n = 25) P- value

Type 1 diabetes 
(n = 25) Controls (n = 25) P- value

General	cognitive	
ability

−0.383	±	0.45 −0.003	±	0.36 0.002 0.045	±	0.32 0.001	±	0.19 0.550

Memory −0.353	±	0.64 −0.000	±	0.62 0.052 0.160	±	0.44 0.000	±	0.50 0.233

Information-	processing	
speed

−0.762	±	0.84 −0.000	±	0.56 <0.001 0.110	±	0.66 0.000	±	0.52 0.516

Executive	function 0.056	±	0.57 −0.004	±	0.45 0.684 −0.337	±	0.53 −0.003	±	0.34 0.010

Attention −0.272	±	0.93 0.000	±	0.75 0.267 0.024	±	0.74 0.000	±	0.79 0.915

Motor	speed −0.493	±	0.91 0.001	±	0.81 0.048 0.144	±	0.69 0.000	±	0.61 0.439

Psychomotor speed −0.473	±	0.80 0.000	±	0.10 0.071 0.169	±	0.77 0.000	±	1.00 0.506

Data	are	presented	as	mean	±	SD.	Reliable	change	index	=	to	quantify	change	in	cognitive	performance	over	time	the	reliable	change	index	was	com-
puted	from	baseline	and	follow-	up	data	by	the	following	formula:	((Xfollow-	up−Xbaseline)−(mean-	controls	follow-	up−mean-	controls	baseline))/stand-
ard	deviation	delta-	score	controls.	Bold	values	are	statistically	significant	results	(P	<	0.05).

TABLE  3 Baseline	parameters	of	cerebral	microangiopathy	and	capillary	perfusion

Cerebral microangiopathy Type 1 diabetes (n = 25) Controls (n = 25) P- value

CMB	(n(%))—present yes/no 5	(20.0%) 4	(17.4%) 0.941

WML	(n(%))—present yes/no 6	(24.0%) 6	(24.0%) 0.999

Skin capillary densitya Type 1 diabetes (n = 17) Controls (n = 20)

Baseline	perfusion	(n/mm²) 45.0	±	7.7 50.6	±	11.1 0.087

Peak	perfusion	(n/mm²) 63.7	±	13.6 70.4	±	19.2 0.238

Venous	occlusion	(n/mm²) 65.2	±	13.3 70.6	±	18.9 0.334

Capillary	recruitment	(absolute	values) 18.6	±	7.9 19.7	±	11.3 0.745

Capillary	recruitment	(%) 40.7	±	16.1 38.4	±	17.6 0.685

Data	are	presented	as	mean	±	SD	or	number	(percentage).	CMB,	cerebral	microbleeds;	CR,	capillary	recruitment	(ie,	increase	of	capillaries	in	n/mm²	
from	baseline	to	peak	perfusion);	WML,	white	matter	lesions.
a13	out	of	50	perfusion	measurements	were	excluded	based	on	improper	quality	of	the	video	microscopy	image.	
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P = 0.048;	 controls:	ß	=	−0.477;	P = 0.025)	 (Table	S5)	 (Figure	1),	 in-
dependent	 of	 age,	 sex,	 HbA1c,	 and	 (for	 type	 1	 diabetes	 patients	
only)	severe	hypoglycemic	events.	Furthermore,	in	type	1	diabetes	
patients,	lower	baseline	capillary	density	(ß	=	0.743;	P = 0.001)	and	
lower	peak	capillary	density	(ß	=	0.703;	P = 0.002)	were	associated	
with	decline	 in	attention	 (Table	S6)	 (Figure	1),	 independent	of	 sex,	
age,	HbA1c,	and	severe	hypoglycemia.	The	significant	associations	
between	 changes	 in	 attention	with	 VO	 (ß	=	0.670;	 P = 0.003)	 and	
absolute	CR	(ß	=	0.489;	P = 0.046)	disappeared	after	correcting	for	
age	and	sex	 (VO:	ß	=	0.667;	P = 0.052	and	absolute	CR:	ß	=	0.316;	

P = 0.279)	(Table	S6).	Next,	we	performed	mediation	analyses,	with	
the	 change	 in	 general	 cognitive	 ability	 as	 outcome	 variable,	 skin	
perfusion	 parameters	 as	 independent	 variables,	 and	WML	 as	me-
diator,	to	assess	whether	WML	(partly)	mediated	the	effect	of	skin	
perfusion on the change in general cognitive ability. In type 1 dia-
betic	patients,	the	total	effect	of	skin	perfusion	(baseline:	B	=	0.030;	
P < 0.001,	peak:	B	=	0.017;	P = 0.001,	VO:	B	=	0.015;	P = 0.003)	was	
not	mediated	by	WML,	indicated	by	the	non-	significant	indirect	co-
efficients	(baseline:	B	=	0.011	P = 0.564;	peak:	B	=	0.005	P = 0.806; 
VO:	B	=	0.008	P = 0.489).

F IGURE  1 Correlations between RCI 
of	general	cognitive	ability	with	(A)	WML	
and	nail	fold	capillary	density	during	(B)	
baseline	capillary	density	(baseline),	(C)	
peak	hyperemia	(peak),	(D)	VO,	and	(E)	
absolute	capillary	recruitment	(CR)	in	
type	1	diabetic	patients.	And,	correlations	
between	RCI	of	motor	speed	with	WML	
(F)	and	the	RCI	of	attention	with	nail	
fold	capillary	density	during	baseline	(G)	
and	peak	(H)	in	type	1	diabetic	patients.	
†Cook's	distance	analysis	below	1
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4  | DISCUSSION

In	the	present	longitudinal	study,	we	aimed	to	identify	cerebral	mi-
croangiopathy	 and	 skin	 capillary	 perfusion—as	 a	 surrogate	marker	
for	 generalized	 microvascular	 function—as	 predictors	 of	 cognitive	
performance.	We	 demonstrated	 that,	 in	 type	 1	 diabetes	 patients	
with	proliferative	retinopathy,	the	presence	of	WML	and	lower	skin	
capillary perfusion at baseline was associated with lower perfor-
mance	in	general	cognitive	ability	over	time,	independent	of	age,	sex,	
HbA1c,	and	severe	hypoglycemic	events.	The	association	between	
WML	and	 lower	performance	 in	general	 cognitive	ability	 is	driven	
by	lower	performance	in	motor	speed,	whereas	lower	capillary	per-
fusion is related to lower performance in the attention domain. In 
contrast,	in	the	healthy	controls	these	associations	were	not	found.	
These	data	suggest	a	possible	 influence	of	WML	and	 impaired	mi-
crovascular function on cognitive performance in type 1 diabetes 
patients.	In	addition,	we	showed	that	the	relationship	between	WML	
and lower cognitive performance was significantly reduced when 
capillary	 perfusion	 variables	were	 added	 to	 the	 regression	model,	
suggesting	that	generalized	microvascular	dysfunction	may	underlie	
WML-	associated	lower	cognitive	performance.

The	 etiology	 of	 cerebral	 WML	 is	 not	 yet	 fully	 understood.	 A	
multifactorial	 etiology	 is	 presumed,	 including	 but	 not	 limited	 to	
impairment	 of	 the	 blood-	brain	 barrier,	 ischemia,	 hypoxia,	 immune	
activation,	 and	 altered	 cell	 metabolic	 pathways.24	 Previous	 cross-	
sectional	studies	on	the	influence	of	WML	on	cognitive	performance	
have	shown	correlations	between	WML	severity	(ie,	Fazekas	score)	
and	location	with	(subjective)	cognitive	failures	in	non-	diabetic	pop-
ulations.25,26	Furthermore,	in	type	1	diabetes	patients,	higher	WML	
volume	was	associated	with	lower	information-	processing	speed.12 It 
has	been	shown	previously	that	patients	with	childhood-	onset	type	
1	diabetes	have	more	severe	WML	compared	to	healthy	controls.12 
In	our	 study,	 the	presence	of	WML	was	similar	 in	 type	1	diabetes	
patients	and	healthy	controls	at	baseline.	This	was	unexpected,	how-
ever	 consistent	with	 a	 previous	 study	with	 a	 larger	 sample	 size.27 
Study	differences	may	be	explained	by	variations	 in	baseline	char-
acteristics	such	as	age,	diabetes	duration,	and	the	presence	of	early-	
onset	diabetes.	Despite	a	similar	prevalence	in	WML,	we	could	only	
detect	a	relationship	between	the	presence	of	WML	at	baseline	and	
changes in general cognitive ability in the type 1 diabetes patients 
and	not	in	the	healthy	controls.	This	suggests	that	WML	do	not	have	
an effect on cognition in a healthy population with no other abnor-
malities	and	enough	cognitive	reserve	capacity,	whereas	in	a	popula-
tion	with	an	underlying	disease	such	as	T1DM,	WML	may	contribute	
to	 lower	cognitive	performance.	Then	again,	when	analyzing	sepa-
rate	 neurocognitive	 domains,	 the	 association	 between	 changes	 in	
motor	speed	and	WML	was	found	in	both	type	1	diabetes	patients	
and	healthy	controls.	The	idea	of	a	cognitive	reserve	capacity,	which	
determines	whether	people	experience	cognitive	decline	or	not	has	
been postulated before.28	 In	 this	 study,	 we	 included	middle-	aged	
type	 1	 diabetes	 patients	 and	 control	 subjects,	which	we	 followed	
over	a	relatively	short	follow-	up	period.	In	this	period,	we	did	not	de-
tect	a	mean	difference	in	general	cognitive	ability.	We	speculate	that	

in	older	subjects	we	would	most	likely	find	more	WML,	more	cMB	as	
well as more pronounced microvascular dysfunction in both control 
subjects	and	type	1	diabetic	patients,	since	aging	itself	is	known	to	
be	 an	 important	 contributor	 to	 both	 (skin)	microvascular	 dysfunc-
tion29	 and	 cSVD.28 This may lead to more pronounced effects of 
general	cognitive	ability,	and	perhaps	more	pronounced	differences	
between healthy subjects and type 1 diabetic patients.

Diabetes	 is	 known	 to	 accelerate	 microvascular	 aging.30 
Mechanisms	 leading	 to	 the	 impairment	 of	 microcirculation	 in	 di-
abetes	 are	 extensive,	 including	 increased	 polyol	 pathway	 flux,	
enhanced	 formation	 of	 glycation	 end	 products	 (AGEs),	 abnormal	
activation	 of	 signaling	 cascades	 such	 as	 protein	 kinase	 C	 and	 in-
creased	hexosamine	pathway	flux.31,32 These processes result from 
hyperglycemia-	induced	 overproduction	 of	 reactive	 oxygen	 species	
by the mitochondrial electron transport chain.32-34 These alterations 
in	the	vasculature	lead	to	vascular	leakage,	a	pro-	inflammatory,	pro-	
thrombotic	and	more	vasoconstrictive	state,	and	are	involved	in	the	
development	 of	 both	 macro-		 and	 microvascular	 complications	 of	
diabetes.	Skin	microvascular	function	measurements	are	easy,	non-	
invasive,	and	fast	and	are	considered	a	representative	model	for	gen-
eralized	microvascular	(dys)function,19	 including	microvascular	(dys)
function	in	the	brain.	Several	studies	have	demonstrated	abnormali-
ties in peripheral35-37 and cerebral38-40 microvascular function in type 
1	diabetes	patients.	In	the	present	study,	we	were	unable	to	detect	
significant	 differences	 in	 baseline	 skin	microvascular	 function,	 yet	
baseline	and	peak	hyperemia	capillary	density	are	lower	in	the	type	
1	diabetes	patients,	 indicating	a	possible	power	problem.	Indeed,	a	
previous analysis performed by us in a larger sample showed a trend 
across groups toward lower baseline capillary function in patients 
with	 type	 1	 diabetes	 compared	 to	 controls	 (type	 1	 diabetes	 with	
retinopathy:	45	±	7	capillaries/mm2; type 1 diabetes patients with-
out	retinopathy:	46	±	9	capillaries/mm2;	healthy	controls:	48	±	10	n/
mm2; P = 0.05).	Similar	results	were	shown	for	capillary	density	after	
arterial	occlusion	(peak	reactive	hyperemia).11	We	therefore	assume	
that	the	differences	we	detected	in	this	study	are	real,	but	not	reach-
ing	statistical	significance	due	to	our	small	sample	size.

The treatment of type 1 diabetes is based on the balance between 
lowering	HbA1c	levels,	without	increasing	(the	risk	of)	hypoglycemic	
events.	 In	our	study,	both	HbA1c	and	severe	hypoglycemic	events	
were	associated	with	cognitive	performance	over	time,	but	neither	
influenced	the	relationship	between	WMLs	and	skin	capillary	perfu-
sion with cognitive performance over time in the multiple regression 
model. The relationship between hypoglycemic episodes and cogni-
tive	dysfunction	in	middle-	aged	type	1	diabetes	is	less	evident	than	
the	 relationship	between	hyperglycemia-	related	damage	on	cogni-
tive dysfunction. Retrospective studies in adult patients with type 1 
diabetes have suggested an association between a history of recur-
rent	severe	hypoglycemia	and	a	modest-	to-	severe	degree	of	cogni-
tive impairment.41	However,	large	prospective	studies	have	failed	to	
confirm this association.5,41,42 These contradictory results concern-
ing the relationship between hypoglycemia and cognitive decline in 
middle-	aged	patients	with	type	1	diabetes	may	be	partially	explained	
by	the	positive	relationship	between	the	frequency	of	hypoglycemic	
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episodes	and	glycemic	control	(lower	HbA1c),	of	which	the	latter	im-
proves cognitive function.

In	this	study,	 lower	skin	microvascular	function	at	baseline	was	
associated with lower cognitive performance over time in type 1 
diabetes	patients.	Furthermore,	 the	association	between	 the	pres-
ence	 of	WML	 and	 lower	 performance	 in	 general	 cognitive	 ability	
over	 time	was	 significantly	 reduced	 to	non-	significant	 levels	when	
adjusting	 for	baseline	 capillary	perfusion.	 Interestingly,	we	did	not	
detect	a	correlation	between	skin	microvascular	function	and	cogni-
tion	when	analyzing	our	baseline	data,	even	though	the	sample	size	
of	the	cross-	sectional	study	was	 larger.	Using	 longitudinal	data	has	
the	great	advantage	of	being	 less	hampered	by	 inter-	individual	dif-
ferences,	which	may	have	revealed	these	correlations.	Nonetheless,	
we	should	be	aware	that,	in	this	subsample,	two	data	points	have	a	
large	 influence	on	 the	 detected	 associations,	 despite	 the	 fact	 that	
they	 are	 not	 indicated	 as	 influential	 outliers	 by	 Cook's	 distance	
analyses.	Theoretically,	there	is	ground	for	a	causal	mechanism	that	
links	 microvascular	 dysfunction	 to	 lower	 cognitive	 performance.	
Maintenance	of	adequate	cerebral	perfusion	is	vital	for	the	preserva-
tion	of	normal	brain	function,	since	the	brain	has	no	buffer	for	nutri-
ents	and	oxygen	and	relies	exclusively	on	perfusion	to	meet	neuronal	
metabolic demand.43	 Cerebral	 autoregulation,	 including	 myogenic	
responses	to	changes	in	blood	pressure,	is	an	important	mechanism	
for	maintaining	stable	cerebral	blood	flow	and	to	prevent	hypoxia,	
hypo-		and	hypercapnia.43-45	In	addition	to	myogenic	responses,	ce-
rebral perfusion also depends on microvascular endothelial func-
tion.	 Endothelium-	dependent	 NO	 production	 is	 a	 key	 contributor	
of	 moment-	to-	moment	 adjustment	 of	 regional	 cerebral	 perfusion	
to changes in neuronal activity.43	Lower	peak	hyperemia	and	lower	
capillary	recruitment	of	the	skin	could	translate	to	both	loss	of	this	
myogenic	 cerebral	 autoregulation	 and	 endothelium-	dependent	mi-
crovascular	function.	Loss	of	these	functions	can	potentially	reduce	
oxygen	delivery	and	alter	neuronal	activation	and	may	therefore	have	
detrimental	effects	on	the	brain.	Indeed,	in	type	1	diabetes	patient	
total gray matter cerebral blood flow is reduced 39,46 and regional 
cerebral	hemodynamic	response	to	 incremental	exercise	 is	blunted	
compared with control subjects.47	Furthermore,	in	animal	models	of	
diabetes,	improvement	of	cerebral	blood	flow	by	chronic	treatment	
with	an	angiotensin-	converting	enzyme	inhibitor	(ACE-	inhibitor)	was	
found to be associated with improvement of cognitive function.48

Limitations	of	our	study	design	have	to	be	considered,	including	
the	small	sample	size	and	observational	character	of	the	study.	The	
small	sample	size	made	it	impossible	to	correct	for	all	possible	con-
founding	factors.	In	studies	using	MRI,	this	is	often	the	case,	since	
MRI	 techniques	 are	 expensive	 and	 time-	consuming.	We	 therefore	
chose several confounding factors based on current literature 20,21 
and performed a simple regression analysis to identify variables for 
the	multiple	 regression	model.	 Furthermore,	 this	was	 an	 observa-
tional	study,	which	makes	it	impossible	to	draw	conclusions	on	cau-
sality.	Nevertheless,	 the	prospective	 correlations	we	 found	 fit	 the	
hypothesis	that	generalized	impairment	of	microvascular	function	is	
involved in cognitive performance over time in subjects with type 
1	diabetes.	Other	limitations	include	the	follow-	up	time,	which	was	

fairly	 brief	 (<4	years),	 and	may	 explain	why	 there	were	 no	 signifi-
cant	changes	in	mean	cognition	in	both	groups.	The	use	of	a	1.5-	T	
magnetic resonance system was standard during the initiation of the 
baseline	 study	 in	 2006,	 yet	 stronger	 3T	 systems	more	 sensitively	
detect	 cMB	with	 a	 lower	 inter-	observer	 variability.	 To	 circumvent	
this	problem	as	much	as	possible,	we	used	susceptibility	weighted	
imaging,	 which	 is	 highly	 sensitive	 to	 cMB.	 Nevertheless,	 our	MRI	
field strength may have led to an underestimation of the amount of 
cMB	and	consequently	a	decreased	chance	of	finding	significant	dif-
ferences	in	cMB	between	the	two	study	groups	or	correlations	be-
tween	cMBs	and	cognition	over	time.	Third,	in	this	study	we	selected	
T1DM	patient	with	proliferative	retinopathy,	and	therefore,	the	data	
cannot	be	 translated	 to	T1DM	patients	 in	general.	T1DM	patients	
with	proliferative	retinopathy	have	more	deteriorated	skin	capillary	
perfusion	compared	with	those	without,11 which may have a more 
pronounced	effect	on	cognitive	decline,	assuming	 it	 reflects	a	 fur-
ther	deterioration	of	generalized	microvascular	dysfunction.	Finally,	
the associations between general cognitive ability and baseline cap-
illary	density	(Figure	1,	panel	B),	VO	capillary	density	(Figure	1,	panel	
D),	and	capillary	 recruitment	 (Figure	1,	panel	E)	are	not	 significant	
when	deleting	the	two	most	extreme	data	points	from	the	analysis,	
although	a	positive	non-	significant	correlation	 is	 found	 (B	=	0.090,	
P	=	0.670;	B	=	0.391,	P	=	0.134;	B	=	0.325,	P	=	0.219,	 respectively).	
It	 is	 likely	 that	correlations	will	diminish	when	the	two	most	 influ-
ential	data	points	are	deleted	from	a	relatively	small	dataset.	Since	
these	data	points	are	not	statistical	outliers,	and	the	data	points	in	
these	correlations	are	not	derived	from	two	specific	individuals,	we	
consider	it	correct	to	keep	these	data	points	in	our	analysis.	In	ad-
dition,	 the	 association	between	 general	 cognitive	 ability	 and	peak	
capillary	density	 (Figure	1,	panel	C)	remains	statistically	significant	
when	deleting	these	two	points	(B	=	0.533;	P	=	0.034).

In	 conclusion,	 this	 study	demonstrates	 that	 in	 type	1	diabetes	
patients	with	 proliferative	 retinopathy,	 the	 presence	 of	WML	 and	
lower	 skin	 capillary	 perfusion	 at	 baseline	 is	 associated	with	 lower	
performance	in	general	cognitive	ability	over	time.	 In	addition,	the	
relationship	between	WML	and	cognitive	decline	was	significantly	
reduced	when	correcting	for	capillary	perfusion	measurements.	We	
previously showed that type 1 diabetes patients with proliferative 
retinopathy	have	more	cMB	compared	 to	 those	without	 retinopa-
thy	and	that	in	patients	with	cMB	capillary	perfusion	is	impaired.11 
Together,	 these	 data	 fit	 our	 hypothesis	 that	 cSVD	 is	 a	manifesta-
tion	of	generalized	microvascular	dysfunction,	 leading	to	cognitive	
dysfunction.	 Future	 research	with	 a	 larger	 sample	 size	 and	 longer	
follow-	up	should	confirm	these	observations.	In	addition,	including	
type 1 diabetes patients without retinopathy helps to discriminate 
between hyperglycemia and microvascular damage as an underlying 
cause of lower cognitive performance.

5  | PERSPEC TIVE

These are the first prospective data that show a relationship 
between	 cognitive	 decline,	 cerebral	 small	 vessel	 disease,	 and	



     |  9 of 10EMANUEL Et AL.

microvascular dysfunction. These data fit our hypothesis that cer-
ebral	microangiopathy	 is	a	manifestation	of	generalized	microvas-
cular	dysfunction,	leading	to	cognitive	dysfunction.	Future	research	
with	a	larger	sample	size	and	longer	follow-	up	should	confirm	these	
observations.
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