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CHAPTER 1

General introduction
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Type 1 diabetes mellitus (T1DM) is a common and chronic metabolic disor-
der, usually starting in childhood or adolescence. It is characterized by auto-
immune mediated destruction of pancreatic beta-cells, leading to an absolute 
loss of endogenous insulin production. This results in elevation of glucose in 
the circulation or plasma compartment (hyperglycemia), leading to polyuria, 
polydipsia, weight loss, polyphagia and blurred vision.1 Treatment of T1DM 
involves lifelong use of exogenous insulin, mostly administered as multiple 
daily injections or continuous subcutaneous insulin infusion (insulin pump 
therapy). Insulin treatment, however, cannot fully compensate for the loss of 
the tightly regulated bodily glucose-homeostasis. In spite of currently improved 
insulin formations, more convenient injection devices and the opportunity of 
frequent self-measured blood glucose control, achieving near-normal blood 
glucose values without disruptive glucose fluctuations, ranging from low (<4.0 
mmol/l, hypoglycemia) to high blood glucose levels (>10 mmol/l, hyperglyce-
mia), is difficult for many T1DM patients.

Although hypoglycemia may acutely have very debilitating consequences 
for patients, like concentration and memory loss, seizure, loss of consciousness 
and even coma,2 hyperglycemia seems to be the most prominent cause of long-
term micro- and macrovascular complications.3 Therefore, treatment is aimed 
at preventing and treating hyperglycemia, while minimizing the risk of inevi-
table hypoglycemic events. Complications due to microvascular dysfunction 
or microangiopathy slowly progress over time and can affect patients’ visual 
ability (retinopathy), kidney function (nephropathy) and peripheral sensibility 
(peripheral (poly)neuropathy). Retinopathy is the most prevalent microvas-
cular complication, affecting approximately 73% of patients after an average 
disease duration of 14 years.4

Type 1 diabetes and cerebral compromise
Cognitive functioning
Already in 1922 it was suggested that diabetes negatively affects the brain,5 
resulting in poorer cognitive performance. Cognitive functions are those func-
tions which we use in everyday living, such as memory, attention and concen-
tration, executive functions, like planning and inhibition of behavior. Over 
the course of the past decades evidence has accumulated that T1DM leads 
to mild to moderate decrements in cognitive functions.3,6 Although patients 
with T1DM tend to show decrements on a broad spectrum of cognitive func-
tions compared to non-diabetes controls, decrements in domains involving 



11 General Introduction

processing speed, like information processing speed, motor and psychomotor 
speed, and mental flexibility are most prominent in patients.6 These decre-
ments are mild (approximately 0.4 to 0.6 standard deviation below the mean 
of controls), sufficient to contrast patients and controls, but not large enough 
to identify individual patients. Notwithstanding decrements being mild, they 
may hamper daily life of individual patients, thereby affecting a patients’ qual-
ity of life.7 Over time the decline in cognitive decrements seems mild and 
limited to domains like motor and psychomotor speed,8,9 albeit there are only 
2 longitudinal studies available in middle-aged patients. These studies showed 
that poor glycemic control (as indicated by a glycated hemoglobin [HbA1c] 
over 8.8% [73 mmol/mol]) and presence of micro- and macrovascular comor-
bidity are the core underlying mechanisms.8-10 As these decrements can poten-
tially hamper a patients quality of life,7 it is important to understand the un-
derlying mechanisms which cause cognitive decrements, to ultimately develop 
targeted treatments to prevent or halt cognitive decrements.
 
Cerebral anatomy and functioning
Research regarding the brain as a target organ has emerged only recently as 
T1DM is not primarily a brain disease. Research questions and methodology 
from neuroscience have been previously successfully applied in T1DM studies, 
although this field is at the moment emerging and in full development.

In our attempt to detail and understand cognitive changes one first needs 
to address changes in structure and the functioning of the brain. This may lead 
to the identification of cerebral correlates of cognitive decrements and knowl-
edge about the pathophysiological mechanisms and why specific cognitive do-
mains are affected in T1DM. Although there are only a few neuroimaging 
studies available in  T1DM, it is clear that mild changes in brain functioning 
and structure are present in patients as compared to non-diabetes controls.11-16 
Structural magnetic resonance imaging (MRI) studies found white matter hy-
perintensities to be more prevalent in patients with background retinopathy 
compared to patients without retinopathy.15 This was, however, not replicated 
in a later published study in a larger sample.17 The more novel and sophisti-
cated analysis technique voxel based morphometry (VBM) enables to test for 
regional differences in gray and white matter density. There were small focal 
areas of gray matter density loss found in T1DM patients, particularly related 
to the presence of microangiopathy.12,14 This is indicative of the absence of 
large scale cortical atrophy in patients. VBM derived whole brain gray and 
white matter volume showed weak correlations with cognitive domains, like 
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information processing speed.11 

An important aspect of brain functioning is the fact that multiple brain ar-
eas are functionally connected. However, to date it is unclear how these regions 
communicate with each other, certainly in the presence of disease. It is hypoth-
esized that higher order cognitive functions are largely dependent on the inter-
play between neuronal circuits, and thus functional connectivity.18 This can be 
quantified using functional MRI scanning. With fMRI, T1DM patients with 
and without proliferative retinopathy, as a marker of chronic hyperglycemia, 
had to perform a working memory task during hypoglycemia (2.5 mmol/l). 
It was shown that the patients with proliferative retinopathy had to ‘activate’ 
more cerebral areas to keep working memory performance at the normal level 
when compared to their uncomplicated counterparts.13  This may be indica-
tive of compensation of impaired networks, or functional reorganization,19 to 
keep up cognitive performance. Along this line of reasoning, we speculate that 
when functional reorganization fails, cognitive functions will start to decline, 
a pattern that has also been shown in multiple sclerosis patients.20 Functional 
MRI provides an excellent spatial resolution, but has a low temporal resolu-
tion. Functional connectivity calculated using magnetoencephalography (with 
higher temporal resolution) has not been investigated  in T1DM patients. 

Pathophysiology of cerebral compromise
For long it was thought that severe hypoglycemic events, i.e. those events for 
which patients need assistance to recuperate from low blood glucose, leading 
to seizure or coma,21 were the core mechanism causing T1DM-related cerebral 
compromise. Later cross-sectional and more importantly longitudinal studies 
failed to find a causal relationship between severe hypoglycemia and cerebral 
compromise.22 These studies, however, did find a strong association between 
chronic hyperglycemia, which is the main cause of microangiopathy in T1DM, 
and changes in the cerebrum in T1DM patients.8-10,23 Although the Diabetes 
Control and Complications Trial / Epidemiology of Diabetes Interventions 
and Complications (DCCT/EDIC) study found a direct relation between cog-
nitive decline and elevated HbA1c levels, most studies have used peripheral 
microangiopathy as a marker of chronic hyperglycemia. Retinopathy is con-
sidered to be a good predictor of exposure to chronic hyperglycemia as retinal 
and cerebral blood vessels have common embryological, physiological and ana-
tomical properties,24 and in a later study retinopathy was directly linked to an 
increased risk of cerebral microbleeds, as a marker of cerebral microangiopathy, 
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in type 2 diabetes.25 In T1DM, the association between retinopathy and cere-
bral microbleeds has not been investigated. 

Besides peripheral microangiopathy, other, more general risk factors for 
cerebral compromise have to be taken into account in T1DM. For example, 
subclinical atherosclerosis, measured as increased carotid intima-media thick-
ness (cIMT), and carotid artery stiffness, measured as decreased carotid dis-
tensibility (cD), are both regarded as markers of early macrovascular disease. 
Subclinical macrovascular disease is related to cognition,26 and is more fre-
quently present in patients with T1DM, relative to age-matched non-diabetes 
controls.27 The presence of subclinical macrovascular disease might, therefore, 
also be implicated in alterations in cognitive functions and structural and func-
tional brain changes.10 Specific genes, like apolipoprotein E (APOE) ε4 allele, 
which is a genetic risk marker for cognitive decline and Alzheimer’s disease,28 
may also have a negative impact on the brain in T1DM. However, results have 
been equivocal,29,30 which warrants more research.

It is speculated that T1DM, similar to other chronic diseases, causes accel-
erated aging, which also affects the brain.31 This aging may then interact with 
these risk factors and exert negative effects on the brain. This is, for example, 
seen with APOE ε4. It barely results in lower cognitive performance in young 
or middle-aged people, but is a risk factor for cognitive decline and Alzheimer’s 
disease in elderly.32

Structure or connectivity
So far, neuroimaging studies have focused on structural brain abnormalities 
in T1DM. In these investigations, rather crude measures such as gray mat-
ter density or assessment of white matter hyperintensities were used.11,12,14,17 
Those studies that have incorporated neurocognitive assessments have failed to 
find strong correlations between brain measures and cognitive decrements in 
T1DM.11,17 Rather than on specific individual brain areas, it is hypothesized 
that cognitive functions are heavily dependent on connectivity between mul-
tiple cerebral regions.18 

There are 2 distinct types of brain connectivity. On the one hand, there is 
structural connectivity within the cerebrum. The white matter tracts provide 
this structural connectivity between the cortical areas and allow for communi-
cation between different brain regions. The importance of structural connec-
tivity for cognitive functions is emphasized by studies showing an association 
between better structural connectivity and higher IQ in children,33 and that 
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loss of structural connectivity in normal aging is associated with decrements in 
cognition.34 On the other hand, functional connectivity is thought to support 
cognitive functions.35 Functional connectivity refers to the notion that correla-
tions between neural activity that is recorded from different brain regions re-
flect functional interactions and information exchange between these regions.36 
Studies assessing functional connectivity and cognitive functions have reported 
associations between the 2 measures.37-39 The studies on both structural and 
functional connectivity, albeit cross-sectional in nature, describe associations 
between both measures and cognition, thereby underscoring the importance of 
structural and functional connectivity for cognitive functions.

Methods to measure brain connectivity
Connectivity, both structural and functional, can be measured in different 
ways. The studies presented in this thesis cover functional connectivity mea-
sured using 2 different methods. For structural connectivity, Diffusion Tensor 
Imaging (DTI) is used. DTI is an MRI technique based on microscopic water 
diffusion within the brain. In structures with clear boundaries, like axons with 
well preserved myelin sheaths, water diffusion will be highly anisotropic. This 
means that diffusion of water molecules is directionally dependent and will 
be faster along than perpendicular to the axon. In neurons, water diffusion is 
more isotropic as they lack similarly oriented  boundaries. Based on this dif-
ference in diffusivity, gray and white matter can be differentiated to only assess 
the integrity of white matter tracts or structural connectivity.40

To determine functional connectivity, the resting-state paradigm (i.e. no 
task) is used. This permits a determination of differences in functional connec-
tivity independent of specific cognitive functions or active test paradigms. Two 
different methods to measure functional connectivity are presented here. First, 
resting-state functional connectivity was measured using magnetoencephalog-
raphy (MEG). MEG registers fluctuations in the magnetic field originating 
from action potentials fired by neurons, analogous to electroencephalography 
(EEG). MEG has some advantages over EEG. It is a reference-free method, 
magnetic field is not distorted by skull, cerebrospinal fluid and hair and MEG 
usually has more channels to record the fluctuations. With MEG, activity 
originating at the same time point but from different regions in the brain is 
recorded. When there are correlations, both linear and non-linear, between 
the activity from these different regions, it is hypothesized that these regions 
are functionally connected and involved in the same neuronal process.18,35 
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Synchronization Likelihood, which is used in this thesis, is a mathematical 
construct of functional connectivity that takes into account these linear and 
non-linear correlations.41 While MEG provides a high temporal resolution (i.e. 
when signals originate), it has a low spatial resolution (i.e. where signals are 
originating from). To overcome this problem, fMRI is also used to determine 
resting-state functional connectivity. fMRI provides a high spatial resolution 
and can identify brain areas that have changed functional connectivity. fMRI 
uses the Blood Oxygenation Level Dependent (BOLD) signal. This BOLD 
signal originates from the hemodynamic response. When cerebral areas are ac-
tive more oxygen and nutrients are needed in these regions. Hereby, the ratio 
between oxygenated and deoxygenated blood changes and more oxygenated 
blood is transported to these ‘active’ regions. This affects the magnetic prop-
erties and hence the MRI signal.42 During rest, spontaneous low frequency 
fluctuations in the BOLD signal occur in the brain. These fluctuations have 
been shown to possess strong temporal coherence and form neuronal circuits 
of brain regions that are functionally connected.42 These 2 distinct methods al-
low us to study changes in functional connectivity with both a high temporal 
and spatial resolution in patients with T1DM.

Rationale for this study
Previous studies show that T1DM is associated with cerebral compromise and 
that chronic hyperglycemia is the most important pathophysiological mecha-
nism. However, previous studies fall short on sample size, have not assessed 
structural and functional connectivity in combination with an elaborate neu-
rocognitive test battery and failed to determine what the underlying mecha-
nisms are. Therefore, studies on T1DM-related brain damage in sufficient sam-
ple sizes, using an integrative approach by measuring clinical, biomedical and 
neuropsychological variables as well as parameters with multiple neuroimaging 
methods, are essential to unravel the complex interplay between these factors 
on cognitive functions in T1DM patients.

As large longitudinal multi-disciplinary studies using modern neuroim-
aging techniques are lacking, this study was designed to overcome these la-
cunas. A large group of middle-aged patients who have either T1DM with 
microangiopathy (selected on the basis of proliferative retinopathy [n=51]) or 
T1DM without any clinical detectable microangiopathy (n=53). The results in 
these patients were compared with findings in non-diabetes controls (n=51). 
These participants underwent a neuropsychological assessment; neuroimaging 
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for structural and functional connectivity, brain microbleeds, white matter le-
sions and cerebral perfusion; magnetoencephalography recording; subclinical 
macrovascular imaging; and blood and urine sampling for determination of 
biomarkers. In a subsample a lumber puncture was performed to assess bio-
markers in cerebrospinal fluid.

In this thesis the following research questions are addressed: 1) What is the 
effect of T1DM and particularly of hyperglycemia-related clinically manifest 
microangiopathy on cognitive functions, brain structure and functional and 
structural cerebral connectivity relative to controls?; 2) What is the role of oth-
er risk factors, in particular the presence of subclinical macroangiopathy and 
the genetic risk marker of cerebral compromise APOE ε4, in T1DM-related 
brain changes?

Outline of this thesis
In this dissertation the results of the cross-sectional part of the study are pre-
sented. In chapter 2 a narrative review summarizes available literature on cere-
bral compromise and its underlying pathophysiology in T1DM patients. 

The first part of this thesis (chapter 3 to 6) concerns changes in cognition 
and microvasculature, structural and functional connectivity of the cerebrum. 
In chapter 3 the hypothesis is examined whether peripheral microangiopa-
thy leads to an increased prevalence of cerebral microangiopathy, like cerebral 
microbleeds and white matter hyperintensities. The effect of cerebral micro-
angiopathy on cognitive functioning and resting-state functional connectivity 
measured using MEG is also assessed. Chapter 4 further explores differences in 
MEG measured resting-state functional connectivity between T1DM patients 
and controls in relation to cognitive functioning. Resting-state functional MRI 
is able to provide a higher spatial resolution when assessing functional connec-
tivity. In chapter 5 changes in resting-state fMRI measured functional connec-
tivity in patients with T1DM with and without microangiopathy are described 
in relation to cognitive functioning. Structural connectivity, in the form of 
white matter tract integrity is assessed in both patients and controls and results 
of this analysis are described in chapter 6. 

The second part of this thesis addresses the question whether other factors 
than peripheral microangiopathy relate to cerebral compromise in patients. 
Chapter 7 describes the relation of subclinical macrovascular disease with cog-
nitive functioning, structural and functional connectivity and MRI measured 
cerebral volume. As the APOE ε4 genotype is related to cognitive decline, in 
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chapter 8 the influence of APOE ε4 on T1DM-related cerebral compromise is 
examined. Finally, chapter 9 provides a summary of the results with the gen-
eral discussion and subsequently future directions.
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The Impact of Type 1 Diabetes on 
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What Have We Learned?
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Abstract
Type 1 diabetes mellitus (T1DM) is associated with a mild to moderate de-
terioration in cognitive functioning. There is evidence that these decrements 
are accompanied by neuroanatomical and functional changes in the central 
nervous system. It is well-recognized that subgroups of T1DM patients, in par-
ticular those with an early disease onset, older age, and microangiopathy, are 
most susceptible to develop cerebral functional decline. The underlying patho-
physiology of these cerebral changes is still largely unknown. However, several 
candidate mechanisms have been proposed, including biological, genetic and 
psychiatric factors. 
 This review summarizes the current literature pertaining to the effects of 
T1DM on the central nervous system, discusses the clinical relevance of these 
effects, identifies several possible mechanisms related to cognitive decrements 
in T1DM patients, and provides a framework of these mechanisms.
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Introduction
The adverse effects of diabetes on the brain have been reported as early as the 
1920’s.5 Later on, post mortem research in young adults with type 1 diabe-
tes (T1DM) showed diffuse degenerative cerebral abnormalities, as evidenced 
by demyelination and cortical atrophy.43,44 The authors concluded that this 
pattern of cerebral abnormalities was unique for diabetes and, therefore, fits 
the description of diabetic encephalopathy. This term was introduced in the 
1950’s,45 but is nowadays regarded inappropriate and hardly ever used in clini-
cal practice.46 
 Research addressing the effects of T1DM on the central nervous system 
has mainly focused on cognitive functioning.6,22 Although, over the past years 
more and more attention was directed to alterations in central nervous system 
structure and functioning, like neuronal communication.23,47,48 These altera-
tions have been found in T1DM patients in general, but specific subgroups, 
like those during childhood and late adulthood and patients with marked pe-
ripheral microangiopathy seem most prone to cerebral compromise.8,9,49 The 
underlying mechanisms are still relatively unknown. Most evidence point to-
wards chronic hyperglycemia mediated microangiopathy.50 As chronic hyper-
glycemia results in biological and hormonal changes a complex interplay of 
biological factors together with individual genetic and environmental factors is 
to be expected.
 The importance of studies in the field of T1DM and the brain and its 
pathophysiology is stressed by the observation that the incidence in T1DM 
in Europe rises on average with approximally 4% a year, with the largest in-
crease observed in children between 0 to 9 years of age,51 and the growing life 
expectancy of T1DM patients. This narrative review was purposed to discuss 
the current state of research regarding T1DM and the brain, identify possible 
underlying mechanisms and finally address the implications for clinical care.

Functional cerebral changes
Cognitive functions
Cognitive deficits in T1DM can already be objectified as early as preschool 
childhood and adolescence,52,53 in domains of processing speed, mental flex-
ibility and executive functions.54,55 These longstanding decrements seem to 
negatively impact academic performance.56 In adults, a similar pattern of di-
minished processing speed and mental flexibility has been observed.6 Lower 
information processing speed scores were also observed in a cohort of older 
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adults with T1DM relative to healthy controls.57 This shows that T1DM-re-
lated cognitive decrements are found during all life stages. Only a few longi-
tudinal studies addressed cognitive functioning and confirmed a progressive 
diminishing processing speed,8,9,58,59 although this decline over time is mild.
 Decrements have been found across patients with various stages of T1DM, 
but literature seems to point towards specific subgroups being more suscepti-
ble. For example, adolescents and adults with an early disease onset, before the 
age of 7 years, have been found to show poorer cognitive performance com-
pared to T1DM patients without early disease onset and controls.16,52,55 Other 
studies, both cross-sectional and longitudinal, have shown that patients with 
marked microvascular complications, in particular proliferative retinopathy, as 
a marker of chronic hyperglycemia, have worse outcomes.9,11,15,60 Also, there is 
evidence for severe hypoglycemic events may negatively impact cognition, but 
only in adolescents and older adults, not in middle-aged patients.8,55,58 This 
might be due to the vulnerability of the brain during development and degen-
eration.50 All studies are summarized in Table 1.

Cerebral activity
In Table 2, all articles regarding structure and functioning of the brain are sum-
marized. Whereas cognitive functioning refers to the patient’s performance on 
neuropsychological tests, cerebral activity and functional connectivity refer to 
functions of the central nervous system at the anatomical and physiological 
level. Cerebral activity in T1DM has received some attention in the earlier days 
using electroencephalography (EEG). A pattern of increased activity in low 
frequencies and decreased power in higher frequencies emerged in both adoles-
cents and adults with T1DM as compared to controls.47,61 How these changes 
relate to cognitive changes in T1DM patients remains unexplored. 

Functional connectivity (magnetoencephalography)
Measuring cerebral neuronal activity enables the calculation of measures of 
functional connectivity. Functional connectivity refers to the notion that neu-
rons communicate with each other, within and between anatomical areas in 
the brain, and that, when neurons in different brain areas start to oscillate at 
the same, time they are involved in the same cognitive processes.62 This type of 
communication is crucial for cognitive functions, as they depend on the proper 
interplay between cerebral functional areas. Therefore, functional connectivity 
measures can help us to better understand cognitive deficits.18 Two types of 
paradigms are of use here. The first is the resting-state paradigm, the second 
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Design N (T1DM) M/F Age Assessment Outcome
Children
Dahlquist, et al. (2007)56* PB 5159 NA 16 Academic 

performance
↓ academic performancea, especially when diagnosed before age 2 years.

Gaudieri, et al. (2008)54* MA 1393 NA NA Cognition ↓ cognitive skills,a especially in EOD children.b

Lin, et al. (2010)55* CC 106 55/51 20.5 Cognition Focal ↓ cognitive functionsa, EOD most at risk.b Different effects for hypo- 
and hyperglycemia.

Patiño-Fernandez, et al. (2010)53* CC 36 15/21 4.4 Cognition/
Intelligence

No differences.a High HbA1c related to ↓ intelligence and cognitive 
functions.c

Perantie, et al. (2008)52* CC 117 65/52 12.1 Cognition/
Intelligence

↓ verbal intelligencea. Differing effects of hypo- and hyperglycemia within 
T1DM.

Musen, et al. (2008), DCCT/EDIC data59+ PB 249 NA 16/35 Cognition ↓ psychomotor efficiency only in patients with higher HbA1c values.c

Aduls
Brands, et al. (2005)6* MA NA NA Adults Cognition ↓ information processing speed and mental flexibility.a

Brands, et al. (2006)57* CC 40 16/24 61.6 Cognition ↓ information processing speed.a

Ferguson, et al. (2003)30* CC 96 53/43 38.9 Risk factors/
Cognition

Women with APO-E ε4 ↓ on non-verbal intellectual ability and verbal 
fluency.d

Ferguson, et al. (2003)15* CC 71 37/34 ≈ 29 Risk factors/
Cognition

Background DRP ↓ fluid intelligence, information processing speed and 
attention.e

Ferguson, et al. (2005)16* CC 71 37/34 ≈ 29 Risk factors/
Cognition

↓ intellectual ability and information processing speed in EOD.b

van Duinkerken, et al. (2009)60* CC 44 22/22 ≈ 41 Cognition ↓ general cognitive ability, information processing speed and motor speed 
in T1DM MA- and T1DM MA+.a 

Wessels, et al. (2007)11* CC 25 10/15 ≈ 42 Cognition ↓ information processing speed in T1DM MA+ and visuoconstruction in 
T1DM MA-.a

DCCT/EDIC (2007)8+ PB 1144 608/536 27/46 Cognition ↓ motor and psychomotor speed, only in patients with high HbA1c.c

Jacobson, et al. (2009), DCCT/EDIC data29+ PB 1093 578/515 27/46 Risk factors No association between APO-E ε4 and ACE D and cognitive decline.
Jacobson, et al. (2010), DCCT/EDIC data63+ PB 1144 608/536 27/46 Risk factors High HbA1c, retinopathy and nephropathy related to psychomotor speed 

decline.
Ryan, et al. (2003)9+ CC 103 46/60 40 Cognition Declining psychomotor speed due to T1DM over time.a Proliferative reti-

nopathy, autonomic neuropathy and incident macrovascular complications 
were predictors.

van Duinkerken, et al. (2011)58+ CC 36 20/16 64.5 Cognition No accelerated cognitive decline due to T1DM over time.a Severe hypo-
glycemia and incident cardiovascular events related to declining processing 
speed and general cognitive ability.f

Table 1. Summary of cited articles regarding cognitive functioning in T1DM.

NA: not available; 16/35: age at baseline / follow-up; ≈ 42: mean age of 2 different diabetes groups 
in one study; PB: population-based research; CC: case-control trial; MA: meta-analysis; EOD: early 
disease onset (usually defined as < 7 years of age); ACE D: angiotensin-converting enzyme D; DRP: 
diabetic retinopathy; T1DM MA+: T1DM with microangiopathy; T1DM MA-: patients without 
microvascular complications; DCCT/EDIC: Diabetes Control and Complications Trial/Epidemi-
ology of Diabetes Interventions and Complications. * Cross-sectional study. + Longitudinal study. 
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Design N (T1DM) M/F Age Assessment Outcome
Children
Dahlquist, et al. (2007)56* PB 5159 NA 16 Academic 

performance
↓ academic performancea, especially when diagnosed before age 2 years.

Gaudieri, et al. (2008)54* MA 1393 NA NA Cognition ↓ cognitive skills,a especially in EOD children.b

Lin, et al. (2010)55* CC 106 55/51 20.5 Cognition Focal ↓ cognitive functionsa, EOD most at risk.b Different effects for hypo- 
and hyperglycemia.

Patiño-Fernandez, et al. (2010)53* CC 36 15/21 4.4 Cognition/
Intelligence

No differences.a High HbA1c related to ↓ intelligence and cognitive 
functions.c

Perantie, et al. (2008)52* CC 117 65/52 12.1 Cognition/
Intelligence

↓ verbal intelligencea. Differing effects of hypo- and hyperglycemia within 
T1DM.

Musen, et al. (2008), DCCT/EDIC data59+ PB 249 NA 16/35 Cognition ↓ psychomotor efficiency only in patients with higher HbA1c values.c

Aduls
Brands, et al. (2005)6* MA NA NA Adults Cognition ↓ information processing speed and mental flexibility.a

Brands, et al. (2006)57* CC 40 16/24 61.6 Cognition ↓ information processing speed.a

Ferguson, et al. (2003)30* CC 96 53/43 38.9 Risk factors/
Cognition

Women with APO-E ε4 ↓ on non-verbal intellectual ability and verbal 
fluency.d

Ferguson, et al. (2003)15* CC 71 37/34 ≈ 29 Risk factors/
Cognition

Background DRP ↓ fluid intelligence, information processing speed and 
attention.e

Ferguson, et al. (2005)16* CC 71 37/34 ≈ 29 Risk factors/
Cognition

↓ intellectual ability and information processing speed in EOD.b

van Duinkerken, et al. (2009)60* CC 44 22/22 ≈ 41 Cognition ↓ general cognitive ability, information processing speed and motor speed 
in T1DM MA- and T1DM MA+.a 

Wessels, et al. (2007)11* CC 25 10/15 ≈ 42 Cognition ↓ information processing speed in T1DM MA+ and visuoconstruction in 
T1DM MA-.a

DCCT/EDIC (2007)8+ PB 1144 608/536 27/46 Cognition ↓ motor and psychomotor speed, only in patients with high HbA1c.c

Jacobson, et al. (2009), DCCT/EDIC data29+ PB 1093 578/515 27/46 Risk factors No association between APO-E ε4 and ACE D and cognitive decline.
Jacobson, et al. (2010), DCCT/EDIC data63+ PB 1144 608/536 27/46 Risk factors High HbA1c, retinopathy and nephropathy related to psychomotor speed 

decline.
Ryan, et al. (2003)9+ CC 103 46/60 40 Cognition Declining psychomotor speed due to T1DM over time.a Proliferative reti-

nopathy, autonomic neuropathy and incident macrovascular complications 
were predictors.

van Duinkerken, et al. (2011)58+ CC 36 20/16 64.5 Cognition No accelerated cognitive decline due to T1DM over time.a Severe hypo-
glycemia and incident cardiovascular events related to declining processing 
speed and general cognitive ability.f

a Compared to control subjects; b Compared to T1DM patients with late disease onset; c Compared to 
T1DM patient with lower HbA1c levels; d Compared to T1DM women without APO-E ε4 genotype; 
e Compared to T1DM patients without retinopathy; f Compared to T1DM patients without these 
events.
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Population N (T1DM) Age Disease duration Outcome
EEG/MEG
Brismar, et al. (2002)47 Adults 49 ≈ 31 9.4 ↓ alpha, beta and gamma and ↑ delta and theta power.a

Hyllienmark, et al. (2005)61 Adolescents 35 ≈ 17 7.6 ↑ delta and theta ↓ alpha, beta and gamma power.a

van Duinkerken, et al. (2009)60 Adults 44 ≈ 41 ≈ 27 ↓ theta, alpha and beta FC in T1DM MA+.a,b ↑ in alpha FC in T1DM MA-.a

Structural MRI
Brands, et al. (2006)57 Older adults 40 60.4 34.0 No ↑ atrophy, white matter lesions and infarcts.a

Ferguson, et al. (2003)15 Adults 71 ≈ 29 ≈ 19 Background DRP ↑ small focal white matter lesions.b

Ferguson, et al. (2005)16 Adults 71 ≈ 29 ≈ 19 EOD ↑ lateral ventrical volume and ventricular atrophy.c

Franc, et al. (2010)64 Adults 25 45.1 30.3 ↓ Lower cortical thickness in posterior areas with many connections to areas with reduced 
white matter tract integrity.a

Hershey, et al. (2010)65 Adolescents 95 12.4 5.4 No change in hippocampal volume.a Hypoglycemia related to larger hippocampal volume.
Kodl, et al. (2008)66 Adults 25 45.1 30.3 ↓ lower white matter tract integrity in part of the corpus callosum.a

Musen, et al. (2006)14 Adults 82 32.6 20.3 ↓ lower grey matter volume in bilateral temporal lobes, middle frontal gyrus and left 
thalamus.a

Northam, et al. (2009)67 Young adults 106 20.5 12 Focal ↓ gray and white matter volume.a

Perantie, et al. (2007)68 Adolescents 108 12.6 5.7 No differences in brain volume.a Differing effects of hypo- and hyperglycemia on brain 
volume.

Weigner, et al. (2008)17 Adults 114 32 20 No differences in white matter lesion prevalence and severity.a

Wessels, et al. (2006)12 Adults 31 ≈ 40 ≈ 27 T1DM MA+ ↓focal grey matter volume.a,b

Wessels, et al. (2007)11 Adults 25 42.2 ≈ 30 T1DM MA+ ↓ white matter volume.a White matter volume was related to cognitive func-
tions.

Functional MRI
Musen, et al. (2008)69 Adults 7 39.9 18.4 Hypothalamus active at higher glucose level.a Distinct areas active during hypoglycemia.a

Wessels, et al. (2006)13 Adults 24 ≈ 40 ≈ 26 Less deactivation during hypoglycemia when performing a task in T1DM MA+ in areas 
anticipated to deactivate.b 

MR Spectroscopy
Heikkilä, et al. (2009)70 Adults 17 28.2 7 ↑ brain glucose levels and myoinositol concentration frontal and ↓ N-acetylasparatate 

fronal.a

Heikkilä, et al. (2010)71 Adults 18 29 7 No differences in cerebellum metabolites.a

Heikkilä, et al. (2010)72 Adults 7 29.4 12.4 ↓ glucose increase in thalamus during acute hyperglycemia.a

Lyoo, et al. (2009)73 Adults 123 32.3 19.9 ↑ glutamate-glutamine-γ-aminobutyric acid prefrontal.a Associated with poor metabolic 
control, cognition and mild depression.

Northam, et al. (2009)67 Young adults 106 20.5 12 ↓ frontal and basal ganglia N-acetylaspartate and ↑ myoinositol and choline concentrations 
in frontal and temporal lobes and basal ganglia.a

Table 2. Cited research articles of brain imaging studies in T1DM. 

All studies have a cross-sectional design. EEG/MEG: electroencephalography/magnetoencephalog-
raphy; ≈ 42: mean age or disease duration of 2 different diabetes groups in one study; FC: functional 
connectivity; DRP: diabetic retinopathy; T1DM MA+: T1DM with microangiopathy; T1DM MA-: 
patients without microvascular complications; EOD: early disease onset age (below 7 years of age). 
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Population N (T1DM) Age Disease duration Outcome
EEG/MEG
Brismar, et al. (2002)47 Adults 49 ≈ 31 9.4 ↓ alpha, beta and gamma and ↑ delta and theta power.a

Hyllienmark, et al. (2005)61 Adolescents 35 ≈ 17 7.6 ↑ delta and theta ↓ alpha, beta and gamma power.a

van Duinkerken, et al. (2009)60 Adults 44 ≈ 41 ≈ 27 ↓ theta, alpha and beta FC in T1DM MA+.a,b ↑ in alpha FC in T1DM MA-.a

Structural MRI
Brands, et al. (2006)57 Older adults 40 60.4 34.0 No ↑ atrophy, white matter lesions and infarcts.a

Ferguson, et al. (2003)15 Adults 71 ≈ 29 ≈ 19 Background DRP ↑ small focal white matter lesions.b

Ferguson, et al. (2005)16 Adults 71 ≈ 29 ≈ 19 EOD ↑ lateral ventrical volume and ventricular atrophy.c

Franc, et al. (2010)64 Adults 25 45.1 30.3 ↓ Lower cortical thickness in posterior areas with many connections to areas with reduced 
white matter tract integrity.a

Hershey, et al. (2010)65 Adolescents 95 12.4 5.4 No change in hippocampal volume.a Hypoglycemia related to larger hippocampal volume.
Kodl, et al. (2008)66 Adults 25 45.1 30.3 ↓ lower white matter tract integrity in part of the corpus callosum.a

Musen, et al. (2006)14 Adults 82 32.6 20.3 ↓ lower grey matter volume in bilateral temporal lobes, middle frontal gyrus and left 
thalamus.a

Northam, et al. (2009)67 Young adults 106 20.5 12 Focal ↓ gray and white matter volume.a

Perantie, et al. (2007)68 Adolescents 108 12.6 5.7 No differences in brain volume.a Differing effects of hypo- and hyperglycemia on brain 
volume.

Weigner, et al. (2008)17 Adults 114 32 20 No differences in white matter lesion prevalence and severity.a

Wessels, et al. (2006)12 Adults 31 ≈ 40 ≈ 27 T1DM MA+ ↓focal grey matter volume.a,b

Wessels, et al. (2007)11 Adults 25 42.2 ≈ 30 T1DM MA+ ↓ white matter volume.a White matter volume was related to cognitive func-
tions.

Functional MRI
Musen, et al. (2008)69 Adults 7 39.9 18.4 Hypothalamus active at higher glucose level.a Distinct areas active during hypoglycemia.a

Wessels, et al. (2006)13 Adults 24 ≈ 40 ≈ 26 Less deactivation during hypoglycemia when performing a task in T1DM MA+ in areas 
anticipated to deactivate.b 

MR Spectroscopy
Heikkilä, et al. (2009)70 Adults 17 28.2 7 ↑ brain glucose levels and myoinositol concentration frontal and ↓ N-acetylasparatate 

fronal.a

Heikkilä, et al. (2010)71 Adults 18 29 7 No differences in cerebellum metabolites.a

Heikkilä, et al. (2010)72 Adults 7 29.4 12.4 ↓ glucose increase in thalamus during acute hyperglycemia.a

Lyoo, et al. (2009)73 Adults 123 32.3 19.9 ↑ glutamate-glutamine-γ-aminobutyric acid prefrontal.a Associated with poor metabolic 
control, cognition and mild depression.

Northam, et al. (2009)67 Young adults 106 20.5 12 ↓ frontal and basal ganglia N-acetylaspartate and ↑ myoinositol and choline concentrations 
in frontal and temporal lobes and basal ganglia.a

a Compared to control subjects; b Compared to T1DM patients without retinopathy.
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the task paradigm. The resting-state paradigm refers to the basal level of activ-
ity of the brain ‘at rest’, which has been found to correlate well with cognitive 
functions in different diseases.37,39,60 In the task paradigm, participants have to 
perform a task, for example a working memory task, and activation or deacti-
vation of brain areas can be determined. Assessment of functional connectiv-
ity can be performed using magnetoencephalography (MEG) or functional 
magnetic resonance imaging (fMRI). MEG registers the magnetic field at scalp 
level originating from oscillating neurons, whereas fMRI maps areas of basal 
or task-related increased or decreased connectivity, using information from the 
Blood Oxygen Level Dependent (BOLD) signal. MEG differs from EEG in 
that it measures fluxes in the magnetic field at scalp level, and is a reference-
free measurement, although data acquisition also occurs in frequency bands. 
Recently, we have shown that functional connectivity was decreased in T1DM 
patients with microangiopathy in the theta (4 – 8 Hz), lower and upper alpha 
(8 – 10 Hz and 10 – 13 Hz) and beta (13 – 30 Hz) frequency bands as com-
pared to T1DM patients without apparent microangiopathy and controls.60 
Furthermore, in T1DM patients without clinical microangiopathy functional 
connectivity showed a focal increase in the lower alpha frequency band (8 – 10 
Hz) compared to controls. Functional connectivity was associated with various 
cognitive domains in both T1DM patient groups, providing insight into the 
importance of functional connectivity for higher order cognitive functions in 
T1DM.
 
Functional connectivity (functional MRI)
Using fMRI, i.e. a method that allows spatial mapping of connectivity in cere-
bral areas during the resting-state or during performance of a task, it has been 
found that T1DM patients with microangiopathy showed additional activa-
tion of the right orbitofrontal gyrus and left anterior cingulate cortex to main-
tain cognitive performance during hypoglycemia (2.5 mmol/l), which were not 
activated in patients without microangiopathy.13 This indicated that patients 
with microstructural complications require more activational compensation to 
maintain the same level of cognitive performance as their counterparts with-
out complications. Another study showed that the hypothalamus, the major 
relay-station of the brain, is part of a possible core network of brain regions, 
together with the anterior cingulate, putamen, uncus and brainstem, which 
is activated during hypoglycemia.69 Information on resting-state fMRI is yet 
unavailable but is potentially interesting to explain cognitive deficits. A better 
understanding of basal and task-related brain connectivity can improve insight 
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into (failing) compensatory mechanisms of brain connectivity during cognitive 
tasks in T1DM. 

Structural cerebral changes
Cerebral volume
Characterizing the structure of the central nervous system is important to un-
derstand the structural damage accompanying functional cerebral changes. Dif-
ferences in cerebral structure in T1DM, mostly using structural MRI (sMRI), 
have been observed in both gray and white matter structures. In children with 
T1DM with a disease duration of 12 years relative to healthy age-matched 
controls, focal decreased gray matter volume was demonstrated in the bilateral 
thalami, right parahippocampal gyrus and right insular cortex. In addition, 
altered white matter volume in the bilateral mesial temporal lobes, left tempo-
ral lobe and left middle frontal area was demonstrated.67 These findings are in 
contrast to an earlier report,68 and were not replicated by a recent study that 
specifically assessed hippocampal volume in a comparable population (Table 
2).65 Interestingly, all studies found regional brain volumes to differ according 
to the presence or absence of severe hypoglycemic episodes and cumulative 
chronic hyperglycemia exposure. This would indicate that within T1DM chil-
dren, excessive glucose excursions and long-term poor glycemic control may 
affect the developing brain.
 In adults, focally decreased gray and white matter volume has been ob-
served, for example in the right cerebellum and left frontal area.11,12,14 In 
T1DM patients in general, focal gray matter differences were found and as-
sociated with both chronic hyperglycemia and severe hypoglycemic events.14 
When comparing T1DM patients with and without proliferative retinopathy, 
as a marker of chronic hyperglycemia, this effect was only observed in the pa-
tients with marked proliferative retinopathy.12 White matter hyperintensities, 
as an indicator of cerebral ischemic vascular problems, were not be increased in 
T1DM patients versus controls.17 Earlier studies in adults observed more small 
punctuate white matter lesions in patients with retinopathy relative to patients 
without retinopathy and in adult patients with an early disease onset, i.e. below 
7 years of age, compared to their counterparts with a late disease onset age.15,16 
This, together with findings from later studies, supports the hypothesis that 
specific subgroups of T1DM patients are more susceptible to changes in cere-
bral structure.
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White matter tract integrity
Newer sMRI sequences now provide the possibility to assess the integrity of 
white matter tracts, which was found to be deteriorated locally in the posterior 
corona radiata and radiation optica and corpus callosum in T1DM patients 
compared to controls.66 A more recent study on this matter elegantly com-
bined a method to track white matter tracts and measure cortical thickness.64 
The authors demonstrated that the white matter tracts of the corpus callosum 
with decreased integrity showed high connectivity to posterior regions showing 
decreased cortical thickness in patients, like the cuneus, precuneus, fusiform 
and posterior parietal regions. These studies, combining multiple techniques, 
provide insight into the changes in wiring of the brain in T1DM and thereby 
into the structural base of functional connectivity in the brain. 
 
Magnetic Resonance Spectroscopy
Recently, evidence has accumulated that brain metabolite concentrations, as 
quantified by magnetic resonance spectroscopy (MRS), differ in adult T1DM 
patients.70-73 For example, the prefrontal glutamate-glutamine-γ-aminobutyric 
acid (Glx) concentration was found to be 9.0% higher in T1DM patients and 
correlated with poorer cognitive functions and higher depression scores.73 In 
another study, myo-inositol (mI) and N-acetylaspartate (NAA) concentra-
tions were significantly higher in the frontal cortex of T1DM patients relative 
to healthy controls.70  In children with T1DM, the pattern of MRS changes 
found is somewhat different from that in their adult counterparts. NAA was 
found to be lower in the frontal lobes, whereas mI and choline levels were 
increased in the frontal and temporal lobes and basal ganglia as compared to 
controls.67 This is of particular interest, as this kind of research can provide di-
rect evidence of metabolic control related changes in cerebral metabolites, and 
might provide insight into whether and why neuronal damages is observed in 
T1DM patients.
 Some studies found moderate correlations between cognitive functions 
and (decrements in) cerebral structure, integrity and metabolites.11,66,73 Howev-
er, these correlations were low and it is not possible to determine the direction 
of these correlations, due to the cross-sectional nature of the studies, which 
warrants further research. 

Pathophysiology of cerebral changes
The underlying mechanisms of the above-described cerebral changes have not 
been fully identified yet. Severe hypoglycemic events have long been thought 
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to be the main cause of these changes and seem related to changes in cere-
bral structure and activity as measured with MRI and EEG,14,47 in T1DM pa-
tients across the lifespan and to cognitive decline in children and elderly with 
T1DM.50,52,58 The effect of hypoglycemia is, however, not beyond doubt. First, 
recently, both a meta-analysis and a large longitudinal study assessing cogni-
tive functioning in middle-aged T1DM adults failed to find evidence for such 
an association.6,8 Interestingly, both studies observed a relationship between 
chronic hyperglycemia and cognitive changes. This was later replicated by reas-
sessment of the Diabetes Control and Complications Trial / Epidemiology of 
Diabetes Interventions and Complications (DCCT/EDIC) study data, which 
found retinal and renal microvascular compromise to be related to cognitive 
decline over 18 years.63 Second, in a rodent model of insulin-induced hypogly-
cemia neuronal cell death was linked to oxidative stress during the glucose re-
perfusion period after hypoglycemia, rather than during hypoglycemia itself.74 
Although evidence is accumulating for the involvement of hyperglycemia in 
the etiology of cerebral changes in T1DM, there is yet no direct evidence that 
peripheral microangiopathy is associated to central microangiopathy, which 
has been observed in type 2 diabetes patients with acquired retinal disease.25 
 As mentioned above, chronic hyperglycemia leads to several biological 
changes which may play a role in T1DM related cerebral alterations. First, 
there is increased formation of Advanced Glycation Endproducts (AGEs) in 
T1DM patients, including N-carboxymethyllysine (CML). These AGEs, usu-
ally measured in serum or skin, have been found to be associated with an ac-
celerated occurrence and progression of both micro- and macroangiopathy.75-78 
However, whether and to what extent these AGEs influence brain changes 
is unknown.3 Second, oxidative stress, through increased formation of reac-
tive oxygen species (ROS), may play an important role in the development of 
T1DM associated cerebral compromise. As discussed above, neuronal death 
has been observed during glucose reperfusion, due to oxidative stress.74 The 
rate of oxidative stress was directly related to glucose concentration during 
the reperfusion period, which inevitably follows hypoglycemia. Other evidence 
that oxidative stress can cause cerebral compromise comes from human and 
animal studies in Alzheimer’s disease and its precursor Mild Cognitive Im-
pairment (MCI). In elderly with MCI, cerebral oxidative stress, as measured 
in cerebrospinal fluid, but also oxidative stress markers measured in plasma 
and urine, were increased as compared to matched controls. In addition, in 
Alzheimer’s disease patients, cerebrospinal fluid, as well as plasma and urine 
levels of the oxidative stress marker F8-isoprostane exceeded that of older in-
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dividuals with MCI.79 These findings indicate that even before symptomatic 
dementia develops, oxidative stress might associate with cognitive deteriora-
tion in patients with MCI. Whether oxidative stress is causally related to ce-
rebral changes in T1DM remains to be demonstrated. Third, several studies 
have shown that inflammation, especially high sensitive C-reactive protein, is 
related to poorer cognitive functions and lower cerebral microstructural integ-
rity in several populations.80-82 As T1DM patients, especially those who have 
developed microangiopathy due to chronic hyperglycemia, may suffer from 
moderate levels of chronic inflammation during the disease, this hypothesis 
is interesting to further explore. Last, hyperglycemia can lead to hypercorti-
solemia in T1DM patients, and elevated levels of cortisol have been found 
to associate with cognitive impairment in elderly healthy men,83-85 rodents,86 
and type 2 diabetes patients.87,88 Furthermore, in a rat model of type 2 dia-
betes, lowering of glucocorticoid levels has been shown to improve cognitive 
functioning.89 There is currently no research available exploring the possible 
mediating effect of increased glucocorticoid levels in cognitive decrements and 
cerebral structural and functional changes in patients with T1DM. However, 
given the above cited evidence that hyperglycemia deregulates glucocorticoid 
secretion and that elevated cortisol levels are found to negatively influence cog-
nition in type 2 diabetes, it is worthwhile to assess this mechanism.
 Besides the mechanisms ensuing from hyperglycemia, other factors have 
also been proposed. First, subclinical macroangiopathy, including subclinical 
atherosclerosis and arterial stiffness, which are usually operationalized as ultra-
sound measured carotid intima media thickness and carotid distensibility, must 
be considered. From childhood and onwards subclinical macrovascular disease 
has been found to be increased in T1DM patients relative to healthy controls, 
and patients with microangiopathy seem more prone to develop subclinical 
macroangiopathy.27,90,91 Furthermore, in a general population of middle-aged 
and elderly men and patients with cardiovascular disease, carotid intima media 
thickness was associated with poorer cognitive performance.92-94 As there is 
evidence that, compared to age-matched peers, both arterial stiffness and sub-
clinical atherosclerosis are increased in T1DM patients, which has been found 
as early as adolescence, the contribution of these factors to cognitive decline 
might be relatively marked and should be considered. 
 Second, apolipoprotein E (APOE) has been suggested to play a role in the 
development of Alzheimer’s disease and cognitive decline. APOE is a genetic 
marker for neuronal repair and consists of 3 alleles, ε2, ε3 and ε4.28 The ε4 al-
lele has a prevalence of approximately 15% in the general population but up to 
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60 to 80% in patients with Alzheimer’s disease.28,95 It is hypothesized that the 
ε4 allele is the least active of the three alleles in mediating neuronal repair. This 
genetic marker is regarded as an important risk marker not only for Alzheimer’s 
disease, but also for cognitive decline in the general population. Indeed, several 
studies have shown that APOE ε4 is associated with cognitive decline in both 
elderly and middle-aged non-diabetes adults.96-98 In T1DM results have been 
equivocal. The DCCT/EDIC trial failed to find an association between APOE 
ε4 and cognition.29 In another study, however, an association with cognition 
has been observed in women with T1DM.30 To date, it is unknown whether 
APOE ε4 interacts with microangiopathy in T1DM, as these patients seem 
most susceptible to cognitive deteriorations. Furthermore, the effect of APOE 
ε4 on cerebral structure and functions remains unexplored in this disease.
 Third, effects of co-morbid psychiatric disorders have to be considered. It 
is generally accepted that depression is a common comorbidity in patients with 
diabetes. Diabetes patients, in general, have an up to 2-fold higher risk of de-
velopment of major depressive disorder,99 and T1DM patients with microangi-
opathy have been found to report the highest number of depressive symptoms 
compared to patients without complications and controls.60 The pathogenesis 
of depression is not understood yet. It is, however, hypothesized that chronic 
inflammation, which has been found to be increased in patients with depres-
sion, and deregulation of the hypothalamus-pituitary-adrenal (HPA) axis are 
core mechanisms.100-103 As T1DM is also associated with changes in inflam-
matory responses and HPA-axis deregulation, it might be hypothesized that 
through hyperglycemia the risk of developing major depression and depressive 
symptoms increases.104 
 Furthermore, depression is associated with focal moderate cognitive chang-
es,105,106 and structural brain loss,107-110 in which the cognitive changes show 
similarities to cognitive changes seen in T1DM. The complex relationship be-
tween diabetes, depression and cerebral deterioration provides an interesting 
research field, with major clinical relevance and potential clinical impact.
 Other influences, some more difficult to quantify, cannot be excluded 
from attention, such as environmental and non-modifiable risk factors, like 
age and gender. Although biological, hormonal, vascular, genetic and psychi-
atric factors are separately discussed, we can assume that a complicated inter-
play between some or all of these factors contributes to cerebral compromise 
as described in the T1DM population. Unraveling this interplay at a group 
level is of importance to understand the pathogenesis of cerebral compromise 
and to develop interventions to prevent T1DM-related cerebral deterioration. 
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However, it should be noted that not all factors may be present in an individual 
patient. In Figure 1, we present the complex interplay of factors which might 
contribute to T1DM related cognitive alterations. In this figure, hyperglyce-
mia is the core mechanism leading to a cascade of reactions ultimately leading 
to cerebral changes and cognitive decline. These pathways can either affect the 
brain via macro- and microvascular disease development, or may act to directly 
influence the brain.

Hyperglycemia

Cognitive decline

Hypertension/dyslipidemia

(subclinical) macrovascular disease

Envrionmental/Generic/
Gentic riskfactors

Peripheral microvascular 
disease

Cerebral functional and 
structural alterations

Biological changes (AGEs/oxidative
stress/cortisol)

Depression

Early disease onset

Hypoglycemia

Glucose reperfusion 
oxidative stress

Figure 1. Schematic overview of the possible contributing factors to cognitive de-
cline and cerebral morphological and functional changes in patients with T1DM. 
Bold squares represent the mechanisms  for which most evidence is available. 

Clinical relevance
The decrements in cognitive functioning found in patients with T1DM are 
mainly limited to mental speed and flexibility,6 and effect sizes usually fall in 
the range of mild to moderate (approximally 0.4 standard deviation lower than 
the score of non-diabetes counterparts). Yet, these decrements may hamper 
daily living at an individual level as they might have negative influences during 
cognitively more demanding tasks.7 These demanding tasks might require more 
mental effort from T1DM patients, leading to involvement of supplementary 
cerebral areas to prevent cognitive deterioration, as was previously shown in 
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T1DM patients with microangiopathy.13 It could be speculated that, with in-
creasing disease severity or task complexity, this compensatory mechanism will 
fail and cognitive functions will deteriorate. Indeed, it has been shown that 
in patients with relapsing-remitting multiple sclerosis, relative to controls, in-
volvement of supplementary cerebral areas failed with increasing task complex-
ity.20 This failure was concomitantly reflected by significantly poorer task per-
formance as compared to healthy controls. This provides evidence, although 
further research is warranted, that cerebral compromise can lead to clinical 
relevant cognitive failure.
 In children, clinical relevance is reflected in the consistently found lower in-
telligence scores compared to their non-diabetes counterparts.54 Furthermore, 
lower academic grades at high school graduation were observed in T1DM pa-
tients.56 During late adulthood, cerebral compromise may become more rel-
evant as the already fragile T1DM brain is getting more vulnerable to adverse 
events, like hypoglycemia, cerebro- and cardiovascular events and dementia. 
The adverse effects of these events can be more pronounced during late adult-
hood as brain plasticity decreases and cognitive reserve capacity declines when 
age increases.111 This may eventually lead to additional cognitive problems, 
resulting in problematic self-care and reduced quality-of-life. 
 An association between diabetes and the development of dementia, both 
vascular dementia and Alzheimer’s disease has been proposed.112,113 As this re-
search mainly includes patients with type 2 diabetes, who are known to suffer 
from many different, often coinciding vascular risk factors, on top of hyper-
glycemia, it is hard to extrapolate the risk of dementia to T1DM patients. 
The hitherto only longitudinal study in T1DM patients during late adulthood 
(mean age 65 years) failed to find a dementia-like pattern of cognitive de-
cline compared to controls.58 However, as life expectancy of T1DM patients 
increases, elevated dementia risk needs to be addressed. A recent review sum-
marized possible pathways by which T1DM might lead to Alzheimer’s disease 
pathology.114 Due to a lack of insulin, hippocampal long-term potentiation 
and spatial learning may be attenuated, which might lead to acceleration of 
Alzheimer’s disease pathology.114 Furthermore, common mechanisms in both 
T1DM and Alzheimer’s disease, include increased formation of AGEs, oxida-
tive stress, mitochondrial dysfunction and inflammation.3,114 These, as partly 
stated above, have been implicated in the acceleration of Alzheimer’s disease, 
possibly via neuronal toxicity and death.79,114 This warrants follow-up in older 
T1DM patients, as their life expectancy rapidly increases, to determine the risk 
of dementia and mechanisms by which T1DM might accelerate this risk.
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Interventions
Currently, due to lack of exact knowledge on the pathophysiology, no effective 
treatment options are available for T1DM patients with cognitive decrements. 
Tight glycemic control and treatment of vascular risk factors, like hypertension 
and dyslipidemia, are the best available options that may indirectly impact 
cerebral compromise.115 Unfortunately, long-term good glycemic control is of-
ten difficult to achieve and in the absence of pharmacological intervention, 
non-pharmacological interventions can be of aid. For example, children with 
T1DM showing fragile cognitive and academic development might benefit 
from remedial teaching to support their development. Older patients may be 
offered routine screening for mild cognitive impairments and cognitive training 
when at risk of cognitive decline. Cognitive training might also help younger 
patients who are hampered by their (T1DM-related) cognitive decrements in 
everyday life. 

Conclusions
This narrative review shows that there is increasing evidence for deteriorating 
cognitive functions, decreased cerebral structure and white matter tract integ-
rity and changes in brain functioning and functional connectivity in young-
sters, adults and elderly with T1DM. However, possible pathophysiological, 
in particular molecular and biochemical mechanisms, are largely lacking, al-
though a complex interplay between hyperglycemia-induced sequelae seems 
likely. This complex interplay is represented in Figure 1. Children and adults 
reaching older age seem to be most susceptible to these cerebral insults as the 
brain is in the process of development or degeneration, whereas young and 
middle-aged adults may have enough brain plasticity and also cognitive re-
serve capacity to postpone clinically relevant cognitive decline. This plasticity 
will be in part biological, but also genetic and intelligence dependent and, 
therefore, will differ between patients. Without proper understanding of the 
pathogenesis of cognitive decline we will not be able to target specific interven-
tions necessary to prevent and treat cognitive deterioration. This can only be 
achieved by setting up large human longitudinal studies and rodent models of 
T1DM integrating cognitive and cerebral measures with biological, genetic, 
vascular and psychiatric measures to overcome the hiatus in our knowledge. 
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Abstract
Introduction: Long-standing type 1 diabetes mellitus (T1DM) is associated with 
increased risk of peripheral microvascular complications. Additionally, cogni-
tive decline has been reported in these patients, possibly mediated by changes 
in functional connectivity. We hypothesized that clinical microangiopathy in 
T1DM extends to the brain and these cerebral microvascular changes may link 
long-term hyperglycemia to functional connectivity and cognitive changes.

Methods: Forty-eight middle-aged asymptomatic patients with, 43 patients 
without peripheral microangiopathy and 42 healthy control subjects under-
went neurocognitive testing in addition to magnetic resonance imaging (MRI), 
to study different markers of cerebral microangiopathy, including cerebral mi-
crobleeds (CMBs) and white matter hyperintensities (WMHs). Additionally, 
resting-state functional connectivity was determined using magnetoencepha-
lography.

Results: CMBs, but not WMHs, were more prevalent in T1DM patients with 
(25%) compared to those without (7%; P=0.030) peripheral microangiopathy 
and controls (9.5%; P=0.023), after correction for confounding factors. Gen-
eral cognitive ability, information processing speed and attention were worse in 
patients versus controls. Patients trended to show poorer memory performance, 
which further decreased with in the presence of central microangiopathy (P-
for-trend=0.013). MEG-measured functional connectivity increased focally in 
the upper-alpha frequency band (10–13 Hz) in the presence of cerebral micro-
angiopathy, which correlated with poorer memory performance (all P<0.05). 

Conclusion: In T1DM, peripheral microangiopathy concurred with the pres-
ence of markers of cerebral microangiopathy, measured as CMBs. Central mi-
croangiopathy was related to altered functional connectivity, which in turn 
was related to poorer memory performance. Longitudinal studies are needed 
to determine the causal interrelation as well as the changes of these defects over 
time.
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Introduction
Type 1 diabetes mellitus (T1DM) is associated with peripheral microvascu-
lar complications, but also central nervous system alterations and measurable 
cognitive deficits in various domains have been increasingly reported.3,6 Al-
though recurrent hypoglycemia was previously regarded as the culprit, current 
evidence suggests that chronic hyperglycemic exposure, subsequently leading 
to the development of microangiopathy, is at the base of these cognitive decre-
ments.10 However, at present, the exact cerebral correlates are not sufficiently 
clarified. 
 Our findings indicate that T1DM patients with peripheral microangiopa-
thy, such as proliferative retinopathy, performed worse in cognitive functional 
testing and have lower functional connectivity, i.e. neuronal communication 
between different brain regions, compared to patients without microangiopa-
thy and controls.10,60 These results have forwarded the hypothesis that these 
patients may also suffer from central microangiopathy, thus keeping in line 
with the premise that microangiopathy in T1DM is a generalized process.116 It 
is hypothesized that proper cognitive performance is mediated by functional 
connectivity.18 This may indicate that cerebral vascular changes interfere with 
functional connectivity, leading to decrements in cognitive functions. 
 Cerebral vascular damage, or small vessel disease, is represented on mag-
netic resonance imaging (MRI) scans by, for example, cerebral microbleeds 
(CMBs) and white matter hyperintensities (WMHs).117 To date, these mark-
ers of central microangiopathy have been poorly studied in T1DM. Although 
little is known regarding the underlying pathophysiology, CMBs represent he-
mosiderin leakage in the walls of small vessels, surrounded by macrophages in 
the brain parenchyma, whereas WMHs represent demyelination due to local 
small vessel ischemia.117,118 Clinically, both markers have been found related to 
declining cognition, including memory, processing speed, executive functions, 
increased risk of clinical stroke and higher mortality.118-120

 In T1DM only WMHs were studied and not found to be more preva-
lent compared to controls nor did WMHs correlate to cognitive functions, 
although in that study no distinction between patients with and without pe-
ripheral microangiopathy was made.17 Hence, it may be hypothesized that the 
presence of both markers of cerebral vascular damage is increased in patients 
with peripheral microvascular complications. Moreover, we hypothesized that 
the presence of CMBs in T1DM patients, either alone or in combination with 
WMHs, associates with cognitive impairment, directly or indirectly by inter-
fering with functional connectivity, and that this association may be stronger 
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in those with peripheral diabetic microangiopathy.

Methods
Participants
This study was approved by the Medical Ethics Committee of the VU Univer-
sity Medical Center, in line with the principles as outlined in the Declaration 
of Helsinki, and written informed consent was obtained from all participants. 
 We included 155 participants, in 22 of whom MRI scans could not be rat-
ed due to artefacts or technical failure. Thus, finally 48 T1DM patients with, 
43 T1DM patients without clinical microangiopathy and 42 healthy control 
subjects, matched for gender, education level and estimated IQ were analyzed. 
Participants were recruited from outpatient clinics of the departments of In-
ternal Medicine and Ophthalmology of various hospitals in the Amsterdam 
region and/or via advertisements in a diabetes-magazine and local newspapers.  
 Participants were eligible if they were 18 – 56 years of age, right-handed, 
proficient in Dutch, while patient were additionally required to have >10 year 
disease duration. Participants were excluded in case of left-handedness, BMI 
>35 kg/m2, drug or alcohol abuse, psychiatric disorders, thyroid dysfunction, 
anemia, glucocorticoid or centrally acting medication use, cardiovascular or 
cerebrovascular disease, hepatitis, severe head trauma, epilepsy, pregnancy or 
visual acuity below 0.3. 
Fundus photography was used to ascertain retinopathy. Photographs were 
rated by a trained ophthalmologist (ACM) according to the EURODIAB clas-
sification.121 Microalbuminuria was determined from 24-hour urine samples, 
and was defined as an albumin-to-creatinine ratio (ACR) >2.5 mg/mmol for 
men and >3.5 mg/mmol for women. Neuropathy was either self-reported or, 
in case of doubt, checked against the medical records. 
 Patients with peripheral microangiopathy were selected on the basis of 
confirmed proliferative retinopathy, but other complications were also allowed. 
Patients without peripheral microangiopathy were eligible if no microvascular 
complication was clinically manifest.
 Hypertension was defined as a systolic blood pressure >140 mmHg, a dia-
stolic blood pressure >90 mmHg, or the use of antihypertensive drugs, and was 
an exclusion criterion for control subjects. Severe hypoglycemic events experi-
enced throughout life (i.e. patient is in need of assistance from a third person 
to recuperate due to seriously deranged functioning,  loss of consciousness, 
seizure or coma) were self reported. Updated glycated hemoglobin (HbA1c) 
was collected from the patients’ medical records from 2002 up to study date. 
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The median period of updated HbA1c was 7.0 years with a minimum of 4.5 
and maximum of 7.7 years.

Study design
Participants had to fill out the Center of Epidemiological Studies scale for 
Depression (CES-D), as depressive symptoms can confound the study. MEG-
recording and blood sampling was performed on the first day; MRI-scanning 
and neuropsychological assessment on the second. Blood glucose levels were 
regularly checked and actively kept between 4 and 15 mmol/l. None of the 
participants had blood glucose levels out of the defined range during MEG and 
MRI measurement. One participant experienced mild hypoglycemic symp-
toms during neuropsychological assessment. Upon normalization of blood glu-
cose, after ingesting an equivalent of 20g carbohydrates, testing was postponed 
for 30 minutes. This did not influence the group results, therefore, data of this 
participant was included. In case of glycemic derangements up to 24 hours 
before the study date, all testing was rescheduled.

MRI procedures and cerebral microbleeds detection
All participants underwent a multi-sequence MRI-protocol on a 1.5T whole 
body MR-system (Siemens Sonata, Erlangen, Germany), using an 8-channel 
phased-array head coil. The following sequences are used in this study: a T2* 
susceptibility weighted imaging (SWI) sequence (repetition time 48.0 ms; echo 
time 40.0 ms; flip angle 150; field-of-view 250 mm; slice thickness 2.0 mm; 
44 slices) for the detection of CMBs,122 and a T2 Fluid Attenuated Inversion 
Recovery (T2-FLAIR) sequence (repetition time 6500 ms; echo time 385 ms; 
variable flip angle;123 field-of-view 330 mm; slice thickness 1.3 mm, 128 slices) 
for the assessment of white matter lesions.
 MRI images were rated by an experienced neuroradiologist (MPW), 
blinded to group allocation, clinical and demographical information. The neu-
roradiologist was trained using a predefined existing training set (19 brains). 
The intra-rater agreement coefficient, weighted Cohen κ score, was >0.90 for 
CMBs and >0.70 for WMHs.124 CMBs were scored according to their ana-
tomical location (frontal, temporal and parieto-occipital areas, the central gray 
matter and the infratentorial areas, i.e. the brainstem and cerebellum). WMHs 
were rated using the Fazekas score.125 The Fazekas scoring system is a common-
ly used scoring system to classify WMHs ranging from 0 (no WMHs), 1 (focal 
lesions), 2 (beginning confluence of lesions) and 3 (large confluent lesions). 
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Magnetoencephalography and functional connectivity
The MEG protocol has been previously described.60 In short, magnetoenceph-
alography, using a 151-channel whole head MEG-system (CTF systems; Port 
Coquitlam, BC, Canada), was used to measure magnetic brain activity, in a 
supine position, in a magnetically shielded room (Vacuumschmelze, Hanau, 
Germany). Data was consecutively recorded for 2 minutes with the eyes open, 
5 minutes with the eyes closed, 10 minutes performing a task and 3 minutes 
with the eyes closed. Head movement of approximally 1.5 cm during acquisi-
tion was allowed. None of the measurements exceeded this limit. Offline, 5 
epochs of 6.25 seconds of data from the first eyes-closed (i.e. resting-state) 
condition were selected and analyzed using in home developed software (DI-
GEEGXP, CJ Stam, VU University Medical Center, Amsterdam, the Nether-
lands).  As a measure of functional connectivity we calculated the Synchroni-
zation Likelihood (SL) for the delta (0.5 – 4 Hz), theta (4 – 8 Hz), lower and 
upper alpha (8 – 10 Hz and 10 – 13 Hz), beta (13 – 30 Hz) and lower and 
upper gamma (30 – 45 Hz and 55 – 80 Hz) frequency bands. SL resembles 
the likelihood that neuronal networks active at the same time are involved in 
the same process.41,126 Functional connectivity data was derived for whole-head 
mean functional connectivity, 10 short distance, 8 long distance intra hemi-
spheric and 5 long distance inter hemispheric pairs (for details see 60).

Neurocognitive assessment
The neuropsychological assessment covered memory, information processing 
speed, executive functions, attention, motor speed and psychomotor speed (Table 1 
and 60). An overall general cognitive ability score was derived from averaging the 
domain-specific test results. Z-values were calculated based on the mean and 
standard deviation of the control group. If necessary z-values were inversed to 
ensure that higher z-values indicate a better performance.

Statistical analyses
Differences in anthropomorphic, medical and demographical variables were 
analyzed using one-way ANOVA (for normally distributed continuous vari-
ables) or chi-square test (for categorical variables).
 Participants were dichotomized based on no versus one or more CMBs or 
WMHs, to test whether central microangiopathy is more prevalent in patients 
with peripheral microangiopathy. Logistic regression was performed to deter-
mine differences in prevalence of cerebral microangiopathy, corrected for age, 
BMI, depressive symptoms, systolic blood pressure and gender. Additionally, 
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both T1DM groups were compared, corrected for the above mentioned vari-
ables, and for diabetes duration, HbA1c, severe hypoglycemia and ACR.
 To test whether central microangiopathy, besides peripheral microangi-
opathy, has an effect on functional connectivity or cognitive functioning in 
T1DM, these variables were entered in a MANCOVA corrected for age, gen-
der, BMI, systolic blood pressure and depressive symptoms.
 To allow parametric testing of functional connectivity data, they were nor-
malized by log-transformation, LN10(x/[1-x]).127 A P-value below 0.05 was 
considered statistically significant. All analyses were performed using SPSS 
15.0 for Windows (SPSS, Chicago, IL, United States).

Table 1. Overview of neuropsychological tests and the corresponding cognitive domains.

Cognitive domains Neuropsychological tests
Memory -Rey Auditory Verbal Learning Test (RAVLT, Dutch version)

-Digit Span test forward and backward of the Wechsler Adult 
Intelligence Scale-3rd edition revised (WAIS-III-R) 
-Symbol Substitution Incidental Learning Test of the WAIS-
III-R

Information Processing 
Speed

-Symbol Substitution Test of the WAIS-III-R 
-Stroop Colour-Word Test part 1 and 2
-Concept Shifting Task (CST) part A and B
-Simple Auditory and Visual Reaction Time Test
-Computerized Visual Searching Task (CVST).

Executive Functions -Stroop Colour-Word Test part 3 (scores corrected for part 1 
and 2)
-Concept Shifting Task (CST) part C (scores corrected for 
part A and B)
-D2-test total errors score
-Wisconsin Cart Sorting Test
-Category Word Fluency Task

Attention -D2-test correct answers and total span
Motor Speed -Tapping Test left and right hand

-Concept Shifting Task (CST) part 0
Psychomotor Speed -Letter-Digit Substitution Test
General Cognitive Ability -Summary of the above mentioned cognitive domains

Results
Patient characteristics
Patient characteristics are shown in Table 2. Patients with peripheral microan-
giopathy were significantly older and had a slightly higher BMI, systolic blood 
pressure and depression score than the other groups. Those with versus those 
without peripheral microangiopathy had an earlier disease onset and longer 
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duration of diabetes, higher ACR and a higher prevalence of hypertension.

Table 2. Demographic and anthropomorphic variables.

T1DM with 
microangiopathy

T1DM without 
microangiopathy

Controls P-value

N 48 43 42 -
Age (years) 44.8 ± 7.0 38.1 ± 9.3 37.4 ± 11.3 <0.001
Gender (men/women) 19/29 16/27 18/24 0.857
Education levela 5 (3 – 7) 6 (4 – 8) 6 (4 – 8) 0.151
Estimated IQb 110.2 ± 13.7 106.8 ± 11.7 109.3 ± 11.1 0.402
Depressive symptomsc 11.5 ± 10.1 6.8 ± 6.0 7.2 ± 8.4 0.013
BMI (kg/m2) 25.8 ± 4.1 24.8 ± 3.6 23.9 ± 3.1 0.043
WMHs (%) 15 (31.3) 8 (18.6) 15 (35.7) 0.217
Total cholesterol (mmol/l) 4.5 ± 0.8 4.7 ± 0.7 4.4 ± 0.9 0.227
HbA1c (%) 8.1 ± 1.3 7.8 ± 0.9 5.3 ± 0.2 <0.001
Updated HbA1c (%)d 8.1 ± 1.1 8.0 ± 0.8 - 0.153
ACR (mg/mmol) 3.7 ± 6.3 0.6 ± 0.6 - 0.002
Hypertension (%)e 33 (68.8) 10 (23.3) - <0.001
BG MRI (mmol/l) 9.1 ± 3.6 10.6 ± 4.9 - 0.102
BG MEG (mmol/l) 9.2 ± 4.0 8.9 ± 3.2 - 0.766
BG NPA (mmol/)f 8.5 ± 3.7 8.5 ± 4.3 - 0.989
Diabetes duration (years) 34.6 ± 7.9 21.6 ± 9.3 - <0.001
Diabetes onset age (years) 10.1 ± 7.3 16.5 ± 9.6 - 0.001
Diabetes early onset (%)g 18 (37.5) 8 (18.6) - 0.063
Severe hypoglycemiah 5.9 ± 9.3 6.1 ± 8.9 - 0.918
Neuropathy (%)i 24 (50) - - -
Microalbuminuria (%)j 14 (29.2) - - -

Data are presented as means ± standard deviation, median with interquartile range or absolute num-
bers with percentages between parentheses. BMI: body mass index; WMHs: white matter hyperin-
tensities; ACR : albumin-to-creatinine ratio; BG: blood glucose before measurement. a Education 
level was coded from 1 (unfinished primary school) to 8 (finished university); b Estimated IQ was 
measured using the Dutch version of the National Adult Reading Test (NART); c Depressive symp-
toms were measured using the Center for Epidemiological Studies scale for Depression (CES-D); d 
Updated HbA1c represents the mean HbA1c level for the group with a median period of 7.0 years; e 

Hypertension was defined as a systolic blood pressure of 140 mmHg or above, a diastolic blood pres-
sure of 90  mmHg or above or use of antihypertensive drugs; f NPA: neuropsychological assessment; g 
Diabetes early onset was defined as a onset age below the age of 7 years; h Severe hypoglycemic events 
were self-reported and defined as those events for which the patient needs assistance from a third per-
son to recuperate due to loss of consciousness or seriously deranged functioning, coma or seizure due 
to low glucose levels; i Neuropathy was self-reported, or in case of doubt, ascertained by the patients’ 
medical   record; j Microalbuminuria was defined as an albumin-to-creatinine ratio >2.5 for men and 
>3.5 for women.



46 Type 1 Diabetes and the Brain

Table 3. Overview of cerebral microbleeds location and medical information.

CMB location WMHs HbA1c (%) ACR (mg/mmol) Disease duration (yrs) APOE ε4
T1DM MA+

-Participant 1 Right parieto-occipital: cortical (1) Yes 8.6 5.74 24 No
-Participant 2 Left temporal: cortical (1)* Yes 7.1 0.58 27 No
-Participant 3 Left frontal: subcortical (1) Yes 8.0 0.36 27 No
-Participant 4 Left temporal: subcortical (1) No 8.5 1.48 33 No
-Participant 5 Right temporal: cortical (1) No 8.1 1.11 38 No
-Participant 6 Right and left temporal: cortical (2)*, subcortical (2)* Yes 7.3 3.25 39 No
-Participant 7 Right frontal: cortical (1); right parieto-occipital: subcortical (1) Yes 8.0 2.26 41 No
-Participant 8 Right parieto-occipital: subcortical (2) No 9.2 6.41 42 Yes
-Participant 9 Left parieto-occipital: subcortical (1) No 7.7 0.81 39 No
-Participant 10 Right and left frontal: subcortical (2) No 9.4 0.01 31 Yes
-Participant 11 Left frontal: cortical (1) No 6.9 3.25 31 No
-Participant 12 Right temporal: cortical (1) No 8.7 0.50 36 No
T1DM MA-
-Participant 13 Right frontal: subcortical (1) No 7.0 0.01 39 No
-Participant 14 Right parieto-occipital: cortical (2), subcortical (2); right temporal: corti-

cal (1), subcortical (3)
No 8.4 0.88 27 No

-Participant 15 Right frontal: cortical (1) No 7.2 0.48 17 No
Controls
-Participant 16 Left temporal: subcortical (1) Yes 5.3 - - No
-Participant 17 Right frontal: cortical (1) No 5.8 - - No
-Participant 18 Right basal ganglia: subcortical (1) No 5.7 - - No
-Participant 19 Right temporal: cortical (1) No 5.1 - - No

Number of CMBs is given between parentheses. Locations marked with a * indicate CMBs located in 
the medial temporal lobe. CMB: cerebral microbleeds; WMHs: white matter hyperintensities; ACR : 
albumin-to-creatinine ratio; T1DM MA+/-: T1DM with/without peripheral microangiopathy.

Central microangiopathy
Figure 1 shows an example of CMBs (panel A/B) and WMHs (panel C) on 
MRI. In 19 participants CMBs were detected. Fifteen participants had 1, 
2 had 2, 1 had 4 and 1 participant had 8 CMBs. Twelve participants with 
CMBs (63.2%) had T1DM with microangiopathy, which was significantly 
higher compared to their counterparts without complications (n=3 (15.8%); 
P=0.023) and controls (n=4 (21.0%); P=0.030). CMB prevalence did not dif-
fer between patients without complications and controls (P=0.986). CMBs 
were equally distributed between the left and right hemisphere and mainly 
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Table 3. Overview of cerebral microbleeds location and medical information.

CMB location WMHs HbA1c (%) ACR (mg/mmol) Disease duration (yrs) APOE ε4
T1DM MA+

-Participant 1 Right parieto-occipital: cortical (1) Yes 8.6 5.74 24 No
-Participant 2 Left temporal: cortical (1)* Yes 7.1 0.58 27 No
-Participant 3 Left frontal: subcortical (1) Yes 8.0 0.36 27 No
-Participant 4 Left temporal: subcortical (1) No 8.5 1.48 33 No
-Participant 5 Right temporal: cortical (1) No 8.1 1.11 38 No
-Participant 6 Right and left temporal: cortical (2)*, subcortical (2)* Yes 7.3 3.25 39 No
-Participant 7 Right frontal: cortical (1); right parieto-occipital: subcortical (1) Yes 8.0 2.26 41 No
-Participant 8 Right parieto-occipital: subcortical (2) No 9.2 6.41 42 Yes
-Participant 9 Left parieto-occipital: subcortical (1) No 7.7 0.81 39 No
-Participant 10 Right and left frontal: subcortical (2) No 9.4 0.01 31 Yes
-Participant 11 Left frontal: cortical (1) No 6.9 3.25 31 No
-Participant 12 Right temporal: cortical (1) No 8.7 0.50 36 No
T1DM MA-
-Participant 13 Right frontal: subcortical (1) No 7.0 0.01 39 No
-Participant 14 Right parieto-occipital: cortical (2), subcortical (2); right temporal: corti-

cal (1), subcortical (3)
No 8.4 0.88 27 No

-Participant 15 Right frontal: cortical (1) No 7.2 0.48 17 No
Controls
-Participant 16 Left temporal: subcortical (1) Yes 5.3 - - No
-Participant 17 Right frontal: cortical (1) No 5.8 - - No
-Participant 18 Right basal ganglia: subcortical (1) No 5.7 - - No
-Participant 19 Right temporal: cortical (1) No 5.1 - - No

Number of CMBs is given between parentheses. Locations marked with a * indicate CMBs located in 
the medial temporal lobe. CMB: cerebral microbleeds; WMHs: white matter hyperintensities; ACR : 
albumin-to-creatinine ratio; T1DM MA+/-: T1DM with/without peripheral microangiopathy.

Central microangiopathy
Figure 1 shows an example of CMBs (panel A/B) and WMHs (panel C) on 
MRI. In 19 participants CMBs were detected. Fifteen participants had 1, 
2 had 2, 1 had 4 and 1 participant had 8 CMBs. Twelve participants with 
CMBs (63.2%) had T1DM with microangiopathy, which was significantly 
higher compared to their counterparts without complications (n=3 (15.8%); 
P=0.023) and controls (n=4 (21.0%); P=0.030). CMB prevalence did not dif-
fer between patients without complications and controls (P=0.986). CMBs 
were equally distributed between the left and right hemisphere and mainly 

Figure 1. Image of a T1DM patient with CMBs (A/B) and 
WMHs (C). CMBs appear as round hypointense lesions in-
dicated with white arrows in (A/B). WMHs  appear as white 
hyperintense lesions as indicated by the white circles (C).
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Table 4. Demographic and anthropomorphic variables for T1DM patients with and
T1DM with CMBs T1DM without CMBs P-value T1DM with WMHs T1DM without WMHs P-value

Age (years) 45.8 ± 8.0 40.8 ± 8.9 0.043 45.8 ± 5.2 40.6 ± 9.2 0.003
Gender (men/women) 7/8 28/48 0.565 6/11 29/45 0.792
Estimated IQa 113.5 ± 12.3 107.6 ± 12.8 0.109 110.4 ± 14.1 108.2 ± 12.6 0.536
Depressive symptomsb 8.8  ± 7.3 9.4 ± 8.9 0.809 7.4 ± 6.8 9.7 ± 9.0 0.322
BMI (kg/m2) 26.4 ± 5.9 25.1 ± 3.4 0.272 26.6 ± 3.0 25.1 ± 4.0 0.143
Diabetes duration (years) 32.7 ± 7.3 27.6 ± 11.2 0.033 29.5 ± 10.2 28.2 ± 10.9 0.656
Diabetes onset age (years) 13.1 ± 7.2 13.1 ± 9.4 0.976 16.3 ± 11.3 12.4 ± 8.3 0.197
Diabetes early onset (%)c 2 (13.3) 24 (31.6) 0.216 4 (23.5) 22 (29.7) 0.769
Microangiopathy (%)d 12 (80) 36 (47.4) 0.025 11 (64.7) 37 (50.0) 0.297
Severe hypoglycemiae 5.8 ± 8.7 6.0 ± 9.2 0.930 5.7 ± 8.1 6.1 ± 9.2 0.887
Systolic BP (mmHg) 134.9 ± 15.1 130.9 ± 17.4 0.428 141.4 ± 17.4 129.2 ± 16.2 0.015
Diastolic BP (mmHg) 75.9 ± 9.1 76.7 ± 9.3 0.766 79.3 ± 11.2 75.9 ± 8.6 0.175
Hypertension (%)f 7 (46.7) 36 (47.4) 0.999 10 (58.8) 33 (44.6) 0.420
HbA1c (%) 8.0 ± 0.8 8.0 ± 1.2 0.910 8.5 ± 0.9 7.9 ± 1.2 0.056
Updated HbA1c (%)g 8.1 ± 0.9 7.9 ± 1.0 0.567 8.5 ± 0.9 7.8 ± 1.0 0.019
Total cholesterol (mmol/l) 4.5 ± 0.9 4.6 ± 0.7 0.653 4.3 ± 0.7 4.7 ± 0.7 0.048
ACR (mg/mmol) 1.8  ± 2.0 2.3 ± 5.2 0.712 4.2 ± 8.3 1.8 ± 3.6 0.270
APOE ε4 (%) 2 (13.3) 27 (36.5) 0.086 7 (43.8) 22 (30.1) 0.378

Data are presented as mean ± standard deviation or absolute number with percentages. BMI: body 
mass index; BP: blood pressure; ACR : albumin-to-creatinine ratio; APOE: apolipoprotein E. a Esti-
mated IQ was measured using the Dutch version of the National Adult Reading Test (NART); b De-
pressive symptoms were measured using the Center for Epidemiological Studies scale for Depression 
(CES-D); c Diabetes early onset was defined as a onset age below the age of 7 years; d Microangiopathy 
is defined as proliferative retinopathy, as patients were selected on having proliferative retinopathy or

 
located in the frontal and temporal lobes (Table 3). WMHs were present in 
11 (22.9%) patients with, 6 (14.0%) patients without peripheral microangi-
opathy and in 8 (19.0%) controls. All participants had Fazekas score 1 (focal 
lesions), except for 1 control who had Fazekas score 2 (beginning confluence 
of lesions). WMH presence, corrected for confounding factors did not differ 
among groups (all P>0.05). 
 Irrespective of the presence of peripheral microangiopathy, T1DM pa-
tients with CMBs were older, had longer disease duration and significantly 
higher prevalence of microangiopathy compared to patients without CMBs. 
Patients, but not controls, with WMHs were significantly older, had a higher 
systolic blood pressure, updated HbA1c and total cholesterol relative to pa-
tients without WMHs (Table 4).
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Table 4. Demographic and anthropomorphic variables for T1DM patients with and
T1DM with CMBs T1DM without CMBs P-value T1DM with WMHs T1DM without WMHs P-value

Age (years) 45.8 ± 8.0 40.8 ± 8.9 0.043 45.8 ± 5.2 40.6 ± 9.2 0.003
Gender (men/women) 7/8 28/48 0.565 6/11 29/45 0.792
Estimated IQa 113.5 ± 12.3 107.6 ± 12.8 0.109 110.4 ± 14.1 108.2 ± 12.6 0.536
Depressive symptomsb 8.8  ± 7.3 9.4 ± 8.9 0.809 7.4 ± 6.8 9.7 ± 9.0 0.322
BMI (kg/m2) 26.4 ± 5.9 25.1 ± 3.4 0.272 26.6 ± 3.0 25.1 ± 4.0 0.143
Diabetes duration (years) 32.7 ± 7.3 27.6 ± 11.2 0.033 29.5 ± 10.2 28.2 ± 10.9 0.656
Diabetes onset age (years) 13.1 ± 7.2 13.1 ± 9.4 0.976 16.3 ± 11.3 12.4 ± 8.3 0.197
Diabetes early onset (%)c 2 (13.3) 24 (31.6) 0.216 4 (23.5) 22 (29.7) 0.769
Microangiopathy (%)d 12 (80) 36 (47.4) 0.025 11 (64.7) 37 (50.0) 0.297
Severe hypoglycemiae 5.8 ± 8.7 6.0 ± 9.2 0.930 5.7 ± 8.1 6.1 ± 9.2 0.887
Systolic BP (mmHg) 134.9 ± 15.1 130.9 ± 17.4 0.428 141.4 ± 17.4 129.2 ± 16.2 0.015
Diastolic BP (mmHg) 75.9 ± 9.1 76.7 ± 9.3 0.766 79.3 ± 11.2 75.9 ± 8.6 0.175
Hypertension (%)f 7 (46.7) 36 (47.4) 0.999 10 (58.8) 33 (44.6) 0.420
HbA1c (%) 8.0 ± 0.8 8.0 ± 1.2 0.910 8.5 ± 0.9 7.9 ± 1.2 0.056
Updated HbA1c (%)g 8.1 ± 0.9 7.9 ± 1.0 0.567 8.5 ± 0.9 7.8 ± 1.0 0.019
Total cholesterol (mmol/l) 4.5 ± 0.9 4.6 ± 0.7 0.653 4.3 ± 0.7 4.7 ± 0.7 0.048
ACR (mg/mmol) 1.8  ± 2.0 2.3 ± 5.2 0.712 4.2 ± 8.3 1.8 ± 3.6 0.270
APOE ε4 (%) 2 (13.3) 27 (36.5) 0.086 7 (43.8) 22 (30.1) 0.378

Data are presented as mean ± standard deviation or absolute number with percentages. BMI: body 
mass index; BP: blood pressure; ACR : albumin-to-creatinine ratio; APOE: apolipoprotein E. a Esti-
mated IQ was measured using the Dutch version of the National Adult Reading Test (NART); b De-
pressive symptoms were measured using the Center for Epidemiological Studies scale for Depression 
(CES-D); c Diabetes early onset was defined as a onset age below the age of 7 years; d Microangiopathy 
is defined as proliferative retinopathy, as patients were selected on having proliferative retinopathy or

 
located in the frontal and temporal lobes (Table 3). WMHs were present in 
11 (22.9%) patients with, 6 (14.0%) patients without peripheral microangi-
opathy and in 8 (19.0%) controls. All participants had Fazekas score 1 (focal 
lesions), except for 1 control who had Fazekas score 2 (beginning confluence 
of lesions). WMH presence, corrected for confounding factors did not differ 
among groups (all P>0.05). 
 Irrespective of the presence of peripheral microangiopathy, T1DM pa-
tients with CMBs were older, had longer disease duration and significantly 
higher prevalence of microangiopathy compared to patients without CMBs. 
Patients, but not controls, with WMHs were significantly older, had a higher 
systolic blood pressure, updated HbA1c and total cholesterol relative to pa-
tients without WMHs (Table 4).

without cerebral microbleeds and white matter hyperintensities.

no clinically detectable microvascular complications; e  Severe hypoglycemic events were self-report-
ed and defined as those events for which the patient needs assistance from a third person to recuper-
ate due to loss of consciousness or seriously deranged functioning, coma or seizure due to low glucose 
levels; f Hypertension was defined as a systolic blood pressure of 140 or above, a diastolic blood pres-
sure of 90 or above or use of antihypertensive drugs; g Updated HbA1c represents the mean HbA1c 
level for the group with a median period of 7.0 years.

Cognitive functioning and functional connectivity
As central microangiopathy was predominantly present in patients with pe-
ripheral microangiopathy, this group was split in patients with CMBs (n=7) or 
WMHs (n=6) alone or both (n=5). Because prevalence of CMBs and WMHs 
in patients with uncomplicated T1DM and controls was relatively low all were 
included in the same group as those without central microangiopathy. The 
multivariate F-test of the MANCOVA for group was significant (F=13,2.22; 
P=0.014), allowing assessment of the individual variables within the MAN-
COVA.
 Means and standard deviations of cognitive domains and functional con-
nectivity are presented in Table 5. After Bonferroni correction, patients with 
peripheral microangiopathy, but without central microangiopathy had poorer 
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Table 5. Values of cognitive domains and functional connectivity frequency bands.

Controls T1DM MA- T1DM MA+ T1DM MA+ WMH+ T1DM MA+ CMB+ T1DM MA+ WMH+/CMB+
Cognition
General cognitive ability -0.01 ± 0.43 -0.20 ± 0.49 -0.52 ± 0.43a -0.44 ± 0.22 -0.48 ± 0.43 -0.54 ± 0.23
Memory -0.02 ± 0.66 -0.22 ± 0.66 -0.45 ± 0.67d -0.51 ± 0.68 -0.53 ± 0.56 -0.94 ± 0.74e

Information processing speed -0.02 ± 0.57 -0.48 ± 0.81b -0.89 ± 0.92a -0.70 ± 0.19 -1.04 ± 1.37 -0.75 ± 0.20
Executive functions -0.001 ± 0.44 0.07 ± 0.48 -0.05 ± 0.53 -0.01 ± 0.33 -0.17 ± 0.42 0.19 ± 0.52
Attention -0.02 ± 0.99 -0.01 ± 1.00 -0.75 ± 0.92a,c -0.59 ± 0.92 -0.58 ± 1.16 -0.66 ± 0.67
Motor speed 0.02 ± 0.76 -0.21 ± 0.91 -0.51 ± 0.82 -0.47 ± 0.60 -0.17 ± 0.98 -0.43 ± 0.59
Psychomotor speed 0.01 ± 1.01 -0.34 ± 0.90 -0.42 ± 0.78 -0.36 ± 0.88 -0.36 ± 0.45 -0.63 ± 0.90
Functional connectivity
Delta (δ) 0.079 ± 0.017 0.078 ± 0.006 0.077 ± 0.014 0.077 ± 0.012 0.070 ± 0.004 0.077 ± 0.009
Theta (θ) 0.023 ± 0.009 0.022 ± 0.003 0.022 ± 0.004 0.021 ± 0.003 0.022 ± 0.002 0.022 ± 0.002
Lower alpha (α) 0.028 ± 0.005 0.030 ± 0.007 0.027 ± 0.005 0.026 ± 0.003 0.026 ± 0.004 0.030 ± 0.004
Upper alpha (α) 0.026 ± 0.004 0.026 ± 0.004 0.025 ± 0.005 0.024 ± 0.003 0.026 ±0.003 0.032 ± 0.005f,g

Beta (β) 0.019 ± 0.002 0.019 ± 0.002 0.019 ± 0.004 0.019 ± 0.002 0.018 ± 0.002 0.021 ± 0.001
Lower gamma (γ) 0.014 ± 0.001 0.013 ± 0.001 0.013 ± 0.001 0.014 ± 0.001 0.013 ± 0.001 0.014 ± 0.001
Upper gamma (γ) 0.012 ± 0.001 0.012 ± 0.001 0.012 ± 0.001 0.012 ± 0.001 0.012 ± 0.001 0.012 ± 0.001

Data are presented as means ± standard deviations. Cognition values are z-values, functional connec-
tivity represents Synchronization Likelihood values in arbitrary units. MA+/-: with/without periph-
eral microangiopathy; CMB+: with cerebral microbleeds; WMH+: with white matter hyperintensi-
ties; WMH+/CMB+: with both white matter hyperintensities and cerebral microbleeds. a Patients 
with peripheral microangiopathy perform worse compared to controls; b patients without complica-
tions versus controls have lower scores; c patients with peripheral microangiopathy perform poorer

general cognitive ability, information processing speed and attention scores (all 
P<0.01; Table 5) and a trend towards poorer memory (P=0.061) compared to 
controls; attention was also lower relative to those without microangiopathy 
(P=0.034). Patients free of microangiopathy had lower information processing 
speed as compared to controls (P=0.035). 
 In patients with peripheral microangiopathy, the presence of central micro-
angiopathy did not further worsen cognition, although a linear trend towards 
poorer memory performance was significant (P-for-trend=0.013; Table 5).  
Functional connectivity did not show alterations between patients and con-
trols. However, after Bonferroni correction, patients with peripheral and (both 
markers of ) central microangiopathy showed increased connectivity in the up-
per alpha frequency band (10 – 13 Hz) compared to those without central 
microangiopathy (P=0.048) and those with WMHs only (P=0.034; Table 5). 
This increase was statistically significant for interhemispheric central, parietal 
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with peripheral microangiopathy perform worse compared to controls; b patients without complica-
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general cognitive ability, information processing speed and attention scores (all 
P<0.01; Table 5) and a trend towards poorer memory (P=0.061) compared to 
controls; attention was also lower relative to those without microangiopathy 
(P=0.034). Patients free of microangiopathy had lower information processing 
speed as compared to controls (P=0.035). 
 In patients with peripheral microangiopathy, the presence of central micro-
angiopathy did not further worsen cognition, although a linear trend towards 
poorer memory performance was significant (P-for-trend=0.013; Table 5).  
Functional connectivity did not show alterations between patients and con-
trols. However, after Bonferroni correction, patients with peripheral and (both 
markers of ) central microangiopathy showed increased connectivity in the up-
per alpha frequency band (10 – 13 Hz) compared to those without central 
microangiopathy (P=0.048) and those with WMHs only (P=0.034; Table 5). 
This increase was statistically significant for interhemispheric central, parietal 

relative to their counterparts with uncomplicated T1DM; d a trend towards poorer performance for 
patients with peripheral microangiopathy relative to controls; e a significant P-for-trend with wors-
ening cognitive performance; f Patients with peripheral and central microangiopathy have increased 
connectivity compared to patients with peripheral microangiopathy; g patients with peripheral and 
central microangiopathy have increased connectivity compared to patients with peripheral microan-
giopathy and WMHs.

and occipital and local hemispheric right central and parietal connections (all 
P<0.05; Figure 2). This increased functional connectivity for interhemispheric 
parietal connections was correlated to poorer memory performance (β=-0.321; 
P=0.033; Figure 2) and for central (β=-0.293; P=0.054; Figure 2) connections 
borderline correlated with poorer memory.

Discussion
This study, for the first time, shows that central microangiopathy, as measured 
by CMB but not WMH prevalence, is increased in T1DM patients with pe-
ripheral microangiopathy, compared to controls and patients without periph-
eral microangiopathy. This is in line in earlier research in type 2 diabetes that 
also shows and increased prevalence of CMBs related to retinal microangiopa-
thy.25 Lacunar infarcts, as indicators of occlusion of small penetrating arteries, 
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Figure 2. The head to the left represents the anatomical locations where upper alpha functional con-
nectivity is higher in patients with peripheral and central microangiopathy compared to patients with 
peripheral microangiopathy only and patients with peripheral microangiopathy and WHMs. Arrows 
indicate interhemispheric connections and circles represent local hemispheric connections. The dot 
plots to the right shows the association between memory and interhemispheric central and parietal 
functional connectivity. White squares represent patients with peripheral without central microan-
giopathy; light gray squares are patients with peripheral microangiopathy and WMHs; dark gray 
squares depict patients with peripheral microangiopathy and CMBs and black squares show patients 
with peripheral microangiopathy and CMBs and WMHs.

were assessed on the T2-FLAIR sequence, but were not present in this cohort. 
 This central microangiopathy, besides peripheral microangiopathy, leads 
to focally increased functional connectivity and poorer memory performance. 
There was a significant moderate association between this increased functional 
connectivity and the decreased memory scores. Although no causal relations 
can be inferred from this cross-sectional study, the results suggest that central 
microangiopathy increases functional connectivity, which in turn negatively 
affects memory performance. As effective cognition likely relies on dynamic 
functional connectivity, the increased alpha-connectivity might be a sign of 
this dynamics becoming more static,37 leading, in this case, to lower memory 
scores. Earlier, changes in alpha-rhythm have been found to impact memory 
functioning.128,129 It remains to be determined why specifically alpha-connec-
tivity is increased, i.e. hypersynchronisation, by central microangiopathy. This, 
however, was also found in patients with Mild Cognitive Impairment and se-
vere white matter lesions compared to those with low lesion load,130 in mod-
erate Parkinson’s disease,37 and in multiple sclerosis,131 It might be speculated 
that this hypersynchronisation is due to loss of local connections by CMB or 
WMH damage, leading to an increased firing rate of inter-local neurons.132  
 The association between CMBs and peripheral microangiopathy supports 
the hypothesis that microangiopathy is in fact a generalized process,116 which is 
not limited to peripheral structures. A one-on-one relationship between central 
and peripheral microangiopathy might than be expected, but is not found in 
this study. This could have several reasons. First, we used an 1.5T MRI-scanner, 
with a 3T or higher MRI-scanner we might identify more CMBs,133 although 

LC

LP

LO

LT RC

RP

RT

RO

LF RF

0.01 0.02 0.03 0.04 0.05 0.06
-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Functional connectivity central (SL)

M
em

or
y 

(z
-v

al
ue

s)

β = -0.293
P = 0.054

0.02 0.03 0.04 0.05 0.06 0.07 0.08
-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Functional connectivity parietal (SL)
M

em
or

y 
(z

-v
al

ue
s)

β = -0.321
P = 0.033



53 Cerebral Microangiopathy

clinical relevance of, for example, a 7T MRI-scanner remains controversial. 
Second, structural cerebral vessel damage is believed to be preceded by changes 
in vessel functioning. Although not possible in this study, direct measuring 
cerebral microcirculation by Single Photon Emission Computed Tomography 
(SPECT) or MRI Arterial Spin Labelling (MRI-ASL) might identify more ce-
rebral microangiopathy.
 The underlying causes of cerebral microangiopathy in this population can-
not be determined from this study. However, the 5 year longer disease dura-
tion in patients with CMBs and the higher updated HbA1c in patients with 
WMHs suggest involvement of chronic hyperglycemia in central microangi-
opathy etiology. Chronic hyperglycemia results in the formation of Advanced 
Glycation Endproducts, increased oxidative stress, endothelial dysfunction and 
vascular inflammation,134 all which may contribute to the development of cen-
tral vascular damage.25

 Strengths of this study are the relatively large sample of well-phenotyped 
T1DM patients and controls and the combination of various state-of-the-art 
neuroimaging and neurophysiological procedures with an elaborate neuropsy-
chological assessment. Limitations include the difference in age and hyperten-
sion prevalence, which are risk factors for central microangiopathy,117,135 in this 
study. We corrected for age and also systolic blood pressure. Correcting for 
hypertension, which is statistically not proper as controls with hypertension 
were excluded, yielded similar results. Furthermore, due to close monitoring of 
blood pressure in T1DM, hypertension will not remain undetected for years, 
leaving a shorter time-frame for hypertension to induce structural brain dam-
age. In our sample, there does not seem to be a relation between hypertension 
presence and central microangiopathy as for both patients with CMBs and 
WMHs hypertension was not more prevalent compared to their counterparts 
without central microangiopathy (Table 4). A second limitation is that we were 
not able to perform correlation analyses, due to the low number of CMBs in 
this population.
 In conclusion, this study shows that peripheral microangiopathy in T1DM 
is associated with a higher prevalence of central microvascular changes, i.e. an 
increased CMB prevalence. The presence of central microangiopathy coincid-
ed with focal changes in functional connectivity, which in turn correlated with 
poorer memoy performance in this patient group. Longitudinal studies are 
mandatory to enable us to gain insight into the course and (causal) relationship 
of disease-related variables, central microangiopathy and cerebral and cognitive 
derangements during ageing and concomitant progression of T1DM.
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Abstract
Introduction: Hyperglycemia-associated microvascular disease may underlie 
changes in cerebral functioning and cognitive performance in patients with 
type 1 diabetes mellitus (T1DM). Functional connectivity, an indicator of 
functional interactions and information exchange between brain regions, pro-
vides a measure of cerebral functioning. This study addresses functional con-
nectivity and cognition in T1DM patients with and without proliferative reti-
nopathy, relative to healthy controls, using magnetoencephalography (MEG). 

Methods: Fluctuations in magnetic field at scalp for delta, theta, lower and up-
per alpha, beta and lower and upper gamma frequency bands were measured 
using MEG. Synchronization Likelihood, a measure of functional connectiv-
ity, was computed. Using neuropsychological tests, cognitive functioning was 
assessed and its associations with functional connectivity were determined. 

Results: Compared to controls, T1DM patients performed poorer on general 
cognitive ability, information processing speed and motor speed, irrespective of 
their microvascular complication status. Functional connectivity, however, was 
lowest for T1DM patients with retinopathy, as compared to T1DM patients 
without microvascular complications and controls, whereas T1DM patients 
without microvascular complications showed an increase relative to controls. 
Positive associations were found between functional connectivity and executive 
functioning, memory, information processing speed, motor speed and atten-
tion. 

Conclusion: Compared to healthy controls, functional connectivity and cog-
nition differed in T1DM patients irrespective of microvascular complication 
status, indicating that chronic hyperglycemia, amongst other factors, may 
negatively affect brain functioning even before microvascular damage becomes 
manifest. The association found between Synchronization Likelihood and cog-
nition suggest functional connectivity to play a significant role in cognitive 
functioning.
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Introduction
Mild cognitive deterioration and changes in cerebral anatomy have been dem-
onstrated in patients with longstanding type 1 diabetes mellitus (T1DM). 
These cognitive disturbances are limited to slowed information processing 
speed, attentional functioning, and primary motor as well as psychomotor 
speed.6,8,21 Using structural magnetic resonance imaging (MRI), reductions in 
cerebral gray and white matter volume in T1DM compared to healthy con-
trols were reported.11,12,14 To measure important functional changes, electroen-
cephalography can be used. In children with T1DM, increases in slow (delta 
and theta) activity, decreases in fast (alpha, beta and gamma frequency bands) 
activity and a reduction in alpha peak frequency were found. These functional 
cerebral changes were correlated with both poor glycemic control and more 
episodes of severe hypoglycemia.61 Compared to healthy controls there was a 
loss of fast activity in well-controlled T1DM adults.47 These changes, however, 
were unrelated to a history of severe hypoglycemic events. Although the under-
lying neuropathological and biological substrates are as yet undefined, there is 
evidence that chronic hyperglycemia, leading to microangiopathy in the brain, 
may be the main cause of these cerebral complications.8,11,12,23

 A relatively novel and more advanced approach to measuring brain activity 
is magnetoencephalography (MEG). MEG measures fluctuations of magnetic 
fields of the brain at the scalp. MEG has been widely used in the study of func-
tional changes associated with neurological disorders including Alzheimer’s 
disease,38 Parkinson’s disease,37 brain tumors,39 and in metabolic disorders like 
obesity,136,137 and hepatic encephalopathy.138 
 With MEG data, functional connectivity can be calculated. This refers to 
the assumption that correlations between time series of neural activity recorded 
from different brain regions reflect functional interactions and information 
exchange between these regions.62,139 Differences in functional connectivity in-
dicate a different way of communication between brain areas. Functional con-
nectivity has been thought to be a core component of cognitive functioning, 
as most cognitive functions highly depend on interactions between distinct ce-
rebral regions rather than on single brain regions or structures. Following this 
line of thought, functional connectivity may, at least in part, explain cognitive 
functioning, and changes in functional connectivity might account for cogni-
tive deterioration.18

 In this study, MEG functional connectivity relative to healthy controls 
was investigated in a group of T1DM patients with proliferative retinopathy, 
as a marker of hyperglycemia and a group of T1DM patients without micro-
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vascular complications. Furthermore, neurocognitive functioning and its as-
sociation with functional connectivity was assessed. Based on earlier studies,9,23 
we expected T1DM patients with proliferative retinopathy to show cognitive 
deterioration and lower functional connectivity compared to healthy controls 
and T1DM patients without microvascular complications.

Methods
Participants
Fifteen T1DM patients with proliferative retinopathy, an indicator of micro-
angiopathy due to chronic hyperglycemia, 29 T1DM patients without mani-
fest microvascular complications and 26 healthy controls, matched for gender 
and education level, enrolled in this study. Participants were recruited from 
the departments of Endocrinology and Ophthalmology of the VU University 
Medical Center, Amsterdam (50 patients), the department of Internal Medi-
cine, Groene Hart Hospital, Gouda (10 patients), the Netherlands and by ad-
vertisements in diabetes magazines and a national newspaper (10 patients). 
 Inclusion criteria were age range 18 – 56 years, right-handedness; for 
T1DM patients, a disease duration of at least 10 years, proliferative retinopa-
thy as described below, or no signs of microvascular complications. Mastery 
of the Dutch language was required for all participants. Participants were ex-
cluded if they had a body mass index (BMI) >35 kg/m2, current use of drugs 
affecting cerebral functioning, alcohol abuse (more than 20 gram of alcohol 
per day), psychiatric disorders, anemia, thyroid dysfunction, use of glucocorti-
coids, hepatitis, stroke, severe head trauma, epilepsy, pregnancy, or poor visual 
acuity below 0.3. Fundus photography (Topcon NW 100, Capelle aan den IJs-
sel, the Netherlands) was performed to screen for retinopathy. For each eye one 
photograph with the macula in the center and one with the optic disc in the 
center was taken. Photographs were rated by an experienced ophthalmologist 
according to the EURODIAB classification.121 Only those participants with 
either an EURODIAB classification score of 0 (no retinopathy) or of 4 or 
5 (proliferative retinopathy or lasercoagulation) were included in this study. 
Twenty-four hour urine collections were performed to assess albumin-to-cre-
atinine ratio (ACR). The presence of peripheral neuropathy was ascertained 
by the physician. Patients in the group without complications had normoal-
buminuria (ACR <2.5 mg/mmol in men and <3.5 mg/mmol in women) and 
no neuropathy. Patients with complications were allowed to have microalbu-
minuria and/or peripheral neuropathy. Hypertension was defined as a systolic 
blood pressure of 140 mmHg or above, a diastolic blood pressure of 90 mmHg 
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or above, or the use of antihypertensive drugs.
  The study protocol was approved by the Medical Ethics Committee of the 
VU University Medical Center and written informed consent was obtained 
from all participants.

Study design
Before eligible participants received written information on the study their 
medical records were screened using the aforementioned criteria. Those willing 
to participate were additionally interviewed over the telephone, to collect back-
ground information, including educational level, using a Dutch scoring system 
ranging from 1 to 8. One indicates unfinished primary school and 8 indicates a 
completed university study at masters level. As depression may affect cognitive 
performance, depressive symptoms were assessed using the Center for Epide-
miological Studies scale for Depression (CES-D). Eligible participants were 
invited for the first visit. During this visit, which took place in the afternoon, 
fundus photography was performed, blood samples were collected and MEG 
recording was performed. Approximately six weeks after the first visit partici-
pants returned for neuropsychological assessment during a morning visit. All 
visits took place at the VU University Medical Center. 
 To rule out confounding as a result of extreme blood glucose levels, they 
were checked in the T1DM participants before the start of the neuropsycho-
logical assessment and MEG recording and had to be between 4 and 15 mmol/l 
(72 – 270 mg/dl). In case of hypoglycemia, participants were instructed to eat 
20 grams of carbohydrates. In case of hyperglycemia, patients were instructed 
to inject 2 units of the participants’ current rapid acting insulin analogue when 
blood glucose levels were between 15 and 20 mmol/l (270 – 362 mg/dl) and 
4 units when glucose levels exceeded 20 mmol/l (362 mg/dl). Glycemic sta-
tus  was evaluated after 30 minutes. If hyperglycemia (i.e. blood glucose >15 
mmol/l) would persist, participants were instructed to inject another 2 units 
of insulin; if hypoglycemia would persist participant additionally had to eat 
20 grams of carbohydrates. Two participants with complications were hyper-
glycemic before start of the neuropsychological assessment, and one before 
MEG-acquisition. One patient without complications indicated symptoms of 
hypoglycemia during neuropsychological testing. Proper glycemic status was 
restored for all patients after the first step of the above mentioned protocol. 
Data of the one participant who experienced hypoglycemia symptoms during 
neuropsychological testing was included in all analyses, as this did not change 
analysis outcomes. 
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Neuropsychological assessment
Based on earlier T1DM cognitive research,11,57 as well as clinical neuropsycho-
logical practice,140 a battery of cognitive tests was chosen to measure potential 
differences in 5 major cognitive domains: memory, information processing speed, 
executive functions, attention and motor speed. Domains were based on an earlier 
principal component analysis using varimax rotation with Kaiser normaliza-
tion in a large group of healthy subjects and adjusted according to earlier re-
search.11,57,141

 The domain ‘memory’ was assessed by the Dutch version of the Rey Audi-
tory Verbal Learning Test (RALVT),142 Wechsler Adult Intelligence Scale – 3rd 
edition revised (WAIS-III-R) Digit Span forward and backward,143 and the 
WAIS-III-R Symbol Substitution Incidental Learning Test.143 The domain ‘in-
formation processing speed’ was created using the WAIS-III-R Symbol Substi-
tution Test,143 the Stroop Color-Word Test parts 1 and 2,144 the Concept Shift-
ing Task (CST) parts A and B,145 the Simple Auditory and Verbal Reaction 
Time Tests,146 and the Computerized Visual Searching Task (CVST).146 As-
sessment of the domain ‘executive functions’ was conducted using the Stroop 
Color-Word Test part 3,144 the CST part C,145 the D2-test total errors,147 the 
Wisconsin Cart Sorting Test,148 and the Category Word Fluency Task.149 The 
domain ‘attention’ was assessed using the D2-test range, total correct answers 
and total span.147 The domain ‘motor speed’ consisted of the Tapping Test,146 
and the CST part zero, administered 3 times,145 General cognitive ability was 
constructed by averaging the above mentioned 5 domains.
 To enhance comparability and allow construction of these domains, z-
scores for every test were created based on the mean and standard deviation of 
the healthy control group. Higher z-scores indicate better performance. 

Magnetoencephalography
MEG data was obtained using a 151-channel whole head MEG system (CTF 
systems; Port Coquitlam, British Columbia, Canada), while participants were 
in a supine position in a magnetically shielded room (Vacuumschmelze GmbH, 
Hanau, Germany). A third-order software gradient was used with a recording 
passband of 0.25 – 125 Hertz (Hz) and a sample frequency of 625 Hz.150 Par-
ticipants had to be free of any metal materials. Magnetic fields were recorded 
for 2 minutes in an eyes-open, 5 minutes in an eyes-closed, 10 minutes in a 
task and then 3 minutes in another eyes-closed condition. Total acquisition 
time was 20 minutes. At the beginning, middle and end of each recording, the 
head position relative to the coordinate system of the helmet was determined 
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by leading small alternating currents through three head position coils attached 
to the left and right preauricular points and the nasion on the subjects head. 
Changes in head position of approximately 1.5 cm during a recording condi-
tion were accepted. If head position changed more than 1.5 cm recordings had 
to be repeated. This did not happen in this protocol.

Functional connectivity (Synchronization Likelihood)
From the acquired MEG data information about functional connectivity was 
calculated by means of  a mathematical construct, the Synchronization Like-
lihood (SL). For a technical description of SL see Stam and van Dijk,41 and 
Montez, et al.126 In short, interactions between two neural networks, for in-
stance the frontal (X) and temporal (Y) networks, are of interest. MEG data 
is recorded for all sensors surrounding the head, including those in the frontal 
and temporal areas. These signals represent the time-series xi and yi from the 
frontal (X) and temporal (Y) areas (Figure 1). It is assumed that X and Y more 
strongly interact when xi and yi more ´resemble´ each other (square with con-
tinuous line in Figure 1). It has been shown, however, that X and Y can also in-
teract when xi and yi do not ´resemble´ each other (square with the dashed line 
in Figure 1). This is called generalized synchronization and can be quantified 
by computing SL. Parameter settings used for computation of SL are based on 
the frequency content of the data (for parameter settings see Montez, et al.).126 
SL can range from Pref (low synchronization) to 1 (complete synchronization). 
Pref is a value close to zero (zero indicates no synchronization, which is not 
possible) and was set on 0.01 for all frequency bands.

Figure 1. Example of time se-
ries of the frontal and temporal 
network. The square with the 
continuous line indicates a time 
series showing high ‘resem-
blance’ between both networks. 
The square with the dashed line 
is an example of a time series 
showing low ‘resemblance’.

Network X (frontal)

Network Y (temporal)
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Data analysis
For this analysis, 141 of the 151 channels were used. Ten channels were de-
leted as their signals were distorted in some participants. This had no influence 
on the calculations. Offline, recordings of the first eyes-closed condition were 
transformed into ASCII-files and imported into the DIGEEGXP software 
(C.J. Stam, VU University Medical Center, Amsterdam, the Netherlands). For 
each participant 5 artifact-free epochs (6,25 seconds) of 4096 samples were 
selected by two authors. Total data used was 31.25 seconds. With DIGEEGXP 
Synchronization Likelihood (SL) was calculated.41 SL was calculated between 
signals recorded at all possible sensor pairs for delta (0.5 – 4 Hz), theta (4 – 8 
Hz), lower alpha (8 – 10 Hz), upper alpha (10 – 13 Hz), beta (13 – 30 Hz), 
lower gamma (30 – 45 Hz) and upper gamma (55 – 80 Hz) frequency bands. 
 Subsequently, MEG sensors were clustered according to their anatomi-
cal location, respectively right and left frontal, central, parietal, temporal and 
occipital. Average SL-values were then obtained for short distance, intrahemi-
spheric long distance and interhemispheric long distance groups. Short dis-
tance group consisted of 10 areas, left and right hemisphere central, frontal, 
parietal, occipital and temporal regions. For each of these ten areas, the SL 
between all possible pairs of sensors belonging to that area was averaged. This 
resulted in ten, local ‘short distance’ SL values. Average SL for long distances 
was obtained by averaging all pair-wise SL values of sensors belonging to two 
different areas. Intrahemispheric long distance group consisted of 8 pairs, left 
and right hemisphere fronto-parietal, fronto-temporal, parieto-occipital and 
temporo-occipital. Interhemispheric long distance group consisted of 5 pairs, 
left to right hemisphere central, parietal, temporal, occipital and frontal.39,136 
See Figure 2 for anatomical locations. Now, SL resembles the likelihood that 
the data obtained from all sensors in the above defined short distance and long 
distance groups are synchronized.

Statistical analysis
Differences between groups for demographical and medical variables were cal-
culated using Students t-test for independent samples or One-Way ANOVA 
with Tukey post hoc test (for continuous variables) and chi-square test (for 
categorical variables). 
 To determine group differences in neuropsychological performance MAN-
COVA was used with all cognitive domains as dependent variables and group 
as independent variable. In case of a group difference on a domain, post-hoc 
MANCOVA was used to determine which groups differed.
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Figure 2. Schematic brain, with left and right frontal, central, parietal, occipital and temporal areas 
indicated as abbreviations. Left picture represents the 8 long distance intrahemispheric pathways. The 
middle picture represents the 5 long distance interhemispheric pathways. The right head represents 
the 10 short distance local hemispheric pathways.

SL data was normalized by means of a transformation LN10(x/[1-x]),127 to al
low the use of parametric statistical tests. To minimize statistical tests, for each 
MEG frequency band ANCOVA with repeated measures was used to deter-
mine group differences. For each frequency band 3 ANCOVAs with repeated 
measures were performed for intra, inter and local hemispheric connections. 
Repeated measures for intrahemispheric connections consisted of the 8 above 
mentioned levels, interhemispheric connections of 5 levels and local hemi-
spheric connections of 10 levels. In case of significant interaction (P-values of 
Greenhouse-Geisser correction for degrees of freedom) or main effects of group 
with frequency band, post-hoc MANCOVA analysis was used to determine 
effects of group and spatial location. To determine associations between cogni-
tive functioning and SL, a procedure proposed by Stoffers et al. and used in 
other MEG research was implemented.37,39 To reduce multiple comparisons, 
cognitive domains were added as covariates to the above mentioned ANCOVA 
with repeated measures method. Effects of group on changing cognitive do-
mains and MEG regions were determined using MANCOVA tests. Positive or 
negative associations were further calculated using regression analysis.
 To correct for possible confounding influences all statistical tests were cor-
rected for age, gender, hypertension, neuropathy, body mass index, education 
level and depressive symptoms.
 Partial eta squared (η2) is reported as a proportion of the total variance 
explained of the determinant by the independent factor corrected for the used 
covariates. All statistical analyses were performed using SPSS for Windows ver-
sion 15.0 (SPSS, Chicago, IL, United States). 
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Results
Participant characteristics
Table 1 summarizes group characteristics. The control group was significantly 
younger than the patients with complications and had a significantly lower 
mean score of depressive symptoms. As expected, T1DM participants had a 
higher HbA1c as compared to controls. Those with microvascular complica-
tions had a significantly lower age of disease onset and longer disease duration. 

Table 1. Demographic and anthropomorphic variables.

T1DM with 
microangiopathy 

T1DM without 
microangiopathy 

Controls P-value

N 15 29 26 -

Age (years) 44.2 ± 6.74 39.0 ± 8.76 36.7 ± 10.5 0.046
Gender (men/women) 6/9 16/13 16/10 0.950
Education levela 5.5 ± 2.1 5.7 ± 1.85 5.6 ± 1.45 0.953
Estimated IQb 110.7 ± 10.44 105.3 ± 12.57 107.4 ± 11.67 0.366
HbA1c (%) 7.7 ± 0.81 7.8 ± 0.91 5.4 ± 0.24 <0.001
Depressive symptomsc 11.3 ± 9.04 7.5 ± 6.46 5.4 ± 0.96 0.027
Major depression (%)d 3 (20) 2 (7) 1 (4) 0.203
BMI (kg/m2) 25.6 ± 5.89 24.8 ± 3.27 25.2 ± 3.95 0.853
Hypertension (%)e 10 (67) 9 (31) - 0.030
Diabetes onset age (years) 9.7 ± 4.62 19.2 ± 10.03 - <0.001
Diabetes duration (years) 34.5 ± 6.75 19.8 ± 8.86 - <0.001
Diabetes early onset (%)f 3 (20) 3 (10) - 0.394
Severe hypoglycemiag 7.0 ± 7.76 4.8 ± 10.73 - 0.478
BG MEG (mmol/l) 9.9 ± 3.81 9.0 ± 4.74 - 0.549
BG NPA (mmol/l)h 9.7 ± 4.41 9.0 ± 4.23 - 0.656
Insulin units per day 50.3 ± 20.12 56.3 ± 20.01 - 0.361
Neuropathy (%)i 8 (53) - - -
Microalbuminuria (%)j 2 (13) - - -

Values are means ± standard deviation, or absolute numbers with percentages between parentheses. 
BMI: body mass index; BG: blood glucose level. a Education level measured with a Dutch scoring sys-
tem from 1 (unfinished primary school) to 8 (finished university); b Measured with the Dutch version 
of the National Adult Reading Test; c Depressive symptoms measured using the Center for Epidemio-
logical Studies scale for Depression; d Risk of major depression was defined as a CES-D score of 16 
or above; e Hypertension was defined as a systolic blood pressure of >140 mmHg , a diastolic blood 
pressure of >90 mmHg, or use of antihypertensive drugs; f Early disease onset is defined as onset 
below 7 years of age; g Averaged amount of self-reported severe hypoglycemic events per individual; 
h Neuropsychological assessment; i Neuropathy was based on physicians report. j Nephropathy was 
based on a 24-hour urine sample and defined as an albumin-to-creatinine ratio >2.5 mg/mmol for 
men and >3.5 mg/mmol for women.
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Neuropsychological assessment
Compared to controls, both patient groups had a significantly lower infor-
mation processing speed (with complications: P=0.003, η2=0.242; without 
complications: P=0.009, η2=0.135), and motor speed (with complications: 
P<0.001, η2=0.311; without complications: P=0.014, η2=0.122), as well as 
general cognitive ability (with complications: P=0.007, η2=0.198; without 
complications: P=0.004, η2=0.165). There were no statistically significant dif-
ferences between the patient groups. The z-scores are displayed in Figure 3.

Figure 3. Bar chart of all cognitive domains. The x-axis represents healthy controls. Gray bars indi-
cate patients without and black bars indicate patients with microvascular complications. a indicates 
significant decrements for patient with complications; b denotes a significant lower performance for 
patient without complications compared to healthy controls.

Functional connectivity
MEG results are shown in Table 2 (with P-values and η2) and visually repre-
sented in Figure 4. First, repeated measures ANCOVA was performed for all 
frequency bands. Significant interaction effects with group were found for the 
theta band local (P=0.001), lower alpha band local (P=0.004), upper alpha 
band local (P=0.008), beta band interhemispheric (P=0.043) and beta band 
local (P=0.020). Significant main effects of group were found for the lower 
alpha band intrahemispheric (P=0.028), lower alpha band local hemispheric 
(P=0.005) and upper alpha band local (P=0.042). Post-hoc MANCOVA anal-
ysis revealed significantly higher SL in the lower alpha right parieto-occipital 
pathway for the patients without complications compared to the healthy con-
trols (Figure 4). Comparing patients with complicated T1DM to controls re-
vealed significantly lower SL in the theta and lower alpha left and right central 
and parietal areas, in the upper alpha left frontal and right frontal, central and 
parietal areas, and in the beta inter-parietal, left parietal and right central and 
parietal areas. Comparisons of both patient groups yielded lower SL scores for 
patients with complications in the theta left and right central and parietal areas, 
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Table 2. Raw SL-values for significant group differences. P-value and η2 (percentage of total 
variance explained by the determinant) are given.

T1DM with 
microangiopathy

T1DM without 
microangiopathy

Controls P-value η2

θ

-lC 0.100 ± 0.016 0.113 ± 0.013 - 0.010 0.171
0.100 ± 0.016 - 0.114 ± 0.017 0.003 0.237

-lP 0.182 ± 0.026 0.215 ± 0.034 - 0.008 0.182
0.182 ± 0.026 - 0.214 ± 0.032 0.001 0.270

-rC 0.088 ± 0.009 0.100 ± 0.013 - 0.014 0.158
0.088 ± 0.009 - 0.105 ± 0.018 0.003 0.243

-rP 0.147 ± 0.018 0.167 ± 0.022 - 0.015 0.153
0.147 ± 0.018 - 0.169 ± 0.025 0.001 0.273

Lower α
-lFT 0.031 ± 0.008 0.033 ± 0.010 - 0.042 0.110
-lPO 0.041 ± 0.010 0.047 ± 0.013 - 0.018 0.147
-lF 0.109 ± 0.026 0.118 ± 0.020 - 0.039 0.113
-lC 0.104 ± 0.019 0.124 ± 0.023 - 0.001 0.249

0.104 ± 0.019 - 0.118 ± 0.020 0.027 0.140
-lP 0.192 ± 0.040 0.234 ± 0.045 - 0.003 0.218

0.192 ± 0.040 - 0.226 ± 0.040 0.031 0.133
-rPO 0.037 ± 0.006 0.048 ± 0.018 - 0.004 0.209

- 0.048 ± 0.018 0.040 ± 0.018 0.034 0.093
-rTO 0.028 ± 0.007 0.029 ± 0.005 - 0.050 0.102
-rC 0.091 ± 0.013 0.108 ± 0.018 - 0.005 0.196

0.091 ± 0.013 - 0.109 ± 0.019 0.005 0.211
-rP 0.152 ± 0.026 0.187 ± 0.036 - 0.002 0.230

0.152 ± 0.026 - 0.180 ± 0.033 0.005 0.212
Upper α
-lF 0.100 ± 0.164 - 0.112 ± 0.025 0.034 0.129
-lP 0.192 ± 0.048 0.218 ± 0.038 - 0.038 0.114
-rF 0.117 ± 0.017 - 0.133 ± 0.020 0.011 0.179
-rC 0.089 ± 0.012 0.099 ± 0.013 - 0.035 0.118

0.089 ± 0.012 - 0.102 ± 0.016 0.023 0.179
-rP 0.153 ± 0.027 0.177 ± 0.026 - 0.012 0.162

0.153 ± 0.027 - 0.176 ± 0.020 0.004 0.227
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β

-iP 0.031 ± 0.012 - 0.036 ± 0.009 0.025 0.025
-lP 0.174 ± 0.034 - 0.199 ± 0.030 0.027 0.139
-rC 0.082 ± 0.011 - 0.090 ± 0.011 0.016 0.165
-rP 0.142 ± 0.025 0.157 ± 0.024 - 0.043 0.109

0.142 ± 0.025 - 0.158 ± 0.021 0.016 0.163

Data are given as mean SL-values per group ± standard deviation. l/r/i: left/right/interhemispheric; 
C: central; P: parietal; F: frontal; FT: fronto-parietal; PO: parieto-occipital; TO: temporo-occipital.

Figure 4. Schematic brain with between group differences in Synchronization Likelihood per fre-
quency band. A: patients with microangiopathy compared to those without microangiopathy; B: 
patients with microangiopathy relative to controls; C: patients without microangiopathy versus con-
trols. Black and gray indicate lower SL, gray dashed arrows indicates higher SL. Gray circles indicate 
lower short distance local hemispheric differences with P<0.05; black circles indicate lower short 
distance local hemispheric differences with P<0.01; gray arrows indicate either lower long distance 
intra- or interhemispheric differences with P<0.05; black arrows indicate either lower long distance 
intra- or interhemispheric differences with P<0.01; light gray dashed arrow indicates higher long 
distance intrahemispheric differences with P<0.05.
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in the lower alpha band left fronto-temporal, left parieto-occipital, right pari-
eto-occipital and right temporo-occipital pathways, in the left frontal and left 
and right central and parietal areas, upper alpha left parietal and right central 
and parietal areas and in the beta right parietal area. Anatomical locations are 
illustrated in Figure 2.
 To summarize, patients with complications showed lower SL in both lower 
and higher frequency bands compared to both patient without complications 
patients and controls. Patients with uncomplicated T1DM showed increased 
SL in the lower alpha band compared to controls. No statistically significant 
differences were found when the combined patient groups were compared to 
healthy controls. On the contrary, a significant difference in the delta intra-
hemispheric region was observed (Table 1A and 1B in Appendix 1).

Correlation between functional connectivity and cognitive performance
To test for associations between functional connectivity in different MEG 
frequency bands and cognition, MEG statistics were repeated with cognitive 
domains added as additional covariates for both T1DM groups. In patients 
with microangiopathy significant associations were found between the domain 
of executive functions and delta intrahemispheric (P=0.041), delta interhemi-
spheric (P=0.008) and delta local (P=0.043) frequency band. Furthermore, 
delta interhemispheric was related to the domains of memory (P=0.030), in-
formation processing speed (P=0.040) and motor speed (P=0.014). The lower 
gamma local frequency band was related to attention (P=0.047). For executive 
functions only, significant relations with anatomical areas were found. 
 In patients without microangiopathy significant relation were found be-
tween attention and delta intrahemispheric (P=0.048), upper gamma intra-
hemispheric (P=0.013) and interhemispheric (P=0.043). Motor speed was 
associated with delta local (P=0.028) and theta local (P=0.036). Lastly, beta 
intrahemispheric was associated with information processing speed (P=0.040). 
Subsequently, regression analysis was used to determine positive or negative 
relations between SL and cognition. In both groups an increase in SL was as-
sociated with better performance on the related domains. Table 3 summarizes 
MANCOVA and regression tests.

Discussion
This is, to the best of our knowledge, the first study using MEG to assess func-
tional brain connectivity in T1DM. We showed that, compared to gender- and 
education-matched patients without complications and controls, those patients 
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with microangiopathy had decreased functional connectivity. This decrease was 
most profound in the left and right central and parietal areas in the theta, lower 
and upper alpha and beta frequency band. Moreover, some intra and inter-
hemispheric differences were found in the lower alpha and beta band. In con-
trast, an increase in functional connectivity was found in the lower alpha band 
when comparing the patients with uncomplicated T1DM to controls. Several 
frequency bands were positively related to cognitive domains, indicating these 
domains to be dependent of functional connectivity. On cognitive assessment, 
T1DM patients with and those without proliferative retinopathy performed 
significantly poorer on information processing speed, motor speed and general 
cognitive ability. These deficits are in line with previous research.6,8,50 Results 
are in line with the hypothesis that patients with complications show cognitive 
and cerebral changes. Changes found in those without complications were, 
however, not hypothesized. When both patient groups were pooled and com-
pared to controls, cognitive results did not change, however, all differences in 
MEG measurements, but those in the delta intra-hemispheric band, lost statis-
tical significance (Table 1A and 1B in appendix 1).This indicates that patients 
without microangiopathy largely resemble the controls regarding functional 
connectivity.
 Given the novelty of the technique used, caution is required when it comes 
to the interpretation of our connectivity findings. As there is currently only one 
study available, that uses our method in metabolic disease, it may be difficult 
to put the current findings into a broader perspective. In female obese ado-
lescents significant increases in functional connectivity in delta and beta fre-
quency bands were found,136 possibly due to an increase in white matter, which 
has been reported in MRI studies of obese adolescents. This is contrary to the 
decrease we found in our group. In contrast, in multiple sclerosis a decrease in 
functional connectivity was reported.151 This might be related to a loss of white 
matter, one of the core features of the disease. Following this line of reasoning, 
our results for the patients with complicated T1DM could be a consequence 
of white matter loss, as has been found earlier in these patients as compared 
to their counterparts without microangiopathy and healthy controls.11 Con-
versely, the increase in functional connectivity in patients without complica-
tions might reflect a compensatory mechanism, which fails in those with com-
plications. Due to large inter-individual differences in cognitive performance, 
this compensation was not observed in cognitive functioning. Therefore, larger 
samples are needed to enable the detection of significant differences between 
both patient groups. Importantly, we found a significant positive relationship
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Table 3. Associations between cognition and MEG frequencies for both patient groups.

T1DM with microangiopathy
Frequency band Cognitive domain P-value η2 β
δ

-rFT Executive functions 0.039 0.478 0.205
-rTO Executive functions 0.048 0.450 0.384
-iF Executive functions 0.037 0.486 0.421
-rF Executive functions 0.029 0.559 0.498
-rO Executive functions 0.034 0.498 0.550
-rT Executive functions 0.020 0.560 0.453

T1DM without microangiopathy
Frequency band Cognitive domain P-value η2 β

δ

-lC Motor speed <0.001 0.502 0.662
-lP Motor speed 0.005 0.338 0.517
θ

-lC Motor speed 0.001 0.413 0.596
-lF Motor speed <0.001 0.502 0.736
-lP Motor speed 0.038 0.198 0.391
-rP Motor speed 0.030 0.215 0.414
β

-lFT Information processing speed 0.016 0.257 0.504
Upper γ
-rFT Attention 0.036 0.202 0.398
-rPO Attention 0.034 0.205 0.412
-rTO Attention 0.048 0.182 0.393

l/r/i: left/right/interhemispheric; C: central; P: parietal; F: frontal; O: occipital; T: temporal; FT: 
fronto-temporal; TO: temporo-occipital; PO: parieto-occipital.

  
between cognitive functioning and functional connectivity, suggesting changes 
in functional connectivity are involved in cognitive dysfunction in T1DM pa-
tients. 
 Our data support the hypothesis that cerebral changes are related to the 
presence of microvascular complications. However, we also found indications  
that cerebral and cognitive changes may be present before microvascular com-
plications become apparent. It could be hypothesized that chronic hyperglyce-
mia, even in the absence of clinically detectable microvascular complications, 
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can negatively affect cognitive functioning and cerebral communication. It is 
known that hyperglycemia as such leads to a cascade of changes, including 
increases in formation of reactive oxygen species (ROS) and Advanced Glyca-
tion Endproducts (AGEs),3,152 as well as activation of the hypothalamic-pitu-
itary-adrenal (HPA) axis,89 which could have an effect on the brain. Effects 
of hypoglycemia, particularly of asymptomatic hypoglycemic episodes due 
to hypoglycemia unawareness, cannot be completely ruled out as a contribu-
tor. Subsequently, we corrected for severe hypoglycemic events. This did not 
change the results (Table 2A, 2B and 2C in appendix 1).
 Another possible contributor to the altered functional connectivity and 
cognitive functions observed in T1DM patients may be cerebrovascular i.e. 
macrovascular disease, the subclinical form of which can be estimated by ul-
trasound measurements of the carotid intima media thickness (cIMT), which 
is known to be increased in asymptomatic T1DM patients, relative to their 
non-diabetic peers.27 Furthermore, early diabetes onset, defined as disease on-
set prior to 7 years of age, has been previous shown to negatively affect intel-
lectual and cognitive performance and cerebral structure.16,52  

 Some limitations of this study should be mentioned. First, MEG provides 
a high temporal resolution. Unfortunately, the spatial resolution is lower. For 
a higher spatial resolution, functional magnetic resonance imaging is currently 
the method of choice. Furthermore, the cognitive tests chosen had the highest 
sensitivity to detect cognitive changes. However, these tests may not be suf-
ficiently sensitive to detect very subtle changes in T1DM associated cognitive 
decline. Second, age of disease onset and subsequently disease duration differ 
between the patient groups. Although the percentages of early disease onset do 
not statistically differ between groups, for the those patients with microangi-
opathy age of onset reflects childhood and early adolescence, whereas for the 
those without complications it reflects late adolescence and early adulthood. 
In a subsequent analysis we compared both patient groups, additionally cor-
recting for age of diabetes onset and diabetes duration (see Table 3A, 3B and 
3C in appendix 1). Taking into account the risk of emerging power problems 
when adding 2 more covariates to this small sample, these adjustments did not 
essentially change the conclusions regarding cognitive functioning and func-
tional connectivity. Disease duration might be less of a confounder here as the 
patients with uncomplicated T1DM had an average disease duration of almost 
20 years, which is sufficient for complications to develop. 
 As stated before, an increase in functional connectivity was found for the 
lower alpha band  in those without complicated T1DM. Although the pos-
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sibility of a statistical aberration cannot be completely ruled out, SL tended to 
be higher for 20 out of the 23 anatomical locations of the lower alpha band 
in these patients as compared to controls (Table 4 in appendix 1). Moreover, 
we additionally repeated the post-hoc MANCOVA for the lower alpha band 
correcting for multiple comparisons. This did not change the statistical signifi-
cance of the parieto-occipital pathway. Thus, these findings suggest that the 
significant increase detected is valid. As both age and depressive symptoms dif-
fered between groups, we statistically corrected for both variables in all analy-
ses. Table 5 (Appendix 1) summarizes the relation between age and depressive 
symptoms and cognitive and MEG variables. Third, HbA1c values over the 
time period preceding MEG recording and neuropsychological assessment un-
fortunately were not available. 
 In conclusion, this study showed that changes in functional brain con-
nectivity and cognitive functions exist in T1DM patients with and without 
microvascular complications. Furthermore, interactions between functional 
connectivity and cognitive domains have been demonstrated. Whether these 
abnormalities have clinical implications remains to be determined. Longitudi-
nal research in larger samples is required to determine the predictive clinical 
value of our findings for the progression of cognitive deterioration in T1DM 
patients as well as its potential to serve as clinical outcome parameter.
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Abstract
Introduction: Cognitive functioning depends on intact brain networks that 
can be assessed with functional magnetic resonance imaging (fMRI) tech-
niques. Reduced mental efficiency is common in patients with type 1 diabetes 
(T1DM), particularly if clinical microangiopathy is present. We tested the hy-
pothesis that cognitive decrements are associated with alterations in resting-
state neural connectivity, and that these changes vary according to the degree 
of microangiopathy.
 
Methods: T1DM patients with (n=49) and without (n=52) microangiopathy 
were compared to 48 healthy controls. All completed a neuropsychological 
assessment and fMRI. Networks were identified using multi-subject indepen-
dent component analysis (ICA); specific group differences within each network 
were analyzed using the “dual-regression” method, corrected for confounding 
factors and multiple comparisons.

Results: ICA resulted in 10 commonly found networks of interest. T1DM pa-
tients without microangiopathy versus controls showed increased connectivity 
in networks involved in motor and visual processes. Patients with microangi-
opathy compared to the other groups showed decreased connectivity in net-
works involving attention, working memory, auditory and language, motor 
and visual processes. Both better information processing speed and general 
cognitive ability were related to increased degree of connectivity.

Conclusion: T1DM is associated with a functional reorganization of neural 
networks that varies, dependent on the presence or absence of microangiopa-
thy. We propose that the increased connectivity observed in patients without 
microangiopathy may be regarded as an initial compensatory mechanism to 
maintain cognitive performance, whereas, as diabetes progresses, functional 
networks are disrupted with concomitant decline in cognitive functioning.
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Introduction
Type 1 diabetes (T1DM) is associated with an increased risk of cognitive decre-
ments, particularly in the domains of verbal intelligence, attention, executive 
function, and mental speed.6,54 While subtle alterations have been documented 
using extensive neuropsychological testing already within 2 years of diagno-
sis,153 these become more prominent as diabetes progresses and patients have 
developed microvascular complications.9,10 These cognitive changes have been 
associated with alterations in brain structure.12,14,66 Cognitive performance is 
known to be mediated by multiple interacting brain circuits, and their con-
nections.18 The integrity of this circuitry is inferred by the degree of ‘functional 
connectivity’, which is based on the concept that inter-correlations between 
clusters of neural activity, recorded from different brain regions, reflect func-
tional interactions (i.e. the exchange of information) between these regions.36,62 
 One method to map functional connectivity is by using magnetoencepha-
lography (MEG). We previously showed that in the resting state, functional 
connectivity is decreased in patients with microangiopathy versus controls, 
whereas it tended to increase in one frequency band in patients without com-
plications.60 Moreover, functional connectivity, as measured by MEG, was 
correlated with impaired performance in those cognitive domains  that are 
reportedly most often affected in T1DM patients, i.e. attention, executive 
functioning, and speed of information processing. However, since MEG has a 
low spatial resolution, it is difficult to accurately determine which brain regions 
are specifically involved in the functional connections that are correlated with 
cognitive functions.
 Functional magnetic resonance imaging (fMRI) has emerged as another 
methods to evaluate functional connectivity. Contrary to MEG, fMRI has a 
high spatial resolution and is, therefore, suited to identify those brain regions 
with altered functional connectivity. Additionally, MEG provides a more gen-
eral measure of functional connectivity within the brain over time, whereas 
fMRI identifies different distinct neuronal networks over time. 
 Functional MRI can be performed during rest, or during a task. In the 
resting state, spontaneous low frequency fluctuations in the Blood Oxygen-
ation Level Dependent (BOLD) signal occur in the brain. These fluctuations 
have been shown to possess strong temporal coherence, and are termed neu-
ronal circuits.42 Resting-state fMRI enables to differentiate neuronal circuits 
independent of specific cognitive functions and task paradigms.  
 These circuits can be identified using Independent Component Analysis 
(ICA). This is a data-driven, reference-free method which decomposes the ac-
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quired fMRI time-course into different statistically independent time-courses, 
and accordingly creates spatial maps for these time-courses.154 Examples of 
neuronal networks identified by this technique include the default mode, sen-
sorimotor, dorsal and ventral attention, frontal, auditory and language process-
ing, primary and secondary visual, and left and right frontoparietal networks.155 
The names of these networks are mostly derived from the functions the specific 
brain areas are thought to represent, and are not based on their actual correla-
tion with cognitive functions or behavioral measures. The existence of these 
networks has been consistently verified across conditions, including normal 
aging, Mild Cognitive Impairment and Alzheimer’s disease,156-158 multiple scle-
rosis,159 and depression.160 With ICA it is not possible to compare, between 
groups, differences in connectivity in specific regions of a specific network. 
Instead one can only conduct an overall network comparison. Recent advances 
in analysis techniques now provide the opportunity to analyze connectivity 
differences within networks and between groups, using a back-reconstruction 
technique called “dual-regression”.42

 At present, spatial localization of functional connectivity changes, using 
fMRI has not as yet been assessed in T1DM. Therefore, to assess whether neu-
ronal circuits are changed, and if so in which anatomical areas, we performed a 
resting-state fMRI scan in T1DM patients with and without microangiopathy 
and in comparison subjects without diabetes. We also assessed the relationship 
between the integrity of these neuronal circuits and cognition.

Methods
Participants
Fifty-one T1DM patients with microangiopathy and 53 patients with no clini-
cally significant complications were studied, as were 51 healthy non-diabetic 
subjects. Because of technical problems, scans were not available for 6 partici-
pants, leaving 149 subjects for the actual analysis. Outpatients were recruited 
from the departments of Internal Medicine of the VU University Medical Cen-
ter, Amsterdam, and affiliated hospitals, as well as from the departments of 
Ophthalmology of the VU University Medical Center and Academic Medical 
Center, Amsterdam, the Netherlands, and through advertisements in a nation-
al newspaper and diabetes magazine.
 Subjects were eligible if they were 18 to 56 years of age, right-handed, 
proficient in Dutch and, for T1DM patients, had disease duration of at least 
10 years. Exclusion criteria were a body mass index (BMI) > 35 kg/m2, history 
of stroke or epilepsy, pregnancy, contraindications for MRI, centrally acting 
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medication, drug or alcohol abuse, psychiatric disorder, thyroid dysfunction, 
anemia or visual acuity below 0.3. T1DM patients with microangiopathy were 
selected based on the presence of proliferative retinopathy, but other microvas-
cular complications, such as microalbuminuria could also be present. T1DM 
patients without microangiopathy were free of all clinically detectable compli-
cations (see also below). 
 During the study, blood glucose levels of patients had to range between 
4 – 15 mmol/l (72 – 270 mg/dl). Glucose levels were checked regularly during 
the study and corrected if necessary. No subjects had glucose levels out of range 
before fMRI scanning. During neuropsychological testing, one participant ex-
perienced mild hypoglycemia; testing was postponed until blood glucose had 
normalized for 30 minutes following ingestion of an equivalent of 20 g carbo-
hydrates. 
 This study was in accordance to the rules as set out in the Declaration of 
Helsinki. It was approved by the medical ethics committee of the VU Uni-
versity Medical Center and written informed consent was obtained from all 
participants.

Biomedical and anthropometric measures 
Anthropometric measures were collected using a standardized questionnaire. 
Blood and 24-hour urine sampling was performed for routine measures (hemo-
globin, creatinine, lipid profile, liver enzymes, glycated hemoglobin [HbA1c], 
TSH, urine creatinine and albumin) on the study day. Retinopathy was as-
sessed by fundus photography, which was rated according to the EURODIAB 
classification.121 Only patients with score 0 (no retinopathy) or scores of 4 and 
5 (proliferative retinopathy or laser coagulation) were included. Microalbu-
minuria was defined by an albumin-to-creatinine ratio (ACR) >2.5 for men 
and >3.5 for women. Peripheral neuropathy was self-reported or, in case of 
doubt, collected from the patients’ medical record. Retrospective HbA1c val-
ues were derived from the patients’ medical records, available for a median of 
7.0 years before study start. Severe hypoglycemic events, according to DCCT 
guidelines,21 were self-reported across lifetime.

Psychological well-being
As previously described, T1DM patients, especially in the presence of microan-
giopathy, may report more depressive symptoms compared to controls, even in 
the absence of a depressive episode or major depressive disorder.60,99 This may 
influence cerebral parameters. Hence, participants had to fill out the Center 
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of Epidemiological Studies scale for Depression (CES-D). Furthermore, they 
received the Short Form (SF-36) Health Survey for mental and physical quality 
of life.

Neuropsychological testing
All participants underwent a detailed neuropsychological assessment covering 
the domains of general cognitive ability, memory, information processing speed, 
executive functions, attention, motor and psychomotor speed. A description of the 
tests can be found elsewhere.60 Raw scores were transformed into z-scores based 
on the mean and standard deviation values from controls. Higher z-scores in-
dicate better performance.

MRI procedure
MRI scanning was performed on a 1.5T whole-body magnetic resonance sys-
tem (Siemens Sonata, Erlangen, Germany) using an 8-channel phased-array 
head coil. Scans included a T1-based magnetization prepared rapid acquisition 
gradient echo ([MPRAGE], repetition time 2700 ms; echo time 5.17 ms; in-
version time 950 ms; flip angle 80; 248x330 mm2 field-of-view; 1.0x1.0x1.5 
mm voxel size; 160 contiguous coronal partitions) for registration purposes 
as well as 10 minutes of fMRI sequence (10 minutes, 202 volumes of echo-
planar images (EPI), repetition time 2850 ms; echo time 60 ms; flip angle 900; 
384x384 mm2  field-of-view; isotropic 3.3 mm voxels; 36 axial slices), while 
patients had their eyes closed and the room was dark. They were further in-
structed not to think of anything in particular and not to fall asleep.

fMRI resting-state analysis
All analysis steps were performed using FMRIB’s Software Library (FSL 4.1; 
http://www.fmrib.ox.ac.uk/fsl). The following pre-processing steps were ap-
plied to all images. Discarding the first two volumes to allow for occurrence 
of a steady state, the remaining 200 volumes were motion corrected, brain-
extracted and smoothed using a Gaussian kernel of 5 mm. High-pass filtering 
was applied using a cut-off of 150.0 seconds. Each scan was first registered to 
each subject’s high resolution T1-MPRAGE scan using an affine registration (6 
degrees of freedom), and afterwards non-linearly registered to standard space 
(MNI152) using a warp resolution of 10 mm. Finally, the registered fMRI 
sequences were temporally concatenated into a single 4D data set. This data set 
was then analyzed using Independent Component Analysis to identify large-
scale patterns of connectivity across the entire study population.154 
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 After this analysis, a “dual-regression” analysis (part of FSL4.1) was per-
formed,42 the aim of which is to create personalized maps of each network 
for every subject. The first step of the dual-regression is creating the average 
time-course within each network for each subject, which is done using a linear 
model fit of each group-based network map onto each subject’s fMRI dataset 
(spatial regression). After this, the personalized time-course is regressed back 
onto that subject’s fMRI dataset to create personal spatial maps for each net-
work after variance normalization using another linear model fit (temporal 
regression). A single 4D file of all components was created for each participant. 
Because of the normalization of the variance of the time-series used in the final 
regression, these spatial maps reflect both amplitude of spontaneous fluctua-
tion in a network, as well as its coherence (correlated BOLD signals) across 
space. The individual values in these maps, therefore, represent connectivity in 
a more sophisticated way than just a coherence measure (which implies inde-
pendence of amplitude).
 Group differences were tested using nonparametric permutation testing 
(5000 permutations), corrected for age, gender, systolic blood pressure and 
depressive symptoms. The data was corrected for multiple comparison using 
threshold-free cluster enhancement (TFCE),161 which allows the identifica-
tion of clusters of significant voxels without having to define them in a binary 
way; as well as family-wise error (FWE), using a final corrected threshold of 
P<0.05. We investigated 4 different contrasts: healthy controls compared to (a) 
all T1DM patients, (b) only patients with microangiopathy, and (c) patients 
without microangiopathy; patients with and without microangiopathy were 
also compared. Each contrast was tested in two directions separately (i.e. in-
creases or decreases), resulting in 8 final contrasts. 
 For each resting-state network, the mean connectivity z-value per subject 
was extracted for further inspection, using a threshold of z>3.9, corresponding 
to P<0.0001. In those networks where group differences were significant, an 
additional mean z-score of those significant voxels was calculated per subject. 

Statistical analysis
Demographic, medical and anthropometric measures were analyzed using a 
one-way ANOVA with Bonferroni correction, Student’s t-test or chi-square 
where appropriate. To identify possible associations between demographic 
variables (age, gender, BMI and systolic blood pressure) and disease variables 
(disease duration, T1DM onset age, severe hypoglycemic events, microangi-
opathy, ACR and HbA1c) and resting-state networks we used stepwise linear 
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regression. This was also used to identify relations between cognitive functions 
and functional connectivity in these neuronal circuits, corrected for age, gen-
der, systolic blood pressure and depressive symptoms. 
 All fMRI statistics were performed in FSL4.1. All other statistical analyses 
were performed in SPSS 15.0 (SPSS, Chicago, IL, United States). A P-value 
below 0.05 was considered statistically significant.

Table 1. Demographic and anthropomorphic variables.

T1DM with 
microangiopathy

T1DM without 
microangiopathy

Controls P-value

N 49 52 48 -
Age (years) 44.5 ± 7.2 37.8 ± 9.3 37.0 ± 11.1 < 0.001
Gender (men/women) 20/30 20/32 19/29 0.999
Education levela 5 (1 – 8) 6 (2 – 8) 6 (4 – 8) 0.179
Estimated IQb 110.0 ± 13.5 107.1 ± 11.2 108.7 ± 11.7 0.488
Depressive symptomsc 11.4 ± 9.8 7.2 ± 6.7 6.3 ± 6.7 0.003
SF-36 physical 41.8 ± 11.8 50.3 ± 7.6 52.2 ± 7.5 < 0.001
SF-36 mental 51.3 ± 12.4 51.8 ± 8.9 54.8 ± 12.5 0.258
BMI (kg/m2) 25.5 ± 4.1 25.0 ± 3.4 24.3 ± 3.6 0.266
Systolic  BP (mmHg) 133.3 ± 17.6 129.8 ± 14.3 123.7 ± 11.4 0.006
Diastolic BP (mmHg) 75.7 ± 8.7 78.2 ± 9.1 77.4 ± 7.3 0.331
Total cholesterol (mmol/l) 4.5 ± 0.7 4.7 ± 0.7 4.5 ± 0.9 0.293
HbA1c (%) 8.1 ± 1.3 7.8 ± 0.9 5.3 ± 0.2 <0.001
ACR (mg/mmol) 3.1 ± 5.8 0.6 ± 0.7 - 0.002
Hypertensiond 32 (64.0) 13 (25.0) - < 0.001
BG MRI (mmol/l) 9.2 ± 3.7 10.6 ± 4.7 - 0.095
BG NPA (mmol/)e 8.7 ± 4.1 8.5 ± 4.0 - 0.800
Diabetes duration (years) 34.3 ± 7.9 21.4 ± 9.2 - < 0.001
Diabetes onset age (years) 10.2 ± 7.2 16.4 ± 9.6 - < 0.001
Diabetes early onset (%)f 18 (36.0) 9 (17.3) - 0.043
Severe hypoglycemiag 6.1 ± 9.2 5.8 ± 10.2 - 0.896
Neuropathy (%)h 24 (49.0) - - -
Microalbuminuria (%)i 13 (26.0) - - -

Data are presented as means ± standard deviation, median with minimum and maximum value or 
absolute numbers with percentages between parentheses. a Education level was coded from 1 (un-
finished primary school) to 8 (finished university); b Estimated IQ was measured using the Dutch 
version of the National Adult Reading Test (NART); c Depressive symptoms were measured using 
the Center for Epidemiological Studies scale for Depression (CES-D); d Hypertension was defined as 
a systolic blood pressure of 140 or above, a diastolic blood pressure of 90 or above or use of antihyper-
tensive drugs; e NPA: neuropsychological assessment; f Diabetes early onset was defined as a onset age 
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below the age of 7 years; g Severe hypoglycemic events were self-reported and defined as those events 
for which the patient needs assistance from a third person to recuperate due to loss of consciousness 
or seriously deranged functioning, coma or seizure due to low glucose levels; h Neuropathy was self-
reported, or in case of doubt, ascertained by the patients medical   record; i Microalbuminuria was 
defined as an albumin-to-creatinine ratio >2.5 for men and >3.5 for women.

Independent Component Analysis
The ICA resulted in 23 components of which 10 were previously described 
and selected in this study.155,159 The other components consisted of artifacts 
due to, for example, head movement, blood or cerebrospinal fluid flow. The 10 
resting-state networks of interest are presented in Figure 1. Figure 1A shows the 
sensorimotor; 1B the secondary visual; 1C the ventral attention; 1D the audi-
tory and language processing; 1E and 1F the left and right fronto-parietal; 1G 
the default mode; 1H the dorsal attention; 1I the frontal and 1J the primary 
visual network.

Dual-regression analysis 
Following the Independent Component Analysis, these resting-state networks 
were compared among the three groups. Results are corrected for age, gen-
der, systolic blood pressure, depressive symptoms and multiple comparisons 
(TFCE and FWE) with P<0.05. Group differences are illustrated in Figure 
1 and described below. Each voxel represents a connectivity value that can be 
extracted from the individual fMRI file.  For each network, the mean connec-
tivity value of all voxels that differ between patients and controls is derived for 
all participants and is illustrated in Figure 2.
 Sensorimotor network
This network is composed of areas including the motor cortex, pre- and post-
central gyri and subserves motor and sensory tasks.155 As can be seen in Figure 
1A, T1DM patients without microangiopathy showed increased connectivity 
relative to controls in the bilateral pre-central gyrus and the right post-central 
gyrus, cingulate gyrus, superior parietal lobule and precuneus. By contrast, 
patients with microangiopathy demonstrated a decreased connectivity in the 
right pre- and post-central gyrus relative to their uncomplicated counterparts 
but did not differ significantly from controls.
 Secondary visual network
This network is thought to represent visual processing, and consists of areas 
part of the visual cortex.155 Compared to controls, patients without microangi-
opathy were found to have increased connectivity in the bilateral occipital pole, 
cuneal and lateral occipital cortex and lingual and occipital fusiform gyrus. 
Conversely, patients with microangiopathy showed decreased connectivity in 
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Figure 1. Rows denoted with a letter indicate the 10 meaningful neuronal networks (in green) identi-
fied by the Independent Component Analysis. Only voxels exceeding z=3.9 (P<0.0001) are presented 
in green. The other rows are significantly differing contrasts found by the “dual regression” method. 
Red-yellow indicates higher connectivity, blue-light blue indicates lower connectivity. The more yel-
low or light blue the lower the P-value. On the images, left is right and right is left. Figure 1A shows 
the sensorimotor; 1B the secondary visual; 1C the ventral attention; 1D the auditory and language 
processing; 1E the left fronto-parietal, 1F the right fronto-parietal; 1G the default mode; 1H the 
dorsal attention; 1I the executive and 1J the primary visual network. T1DM MA+: patients with 
microangiopathy; T1DM MA-: patients without microangiopathy.
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the same areas described above relative to those without complications (Figure 
1B). 
 Ventral attention network
In pooled analysis, T1DM patients, and particularly those patients with and 
not those without microangiopathy, showed decreased connectivity, relative to 
controls, in the left temporal pole, inferior and middle temporal and superior 
frontal gyrus (Figure 1C). Those patients without microangiopathy showed 
values intermediate between the other two groups (linear trend P<0.001, cor-
rected for age, gender, systolic blood pressure and depressive symptoms; Figure 
2. Activity in this network is thought to reflect attention processes, as this net-
work includes occipital, temporal and frontal areas.155

 Auditory and language processing network
Connectivity in this network is thought to be related to processing of auditory 
and language information, and includes connectivity within the superior tem-
poral, insular and postcentral cortex.155 Patients with microangiopathy showed 
decreased connectivity compared to controls in the left supramarginal gyrus 
(Figure 1D).  A linear trend across the three groups was evident (P<0.001, cor-
rected for confounding; Figure 2).
 Left fronto-parietal network
This network is thought to be involved in working memory processes.155 Figure 
1E shows lower connectivity in the left lateral occipital cortex and superior pa-
rietal lobule for T1DM patients with microangiopathy versus controls. Again, 
a linear trend towards lower connectivity in both patient groups compared to 
controls was found (P<0.001, corrected for confounding; Figure 2.

Figure 2. Bar graph with standard deviation of connectivity z-values of each network showing altered 
connectivity in T1DM patients. White bars indicate controls, gray bars indicate patients without and 
black bars denote patients with microangiopathy. The P-values represent those of the linear trend 
analyses.
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Relationships between demographic/disease variables and resting-state networks
These correlations were calculated in T1DM patients only and only for the 
voxels that showed differences between T1DM patients with or without micro-
angiopathy versus controls (Table 2).
 In those voxels of the sensorimotor network, decreased connectivity was 
independently related to older age and being female. Decreased secondary vi-
sual network connectivity was independently correlated to the presence of mi-
croangiopathy. For the voxels that showed differences in the ventral attention 
network, increased BMI and older age were associated with decreased connec-
tivity. Reduced connectivity in the auditory and language processing network 
was correlated with having microangiopathy and being female. Lastly, lower 
left fronto-parietal connectivity in the voxels identified by the dual-regression 
analysis was independently associated with increased BMI and the presence of 
microangiopathy.
 
Cognition and resting-state networks
Associations between cognitive domains and altered resting-state connectivity 
in the 5 above mentioned networks were calculated after adjusting for age, 
gender, systolic blood pressure and depressive symptoms. Increased connectiv-
ity in the secondary visual network correlated with increased general cognitive 
ability scores and increased information processing speed (Table 2).  No other 
correlations were statistically significant.

Discussion
This is the first study to show that in T1DM patients resting-state cerebral 
connectivity networks differ from healthy comparison subjects, and that in 
patients, the direction of the effects vary according to the presence or absence 
of microangiopathy. The dual-regression analysis identified 5 networks that 
were affected in T1DM patients. Patients with microangiopathy showed de-
creased connectivity in all 5 networks. For those without microangiopathy, a 
somewhat different pattern was observed. The dual-regression analysis showed 
a marked increase in connectivity, relative to controls, in the sensory motor and 
secondary visual network.  In the other 3 networks (ventral attention, auditory 
and language processing and left fronto-parietal network), the significant lin-
ear trend (Figure 2) indicates that connectivity values are lowest in those with 
microangiopathy, intermediate in those without microangiopathy and highest 
in controls. Not only are changes in network integrity associated with micro-
angiopathy, but they are also correlated with age, gender and BMI. Moreover, 
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Table 2. Associations of demographic, disease and cognitive variables and the mean z-
value of the significantly differing voxels of functional connectivity in all T1DM patients.

Sensori-
motor

Secondary 
visual

Ventral 
attention

Auditory 
and language 

processing

Left 
fronto-
parietal

Age -0.308** - -0.322*** - -
Sex -0.218* - - -0.191* -
BMI - - -0.336*** - -0.388***
Hypertension - - - - -
Diabetes duration - - - - -
Diabetes onset age - - - - -
Severe hypoglycemia - - - - -
Microangiopathy - -0.456*** - -0.274** -0.292***
ACR - - - - -
HbA1c - - - - -
GCA - 0.214* - - -
MEM - - - - -
IPS - 0.217* - - -
EF - - - - -
AT - - - - -
MS - - - - -
PMS - - - - -

GCA: general cognitive ability; MEM: memory; IPS: information processing speed; EF: execu-
tive functions; AT: attention; MS: motor speed; PMS: psychomotor speed. * P<0.05; ** P<0.01; *** 
P<0.001. All correlations between secondary visual and cognitive domains were corrected for age, 
gender, systolic blood pressure and depressive symptoms.

in at least one network (secondary visual), increased connectivity was associ-
ated with higher general cognitive ability scores and with faster information-
processing speed.
 We found decreased functional connectivity in several neuronal circuits 
in patients with complications compared to their uncomplicated counterparts 
and controls. This is consistent with findings from MEG measured functional 
connectivity.60 The increase in functional connectivity that was observed in 
patients without complications is similar to what we previously observed using 
MEG.60 This latter finding may reflect functional reorganization,162 which is 
also seen in patients with early multiple sclerosis and Mild Cognitive Impair-
ment, the precursor of Alzheimer’s disease.159,163,164 It may be that the function-
al reorganization, that occurs in T1DM patients without microangiopathy, re-
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flects compensatory processes in response to early subtle brain damage, which 
has been demonstrated in T1DM youth and adults with no or minimal com-
plications, which partly overlap with our functional connectivity results.14,67,68 

Figure 3. Bar graph with standard deviations of the mean connectivity value of each network result-
ing from the Independent Component Analysis. Networks left of the dotted line are composed of 
brain areas relatively close to each other and are thought to involve lower order cognitive functions, 
whereas networks right of the dotted line represent network with a more complex topography and 
involvement in higher order cognitive functions. White bars represent controls, gray bars denote pa-
tients without microangiopathy and black bars are patients with microangiopathy.

Why this functional reorganization is limited to the sensorimotor and second-
ary visual network is unknown. Other investigators, studying multiple sclero-
sis, Mild Cognitive Impairment and Alzheimer’s disease, have shown a more 
global effect of functional reorganization.159,163 Although the dual-regression 
analysis does not show significantly decreased connectivity in patients with-
out complications versus controls, a trend towards lower connectivity was 
found in these patients compared to controls in the voxels that statistically 
differ between patients and controls (Figure 2). This trend is further supported 
by the average functional connectivity value in each of the 10 networks that 
were identified (Figure 3). As depicted in that bar graph, possible evidence of 
functional reorganization is limited to the primary and secondary visual and 
sensorimotor network, which includes several contiguous brain areas. Patients 
without complications showed decreased connectivity, compared to controls, 
in the other networks which tend to engage brain regions that are diffusely dis-
tributed across the cerebrum. Another plausible explanation is that the brain 
regions within the 3 networks that show functional reorganization receive di-
rect input from peripheral nerves and the retina/optic nerve. In patients with-
out clinically significant microangiopathy, decreased peripheral nerve conduc-
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tion velocity and retinal thickness have previously been observed,165,166 and this 
decreased conduction velocity was related to increased delta and alpha peak 
frequency measured on electroencephalography.47 This indicates that there is a 
link between early changes in peripheral and central activity (‘central neuropa-
thy’) and supports the view that, due to this early vascular damage, functional 
reorganization occurs already in T1DM patients who did not develop compli-
cations as yet. As disease progresses and microangiopathy, possibly also in the 
brain, develops, however, these compensatory or ‘remodeling’ processes fail, 
leading to disintegration of those networks, similar to observations made in 
patients with multiple sclerosis.19 To accurately determine whether this process 
of functional reorganization is present in T1DM, future studies will need to 
include young patients with shorter disease duration.
 The presence of microangiopathy was the strongest independent diabetes-
related variable contributing to changes in functional connectivity. This is in 
line with the hypothesis that cerebral changes in diabetic adults are primarily 
driven by microangiopathy.50 To some extent, we found positive correlations 
between secondary visual network functional connectivity and cognitive func-
tions that have repeatedly been found to be disrupted in these patients.6,60 Al-
though one might expect to find a strong relationship between functional con-
nectivity and cognition,18 this was not the case in our population, nor in other 
diseases.159 The lack of this association could be explained in several ways. On 
the one hand, it could be a limitation of the methods used. We used one mean 
functional connectivity value with each cognitive domain, which is composed 
of multiple cognitive tests. A voxel-wise correlation analysis between cognitive 
functions and the individual voxels of a particular network may be more sen-
sitive and more strongly correlated to cognition. On the other hand, there is 
growing evidence to suggest that complex cognitive processes are mediated by 
multiple interacting neural networks.167,168 Resting-state fMRI provides good 
spatial resolution, and can identify different distinct neuronal circuits, whereas 
the cognitive domains we assessed may require interactions between multiple 
brain circuits. 
 One potential confound inherent to our study is the fact that the two 
diabetic subgroups differ with respect to disease onset age, diabetes duration, 
and multiple other variables. When secondary analyses were conducted that 
matched subsets of subjects for either age of onset or disease duration, results 
from our functional connectivity analysis remained comparable to the results 
presented here (data not shown). This suggests that our present findings are 
primarily mediated by the presence of microangiopathy and not, or to a lesser 
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extent, by a difference in onset age or disease duration.
 In conclusion, we showed that functional connectivity of neuronal circuits 
is compromised in T1DM patients with microangiopathy, whereas those with 
uncomplicated T1DM show signs of functional reorganization of resting-state 
connectivity. This altered resting-state connectivity may, in part, contribute to 
the impairments in cognitive performance observed in T1DM patients, par-
ticularly in those with microangiopathy.
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Abstract
Introduction: Type 1 diabetes mellitus (T1DM), especially in the presence of 
microangiopathy, is associated with cognitive dysfunction, mainly observed in 
domains involving processing speed, indicative of white matter involvement. 
White matter hyperintensities, however, have previously not been found more 
prevalent in T1DM compared to controls. Therefore, we assessed white matter 
tract integrity using Diffusion Tensor Imaging (DTI) and cognitive functions 
in T1DM patients with and without microangiopathy and controls.

Methods: This study was approved by the local Medical Ethics Committee and 
written informed consent was obtained from all participants. We included 48 
patients with microangiopathy, 52 patients without microangiopathy and 49 
controls. DTI analysis involved estimation of fractional anisotropy, mean dif-
fusivity, axial diffusivity and radial diffusivity, and comparison between groups 
with tract-based spatial statistics, as well as post-hoc probabilistic tractography 
of bilateral corticospinal and inferior fronto-occipital tracts. Detailed neuro-
psychological assessment was used to determine cognitive functions in relevant 
domains.

Results: Widespread decrease of fractional anisotropy in patients versus controls 
(corrected for confounding factors) was found, due to a decrease in axial dif-
fusivity in both patient groups, and an increase of radial diffusivity in patients 
with microangiopathy. Fractional anisotropy and radial diffusivity of the inves-
tigated tracts were associated with general cognitive ability, attention, executive 
functions and psychomotor speed.

Conclusion: T1DM patients, especially those with microangiopathy, showed 
widespread decreased white matter tract integrity, which was related to poor-
er cognitive functions. These results indicate a possible cumulative effect of 
chronic hyperglycemia in the development of these microstructural deficits.
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Introduction
Type 1 diabetes mellitus (T1DM) is a metabolic disease leading to progress-
ing peripheral microangiopathy. Cognitive dysfunction, mainly in functions 
involving processing speed, is commonly seen in patients with T1DM,6 espe-
cially in those who have clinically manifest microangiopathy.50 These cognitive 
deficits are accompanied by structural brain changes, like a decrease in gray and 
white matter volume, which weakly correlates with cognitive functions.11,12,14

 Rather than on brain volume itself, cognitive functions are hypothesized to 
be dependent on activity in multiple brain regions at the same time, also called 
functional connectivity.18 Following this hypothesis, white matter tracts play 
an important role in cognitive functions. They form the structural connections 
between cerebral areas, and are the prerequisite for functional connectivity. 
 Using Diffusion Tensor Imaging (DTI), white matter tract integrity, based 
on diffusivity of water, can be measured. DTI provides the eigenvectors λ1, λ2 
and λ3, from which fractional anisotropy (FA; the directional dependency of 
water diffusion, indicative of white matter integrity) can be calculated.169 Fur-
thermore, axial diffusivity (λ1; the largest eigenvector along the direction of the 
major axon bundle), radial diffusivity (mean of λ2 and λ3; orthogonal to the 
axons) and mean diffusivity (mean of all eigenvectors) can be assessed. Stud-
ies in animal models and humans have suggested that axial diffusivity might 
represent axonal integrity, whereas radial diffusivity might correspond to the 
presence of myelin,170-172 although careful interpretation is required.173

 The relationship between white matter integrity and cognition has been 
demonstrated in a normal pediatric population (increased FA related to in-
creased IQ),33 as well as in normal aging (decreased FA related to poorer work-
ing memory).34 In T1DM, a study in 25 patients and 25 controls showed 
decreased FA in the posterior corona radiata and optic radiation in patients 
relative to controls, which correlated with neurocognitive test scores.66 The 
study did not assess other DTI parameters, did not report full diabetes com-
plication information, and contained a limited neuropsychological assessment. 
Therefore, further detailing white matter tract integrity in T1DM patients is of 
importance in order to advance our understanding of the observed cognitive 
decrements in these patients.
 In the present study, we considered all DTI parameters and performed an 
extensive neurocognitive assessment in a large group of T1DM patients with 
and without microangiopathy and healthy controls. Based on the prevailing 
notion that cerebral compromise is mainly found in patients with microangi-
opathy, it was hypothesized that the patients in this group would show more 
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pronounced reductions in white matter tract integrity compared to T1DM 
patients without microangiopathy and healthy controls. Furthermore, positive 
associations between white matter tract integrity and cognitive functions are to 
be expected.

Methods
Participants
This study was approved by the local Medical Ethics Committee and written 
informed consent was obtained from all participants.
 Fifty-one T1DM patients with microangiopathy, 55 patients without mi-
croangiopathy and 51 controls, matched for gender, body mass index (BMI), 
education level and estimated IQ, were included in the study. For 8 subjects 
DTI scans were not available due to technical problems or could not be used 
due to improper placement of the DTI slices, leading to limited coverage of 
the brain, or artefacts. Thus, 48 patients with and 52 patients without micro-
angiopathy and 49 controls were included in the analysis. Detailed description 
of recruitment strategy can be found in a previously published paper.60 Partici-
pants were eligible if right-handed, between 18 – 56 years of age, proficient in 
Dutch, and, for T1DM patients, had at least 10 years diabetes. Exclusion cri-
teria were left-handedness, BMI >35 kg/m2, stroke, pregnancy, epilepsy, anae-
mia, thyroid dysfunction, drug or alcohol abuse, centrally acting medication 
use, psychiatric disorder, visual acuity below 0.3 and, in case of controls, hyper-
tension. Proliferative retinopathy was ascertained using fundus photography, 
rated according to the EURODIAB classification by a skilled ophthalmolo-
gist.121 Microalbuminuria was tested by calculating the albumin-to-creatinine 
ratio with 24-hour urine sampling, and was defined as an albumin:creatinine 
ratio >2.5 for men or >3.5 for women. Peripheral neuropathy was self-report-
ed, or, in case of doubt, checked against the patients’ medical record. T1DM 
patients with microangiopathy were selected on the basis of having (had treat-
ment for) proliferative retinopathy, but other complications were also allowed. 
Those without microangiopathy were not allowed to have any clinically detect-
able microvascular complications. Severe hypoglycaemic events, those events 
for which patients need assistance to recuperate from low blood glucose, lead-
ing to seizure or coma, were self-reported during lifetime. Hypertension was 
defined as a systolic blood pressure >140 mmHg, a diastolic blood pressure >90 
mmHg or use of antihypertensive drugs.
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Study measures
Eligible participants filled out the Center of Epidemiological studies – Scale 
of Depression (CES-D). MRI scanning and a neuropsychological assessment 
were performed on the same day. Blood was drawn for routine assessment of 
hemoglobin/hematocrit, lipid profile, liver enzymes, creatinine, glycated he-
moglobin (HbA1c) and thyroid function (TSH).  To avoid influence of ex-
treme blood glucose values on MRI or cognitive functions blood glucose levels 
were regularly checked and actively kept between 4 and 15 mmol/l. 

Neuropsychological testing
All participants underwent a detailed neuropsychological assessment covering 
the domains of general cognitive ability, memory, information processing speed, 
executive functions, attention, motor and psychomotor speed. A description of the 
tests used can be found elsewhere.60 Raw scores were transformed into z-scores 
based on the mean and standard deviation of controls. Higher z-scores indicate 
better performance.

DTI acquisition
MRI scanning was performed on a 1.5T whole-body MR scanner (Siemens 
Sonata, Erlangen, Germany) using an 8-channel phased-array head coil. The 
10 minute EPI-based DTI acquisition consisted of 10 volumes without di-
rectional weighting and 60 volumes with non-collinear diffusion gradients 
(b-value 700 s/mm2), repetition time TR 8500 ms; echo time TE 86 ms; 59 
contiguous axial slices, with isotropic 2 mm resolution.

DTI tract-based analysis
Processing of DTI scans was performed using the FDT toolbox of FSL4.1.174 
First, DTI scans and gradient-vectors were corrected for motion and eddy-
current induced distortions.222 Then, the diffusion tensor was calculated for 
each voxel, providing FA, axial (λ1), radial (mean of λ2 and λ3) and mean dif-
fusivity (mean of λ1, λ2 and λ3).169,175  Tract-based spatial statistics (TBSS) of 
FSL was used for voxelwise statistical analysis.176 All individual FA images were 
non-linearly registered to FMRIB58 FA standard space, to allow group averag-
ing and comparison. These registered images were then averaged and the mean 
image was skeletonized, and thresholded at 0.2 to include only white matter. 
Individual non-linear warps and skeleton projection of FA images were used 
to project axial, radial and mean diffusivity to the skeleton and allow voxelwise 
statistics.



99 White Matter Integrity

DTI tractography
As a post-hoc measure, tractography was performed to assess the integrity of 
two major tracts, namely the bilateral corticospinal and inferior fronto-oc-
cipital tracts, based on anatomical masks. First, the motion- and distortion 
corrected DTI scans were further processed using bedpostx in FDT, creating 
probability distributions of diffusion directions per voxel, using Markov Chain 
Monte Carlo sampling, taking into account the possibility of up to two fi-
bre orientations per voxel.177 Then probabilistic tracking was performed using 
probtrackx.177 This repetitively samples the main direction for each voxel,

Figure 1. Figures show the 
masks used for probabilistic 
tractography and an example of 
the results of tractography for 
a typical control subject for the 
inferior fronto-occipital (A) and 
corticospinal tracts (B). Masks 
used for tractography are shown 
in red on T1-images in standard 
space. Resulting tracts are shown 
in yellow-orange on the subjects 
FA-map.

creating a probabilistic streamline of a given white matter tract, which has to 
pass through two masks. These masks were obtained from the cortical Har-
vardOxford atlas and the JHU white matter atlas, both part of FSL: the motor 
area and cerebral peduncle for the corticospinal tracts, and the external capsule 
and posterior thalamic radiation for the inferior fronto-occipital tracts (Figure 
1). Voxels were considered part of a tract when at least 5% of the total number 
of estimated fibres passed through that voxel. For these tracts the overall mean 
FA, axonal, radial and mean diffusivity were extracted. 

Statistical analysis
Demographic, medical and anthropometric measures were analysed with SPSS 
15.0 (SPSS, Chicago, IL, United States), using a one-way ANOVA with Bon-
ferroni post-hoc correction for continuous variables or chi-square analysis for 
dichotomous variables. Differences in DTI parameters between groups were 
analysed with the FSL function “randomise”, using non-parametric permuta-
tion testing (5000 permutations), corrected for age, gender, depressive symp-
toms, systolic blood pressure and multiple comparisons, using both threshold-
free cluster enhancement and family-wise error (FWE), with P<0.05. First, for 
each of the 4 DTI parameters, differences were tested between the overall group 
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of T1DM patients and the control group. Because these tests are one-tailed this 
resulted in eight tests, two for every DTI parameter. If a significant increase or 
decrease was found (P<0.05 after FWE correction for multiple comparisons), a 
post-hoc analysis was performed for that particular DTI parameter comparing 
the patient group with microangiopathy and the patient group without micro-
angiopathy separately with the control group, and with each other. 
 Subsequent statistical tests were performed in SPSS. Differences in DTI 
parameters of the bilateral inferior fronto-occipital and corticospinal tracts 
were tested between the 3 groups, corrected for age, gender, systolic blood pres-
sure and depressive symptoms. All DTI parameters were entered as dependent 
variables in the MANCOVA. Only in case of a significant overall F-test, the 
parameter ANCOVA’s were assessed. These were Bonferroni corrected when 
testing for group differences. 
Associations between diffusion parameters and cognitive functions were calcu-
lated with linear forward regression, corrected for age, gender, systolic blood 
pressure and depressive symptoms. For each cognitive domain (7 in total), all 
DTI parameters were entered in the first block of the regression analysis and 
the covariates in the second block. This resulted, in a single analysis, in DTI 
parameters that were significantly associated with 1 of the 7 cognitive domains, 
independent of other DTI parameters and corrected for confounds. 
 In case of a significant association of a particular DTI parameter with cog-
nition, possible clinical variables were associated only with that DTI parameter. 
This was tested using a single forward linear regression analysis, including age, 
gender, BMI, systolic blood pressure and diabetes duration, diabetes onset age, 
microangiopathy presence, severe hypoglycaemic events, HbA1c and albumin-
to-creatinine ratio. A P-value <0.05 was considered statistically significant.

Results
Participants
Patients with microangiopathy had a higher mean age, most frequently report-
ed depressive symptoms compared to both other groups, and had increased 
systolic blood pressure relative to controls (Table 1). Compared to patients 
with uncomplicated T1DM, those with microangiopathy had a younger dis-
ease onset age and consequently a longer disease duration. In addition, hy-
pertension was most prevalent and ACR was highest in T1DM patients with 
microangiopathy. 
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Table 1. Demographic and anthropomorphic variables.

T1DM with 
microangiopathy

T1DM without 
microangiopathy

Controls P-value

N 48 52 49 -
Age (years) 44.6 ± 7.3 38.1 ± 9.1 36.7 ± 11.2 <0.001
Gender (men/women) 19/29 20/32 20/29 0.997
BMI (kg/m2) 25.6 ± 4.2 24.9 ± 3.5 24.3 ± 3.6 0.224
Estimated IQa 110.5 ± 13.5 106.8 ± 11.2 108.5 ± 11.7 0.310
Depressive symptomsb 11.1 ± 9.7 7.0 ± 6.6 6.3 ± 6.7 0.005
Systolic BP (mmHg) 134.0 ± 17.0 129.3 ± 15.0 123.6 ± 11.3 0.003
Diastolic BP (mmHg) 75.9 ± 8.5 77.9 ± 9.4 77.4 ± 7.2 0.189
HbA1c (%) 8.1 ± 1.3 7.8 ± 0.9 5.3 ± 0.2 <0.001
Updated HbA1c (%)c 8.1 ± 1.1 7.8 ± 0.8 - 0.067
Hypertension (%)d 31 (64.6) 13 (25.0) - <0.001
ACR (mg/mmol) 3.9 ± 6.5 0.6 ± 0.6 - <0.001
BG MRI (mmol/l) 9.2 ± 3.8 10.3 ± 4.6 - 0.189
BG NPA (mmol/l)e 8.7 ± 4.1 8.4 ± 4.1 - 0.718
Diabetes duration (years) 34.3 ± 7.9 21.7 ± 9.3 - <0.001
Diabetes onset age (years) 10.3 ± 7.1 16.4 ± 9.6 - 0.001
Severe hypoglycemiaf 6.1 ± 9.3 5.8 ± 10.1 - 0.872
Neuropathy (%)g 25 (52.1) - - -
Microalbuminuria (%)h 14 (29.2) - - -

Values are given as means ± standard deviation or absolute numbers with percentages between parenthe-
ses. BMI: body mass index; BP: blood pressure; ACR : albumin-to-creatinine ratio; BG: blood glucose.
a Estimated IQ was measured using the Dutch version of the National Adult Reading Test (NART); 
b Depressive symptoms were self-reported using the Center for Epidemiological Studies scale for De-
pression (CES-D); c Mean HbA1c from the period of 2002 until study date. Median period was 7 
years; d Hypertension was defined as a systolic blood pressure of 140 mmHg or above, a diastolic 
blood pressure of or above 90 mmHg, or the use of antihypertensive medication; e NPA is neuropsy-
chological assessment; f Severe hypoglycemic events are those events for which a patient needs a third 
person to recuperate from low blood glucose levels, seizure or coma. These events were self-reported; 
g Neuropathy was self-reported or, in case of doubt, ascertained by the patients medical record; h 
Microalbuminuria was defined as an albumin-to-creatinine ratio >2.5 for men and >3.5 for women.

Fractional anisotropy
TBSS analysis showed a widespread decrease of FA within the skeleton in the 
T1DM group compared to controls (Figure 2a). Tracts most affected were the 
inferior fronto-occipital fasciculus bilaterally, corticospinal tracts, and corpus 
callosum. Furthermore, decreased FA was observed bilaterally in the thalam-
ic radiation, forceps minor and major, and superior longitudinal fasciculus. 
These changes were predominantly due to patients with microangiopathy, who 
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showed the same pattern of widespread decreased FA as compared to controls, 
while in patients without microangiopathy the decrease of FA was limited to 
parts of the corpus callosum and right corona radiata. Comparing patients 
with and without microangiopathy, FA was decreased bilaterally in parts of the 
corticospinal tracts, inferior fronto-occipital fasciculus, forceps minor and in 
the left forceps major and inferior longitudinal fasciculus. No increased FA was 
found when comparing patients to controls.

Figure 2. Visual representation of changes in fractional anisotropy (FA; A), axial diffusivity (AD; 
B),  and radial diffusivity (RD; C) for all groups. Red-yellow indicates an increase, whereas blue-light 
blue indicate a decrease (P<0.05). The mean skeleton is shown in green, and significant differences are 
displayed as thickened tracts for visualization purposes.
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Axial diffusivity
The axial diffusivity showed a widespread bilateral decrease in patients relative 
to controls, comparable to FA. For axial diffusivity the difference in patients 
without microangiopathy with respect to controls was more prominent than 
the difference found in those with microangiopathy versus controls (Figure 
2b). T1DM patients with microangiopathy showed an increase of this measure 
relative to those without microangiopathy in the anterior body of the corpus 
callosum.

Radial diffusivity
An increase of radial diffusivity was limited to the posterior part of the cor-
pus callosum in T1DM patients compared to controls, which reflected the 
more widespread contribution of patients with microangiopathy (Figure 2c). 
T1DM patients without microangiopathy were not different from controls, 
but increased radial diffusivity in those with microangiopathy was observed 
in the corpus callosum, bilateral corticospinal tracts, inferior fronto-occipital 
fasciculus, forceps minor and corona radiate and right forceps major compared 
to both other groups (Figure 2c).

Mean diffusivity
Mean diffusivity, a combination of axial and radial diffusivity, was not increased 
or decreased in T1DM patients relative to controls. Therefore, this variable was 
not further assessed. 

Tractography
After Bonferroni correction for multiple comparisons, in patients with micro-
angiopathy compared to controls a reduction was observed in FA and axial dif-
fusivity in the left inferior fronto-occipital tract (FA: 0.452 ± 0.028 vs. 0.473 
± 0.024, P=0.003; axial diffusivity: 1.240 ± 0.043 x 10-3 mm2s-1 vs. 1.258 ± 
0.036 x 10-3 mm2s-1; P=0.006) and the left corticospinal tract (FA: 0.490 ± 
0.022 vs. 0.504 ± 0.022; P=0.030; axial diffusivity: 1.180 ± 0.034 x 10-3 mm2s-

1 vs. 1.195 ± 0.037 x 10-3 mm2s-1, P=0.044). 

Correlations between DTI tract parameters and cognition
In all T1DM patients, adjusted for age, gender, systolic blood pressure and 
depressive symptoms, the stepwise regression analysis showed significant asso-
ciations between FA of the left corticospinal tract and general cognitive ability 
and attention, between radial diffusivity of the left inferior fronto-occipital 
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tract and attention and executive functions and between axial diffusivity of the 
right inferior fronto-occipital tract and psychomotor speed (all P<0.05; Figure 
3). In addition, a trend towards an association between lower radial diffusivity 
of the left corticospinal tract and increased information processing speed scores 
emerged.

Correlations between DTI tract parameters and biomedical variables
To test whether demographic, anthropometric and biomedical variables, in 
T1DM patients only, influenced FA, axial and radial diffusivity in the above 
mentioned tracts that were associated with cognitive domains, forward linear 
regression analyses were carried out for each DTI parameter and biomedical 
variables. Lower FA of the left corticospinal tract was independently associated

Figure 3. Scat-
ter plots of asso-
ciations between 
DTI parameters 
(FA, radial dif-
fusivity RD, and 
axial diffusivity 
AD) and cogni-
tive domains. 
Correlations are 
corrected for age, 
gender, systolic 
blood pressure 
and depressive 
symptoms. Black 
squares represent 
patients with mi-
c r o a n g i o p a t h y 
and gray squares 
squares denote 
patients without 
complications. 

with microangiopathy presence (β=-0.254; P=0.014). Higher radial diffusivity 
of that tract was significantly associated to longer diabetes duration (β=0.295; 
P=0.004) and higher axial diffusivity of the right inferior fronto-occipital tract 
was significantly associated with female gender (β=0.301; P=0.003).
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Discussion
In the present study we were able to show spatially widespread decreases in 
white matter tract integrity in T1DM patients compared to controls, as mea-
sured by DTI parameters. Most pronounced changes were observed in patients 
with microangiopathy. A novel finding is the apparent decrease in FA and axial 
diffusivity in patients without microangiopathy. In T1DM patients, associa-
tions between changed tract parameters and cognition domains deteriorating 
in T1DM were found, suggesting a direct link between structural cerebral con-
nections and cognition. 
 Our study confirmed, and extended, the decreased FA found in the one 
hitherto published earlier study addressing this topic,66 as we found a more 
widespread pattern of FA decrease throughout the cerebrum. Decreases in FA 
have been found extensively in many diseases.178-181 We further extended the 
knowledge on white matter tract integrity by examining other DTI parameters. 
Axial diffusivity showed a more elaborate decrease in patients without than in 
patients with microangiopathy. This decrease might correspond to an initial 
response to axonal damage or loss of coherence in orientation in fiber bundles 
due to T1DM.171 The smaller extent of decreased axial diffusivity in patients 
with complications, and consequently the observed increase compared to those 
without microangiopathy, may be due to subsequent clearance of cellular de-
bris by microglia and a permanently decreased axonal density.171 The initial 
decrease has been found in mouse models of various diseases,172,182,183 and also 
in some human studies, for instance in patients with Mild Cognitive Impair-
ment, early Alzheimer’s disease and depression.180,184 However, most human 
studies only report an increased axial diffusivity in early disease stages, such as 
in early multiple sclerosis, Mild Cognitive Impairment and early Alzheimer’s 
disease.178,179,185 Radial diffusivity appears to be affected solely in patients with 
microangiopathy, thus in the more advanced stage of T1DM. The increase of 
this parameter possibly reflects involvement of the myelin sheaths,170,171 im-
plicating a loss of optimal axonal functioning, which has been found in vari-
ous diseases as well as in normal aging.178,179,185-187 Caution with the biological 
meaning of both axial and radial diffusivity is necessary.173 Mean diffusivity, 
being a combination of both axial and radial diffusivity, did not provide ad-
ditional information.
 Independent associations were found between FA, axial and radial diffu-
sivity and general cognitive ability, executive functions, attention and psycho-
motor speed, and a trend for information processing speed. On most of these 
domains patients with T1DM have shown consistent decrements in perfor-
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mance.6,8,9,60 These results indicate that changes in white matter tract integrity 
in T1DM may be directly related to cognitive performance in these patients. 
Due to the cross-sectional nature of this study causal relationship cannot as yet 
be inferred.
 Decreased white matter tract integrity in patients without microangiop-
athy is a novel observation. This indicates that T1DM, presumably due to 
chronic hyperglycemia, affects white matter integrity before microangiopathy 
becomes clinically detectable. Chronic hyperglycemia, on itself, results in a 
cascade of metabolic and hormonal changes. It remains speculative as to what 
extent these changes, like increased formation of Advanced Glycation End-
products, elevated markers of oxidative stress, inflammation and cortisol pa-
rameters, play a role in the process of white matter damage. 
 The improper matching of T1DM onset age and T1DM duration between 
the patient groups limits the interpretation of the data. As a secondary analysis, 
we matched patients first for T1DM onset age, and subsequently for T1DM 
duration. Both analyses showed similar differences for DTI parameters as the 
primary analyses (data not shown). Furthermore, patients with microangiopa-
thy are older than the other groups. However, all analyses were corrected for age 
to rule out possible confounding. Also, only a few selected tracts were investi-
gated in detail, based on main findings of the TBSS analysis. In future studies, 
structural connectivity between a larger number of cortical masks (separate 
regions of interest) may be determined.188,189  Lastly, due to the cross-sectional 
nature of this study, causal relationship and causing mechanisms cannot as yet 
be determined. 
 In conclusion, we demonstrated spatially widespread alterations in white 
matter tract integrity in T1DM patients with microangiopathy and beginning 
alterations in patients without microangiopathy relative to controls. These 
changes are most characterized by decreased axial diffusivity, presumably due 
to an initial response to axonal damage, whereas increased radial diffusivity, 
possibly due to demyelination, only occurs in the more advanced stage of the 
disease. These changes were, in T1DM patients, independently associated with 
cognitive domains which have shown to be affected in T1DM, suggesting a 
link between decreasing white matter tract integrity, or structural cerebral con-
nectivity, and decreasing cognitive abilities. The nature, extent and time-course 
of this relationship remains to be determined in future longitudinal studies, in 
order to enable the development of intervention strategies to prevent or halt 
cognitive decline, in patients at risk.
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Abstract
Introduction: Type 1 diabetes mellitus (T1DM) is associated with cognitive 
decrements, which is accompanied by structural and functional brain changes, 
and typically found in patients with microangiopathy. Previous reports sug-
gest that subclinical macrovascular disease, which is common in T1DM pa-
tients, may impact cerebral changes. However, the interaction of subclinical 
macrovascular changes and microangiopathy relative to cerebral compromise 
in T1DM is currently unknown. We assessed subclinical macrovascular disease 
in T1DM patients with and without microangiopathy and healthy controls, 
and its association with cerebral parameters.

Methods: Fifty-one T1DM patients with microangiopathy, 53 without micro-
angiopathy and 51 controls underwent ultrasound of the right common ca-
rotid artery to assess intima media thickness (cIMT) and distensibility (cD) as 
measures of subclinical macroangiopathy, neuropsychological tests for cogni-
tive functions, magnetic resonance imagining (MRI) for brain volume and 
white matter tract integrity and magnetoencephalography for functional con-
nectivity, i.e. neuronal communication.

Results: In pooled analyses, T1DM patients versus controls showed increased 
cIMT, but similar cD, and these were inversely associated with measures of ce-
rebral structure and functioning, after adjustment for confounding. In separate 
analysis, the strongest associations were observed in patients without, relative 
to patients with microangiopathy.
 
Conclusion: cIMT, typically in patients with microangiopathy, was increased 
relative to controls. Measures of subclinical macrovascular disease were associ-
ated with cerebral compromise in patients with uncomplicated T1DM only. 
Our findings suggest that subclinical macrovascular disease may be an impor-
tant factor in the development of diabetes-related cerebral changes in uncom-
plicated T1DM, whereas in patients with advanced T1DM, microangiopathy 
may rather be the driving force of cerebral compromise.
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Introduction
Over the last decade, evidence in the literature has accumulated showing that 
type 1 diabetes mellitus (T1DM) is associated with decrements in mental ef-
ficiency.6 These changes are accompanied by structural and functional cerebral 
compromise, including loss of gray matter volume and white matter tract in-
tegrity.12,66 More recently, changes in functional connectivity have also been 
described.60 Functional connectivity implies that neuronal activity measured 
at the same time in different brain areas is involved in the same process, and, 
therefore, is functionally connected,36 which is thought to be important for the 
execution of cognitive functions.18 These alterations in the cerebrum are typi-
cally seen in patients with peripheral microangiopathy, which is considered to 
be a consequence or marker of chronic hyperglycaemia.9,10,12,60

 Besides microangiopathy, macrovascular changes is a common finding, even 
in asymptomatic T1DM patients. Cross-sectional studies observed increased 
common carotid Intima Media Thickness (cIMT) in T1DM adolescents and 
adults as compared to controls, with patients having microangiopathy showing 
most marked cIMT increase.91,190 In addition, the Diabetes Control and Com-
plications Trail (DCCT) and its follow-up Epidemiology of Diabetes Interven-
tions and Complications (EDIC) showed that T1DM patients in the intensive 
treatment group during the DCCT showed significantly less progression in 
cIMT as compared to patients in the conventional treatment group.27,191

 To date, only a few studies have addressed the relation of subclinical mac-
rovascular disease and cerebral compromise in T1DM patients. In the DCCT/
EDIC, cIMT predicted decline in psychomotor speed over 18 years, but was 
borderline significant after correction for multiple comparisons.10 No studies 
hitherto have linked subclinical macrovascular disease of the carotid artery to 
cerebral structure and functioning, such as functional connectivity and white 
matter tract integrity. Associations of cIMT and alterations in cerebral struc-
ture, however, have been reported in patients with type 2 diabetes and in a 
population-based study, although the latter study only observed this associa-
tion for the IMT measured at the internal, but not the common carotid ar-
tery.26,192

 Given the inconsistent findings regarding the link of subclinical macrovas-
cular disease to cerebral changes in T1DM, but the convincing evidence link-
ing microangiopathy to diabetes-related brain changes, we hypothesized that 
the presence of microangiopathy may outweigh the contribution of subclinical 
macrovascular disease to the development of cerebral compromise in T1DM. 
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To this end, we measured cIMT and distensibility (cD) by vascular ultrasound 
as well as cognitive functioning, functional connectivity, brain volume and 
white matter tract integrity, using neuropsychological testing, magnetic reso-
nance imaging (MRI) and magnetoencephalography (MEG), respectively, in 
T1DM patients with and without microangiopathy and healthy controls.91,190

Methods
Participants
We recruited 51 T1DM patients with peripheral microangiopathy, 55 T1DM 
patients without detectable peripheral microangiopathy and 51 controls 
matched for gender, body mass index (BMI), education level and estimated 
IQ. Patients were recruited from the outpatient clinics of the department of 
Internal Medicine of the VU University Medical Center, Amsterdam, Groene 
Hart Hospital, Gouda, Amstelland Hospital, Amstelveen and Spaarne Hospi-
tal, Hoofddorp and from the outpatient clinic of the department of Ophthal-
mology of the VU University Medical Center and Academic Medical Center, 
Amsterdam. Additionally, participants could apply through advertisements in 
a national newspaper and a diabetes related magazine. 
 Participants were eligible when between 18 – 56 years of age, right-hand-
ed, body mass index (BMI) below 35 kg/m2, proficient in Dutch, and in case 
of T1DM patients, a disease duration of at least 10 years. Participants were 
excluded in the presence of BMI above 35 kg/m2, alcohol or drug abuse, psy-
chiatric comorbidity warranting treatment, centrally acting medication use, 
cardio- or cerebrovascular disease, head trauma, hepatitis, anemia, thyroid dys-
function, pregnancy, epilepsy, contraindication for MRI or visual acuity below 
0.3. In case of hypertension, controls were excluded.
 Patients with microangiopathy were selected on the basis of proliferative 
retinopathy. This was ascertained by fundusphotography (Topcon NW 100, 
Cappelle aan den IJssel, the Netherlands) of both eyes with the both optic 
disc and macula in the center. Photographs were rated by an experienced oph-
thalmologist according to the EURODIAB classification,121 and only patients 
with score 0 (no retinopathy) or score 4 and 5 (proliferative retinopathy and 
lasercoagulation) were included. These patients were allowed to have microal-
buminuria or peripheral neuropathy. Patients without microangiopathy had to 
be free of clinically detectible peripheral microangiopathy.
 This study was approved by the Medical Ethics Committee of the VU 
University Medical Center, in accordance with the Declaration of Helsinki, 
and written informed consent was obtained from every participant.
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Study design
Before participation, eligible participants were interviewed over the telephone 
using a standardized telephone questionnaire, collecting background informa-
tion. Participants had to attend the VU University Medical Center twice with-
in approximally 6 weeks. They received the Center for Epidemiological Studies 
scale for Depression (CES-D) and the SF-36, for quality of life, to fill out at 
home. On the morning of the first visit participants were instructed to have 
a standardized breakfast, not including eggs, coffee, tea or orange juice and 
were not allowed to smoke, as this may affect the measurement of subclinical 
macrovascular disease. Participants underwent carotid ultrasound, blood and 
24-hour urine sampling and MEG registration during the first visit. During 
the second visit, participants underwent MRI scanning and neuropsychologi-
cal testing.
 To prevent influence of extreme blood glucose levels on functional mea-
sures, these levels were regularly checked during both visits and kept between 4 
– 15 mmol/l. Two patients had glucose levels just exceeding 15 mmol/l before 
neuropsychological testing and one before MEG measurement. Thirty minutes 
after injecting 2 units of their current rapid acting insulin analogue, blood glu-
cose levels were within the proper range and measurements were performed. 
One patient reported mild hypoglycemic symptoms during neuropsychological 
testing. Again, 30 minutes after eating the equivalent of 20 g of carbohydrates, 
blood glucose levels were restored within the required range. As omitting data 
from these patients from the neuropsychological analyses did not change the 
results, they were included in the final analyses.

Clinical variables
Hemoglobin/hematocrit, lipid profile, liver enzymes, HbA1c, thyroid-stimu-
lating hormone (TSH) were assessed by routine laboratory methods. Urine 
albumin-to-creatinine ratio (ACR) was determined in 24-hour urine samples. 
Microalbuminuria was defined as an ACR >2.5 for men and >3.5 for women. 
Peripheral neuropathy was self-reported or, in case of doubt, checked against 
the patients’ medical record. Severe hypoglycemic events, those events for 
which a patient needs others’ assistance to cope with low glucose levels, coma 
or seizure, were self-reported during lifetime. Blood pressure was measured 
3 times during the first visit, after 15 minutes of rest, at the non-dominant 
arm with the subject sitting in the upright position. Hypertension was present 
when systolic blood pressure was >140 mmHg and/or diastolic blood pressure 
was >90 mmHg or when anti-hypertensive drugs were used.
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Vascular ultrasound assessment
Ultrasound of the right common carotid artery was performed by a single 
blinded observer, after participants had observed 10 minutes of rest in the 
supine position. An arterial wall B-mode ultrasound imager with a 7.5 MHz 
linear-array transducer (Esaote, Maastricht, The Netherlands) was used. Mea-
surement site was approximately 10 mm from the carotid bulb. The exact mea-
surement site on the artery was determined in the B-mode.
 Then data acquisition was performed in the M-mode for 4 seconds, trig-
gered by the R-top of the ECG. Offline, 2 measurements of subclinical mac-
rovascular disease, i.e. cIMT and carotid Distensibility (cD) were calculated 
using vessel wall movement detection software (Wall Track System, Pie Medi-
cal, Maastricht, the Netherlands) and for each subject, to calculate the cIMT, 
3 measurements were selected. A measurement was selected if the standard 
deviation of the mean diameter of the lumen was less than 1% of that mean 
diameter. For reproducibility purposes, measurements of 15 randomly selected 
participants were assessed a second time after a year by the same observer. This 
yielded an absolute mean difference in cIMT of 0.0128 mm, with an interclass 
correlation coefficient κ of 0.985 with a 95% confidence interval of 0.955 – 
0.995. 
 Additionally, arterial stiffness was estimated by measuring the relative 
changes in lumen area for a given change in pressure (ΔA/AxΔP [kPa-1]). The 
higher the change in lumen area of the carotid artery, the more flexible the 
arterial wall; therefore a low cD value is associated with increased arterial stiff-
ness. As this is a functional measure, it is more sensitive to intra-personal cir-
cumstances and levels of cD can fluctuate within each participant. To prevent 
selection bias, it was decided to include cD values of all measurements made 
for each participant.

Neuropsychological assessment
All participants underwent a detailed neuropsychological assessment covering 
the domains of general cognitive ability, memory, information processing speed, 
executive functions, attention, motor and psychomotor speed. A description of the 
tests used including references can be found in a previously published paper.60 
Raw scores were transformed into z-score based on the mean and standard de-
viation of controls. Higher z-scores indicate better performance.

Magnetoencephalography
A detailed description of the MEG protocol and functional connectivity can 
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be found elsewhere.60 In short, a 151-channel MEG system (CTF systems; 
Port Coquitlam, BC, Canada) was used to measure magnetic brain activity 
in a magnetically shielded room (Vacuumschmelze, Hanau, Germany). MEG 
data was consecutively recorded, while participants were in a supine position 
for 2 minutes with the eyes open, 5 minutes with the eyes closed, 10 minutes 
performing a task and 3 minutes again with the eyes closed. Offline 5 epochs of 
6.25 seconds of data from the first eyes-closed (i.e. resting-state) condition was 
selected using in home developed software (DIGEEGXP, CJ Stam, VU Uni-
versity Medical Center, Amsterdam, the Netherlands). As a measure of MEG 
measured functional connectivity we calculated the Synchronization Likeli-
hood (SL) for the delta (0.5 – 4 Hz), theta (4 – 8 Hz), lower and upper alpha 
(8 – 10 Hz and 10 – 13 Hz), beta (13 – 30 Hz) and lower and upper gamma 
(30 – 45 Hz and 55 – 80 Hz) frequency bands. Synchronization Likelihood 
resembles the likelihood that neuronal networks active at the same time are 
involved in the same process.60 

Magnetic Resonance Imaging
 Data acquisition
All participants underwent an extensive MR protocol on a 1.5T whole-body 
system (Siemens Sonata, Erlangen, Germany) using an 8-channel phased-array 
head coil. In this study a T1 magnetization prepared rapid acquisition gradi-
ent echo (MPRAGE; repetition time 2700 ms; echo time 5.17 ms; inversion 
time 950 ms; flip angle 80; 248x330 mm2 field-of-view; 1.0x1.0x1.5 mm voxel 
size; 160 contiguous coronal partitions) was used to determine brain volume. 
A functional MRI (fMRI) sequence (10 minutes, 202 volumes of echo-pla-
nar images (EPI), repetition time 2850 ms; echo time 60 ms; flip angle 900; 
384x384 mm2  field-of-view; isotropic 3.3 mm voxels; 36 axial slices) was used 
to determine fMRI measured functional connectivity, while patients had their 
eyes closed in a darkened room with the instruction not to think of anything 
particular and not to fall asleep. The DTI acquisition, for white matter tract in-
tegrity, consisted of 10 volumes without directional weighting and 60 volumes 
with non-collinear diffusion gradients (b-value 700 s/mm2), repetition time 
TR 8500 ms; echo time TE 86 ms; 59 contiguous axial slices, with isotropic 2 
mm resolution. Acquisition time was 10 minutes.
 Data analysis
Brain volume, normalized for head size, was calculated using the cross-sec-
tional tool of Structural Image Evaluation, using Normalisation of Atrophy 
(SIENAX),193 part of FMRIB’s Software Library (FSL4.1).174 SIENAX starts 
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with removing skull and brain extracting,194 and registering to standard space.195 

This way, each individual volumetric scaling factor is determined to later nor-
malize tissue volume for head size. Last, tissue segmentation with partial vol-
ume estimation is carried out for calculating total brain volume and separately 
gray and white matter volume and cerebrospinal fluid.196 For the white matter 
tract integrity we used fractional anisotropy (i.e. directional dependency of the 
water diffusion in tracts; the most commonly used measure of white matter 
tract integrity) of the bilateral inferior fronto-occipital and corticospinal tracts. 
For a detailed description of these tracts see chapter 6. Analyses of white matter 
tract integrity and fMRI measured functional connectivity have been described 
in detail elsewhere (chapter 5). The fMRI analysis resulted in 23 statistically 
independent components. Ten of these components have been consistently re-
ported in literature resembling neuronal networks; the other 13 components 
manifest artifacts, for example, due to head movement or blood flow.155 These 
networks are: right and left fronto-parietal, ventral and dorsal attention, pri-
mary and secondary visual, frontal, auditory and language processing, default 
mode and sensorimotor network. The mean functional connectivity value of 
these networks was extracted as a z-value and used in the correlation analysis. 

Functional connectivity
In this study, both fMRI and MEG measured functional connectivity are in-
cluded. These 2 assessment methods provide distinct information about func-
tional connectivity. Resting-state MEG measures directly neuronal activity, 
from low to high frequencies. Synchronization Likelihood provides data on 
the ‘strength’ brain networks in a frequency band are correlated and thus func-
tionally connected. MEG is less accurate regarding spatial localization. Con-
trary, resting-state fMRI measures fluctuation in the Blood Oxygenation Level 
Dependent (BOLD) signal, which have been found to form large scale brain 
networks.154,155 Functional MRI has a high spatial accuracy, whereas the trade-
off is a low temporal resolution. Therefore, both were included in this study.

Statistical analysis
Demographic, anthropometric and medical variables were analyzed using 
One-Way ANOVA with Bonferroni correction, Student’s t-test or chi-square, 
whether appropriate. 
 First, measures of subclinical macrovascular disease between the 3 groups 
were analyzed using a MANCOVA with Bonferroni correction with age, gen-
der, systolic blood pressure and depressive symptoms as covariates. 
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 Second, the association between cIMT or cD and cerebral parameters were 
tested, using stepwise regression in all participants and separately for healthy 
controls and all T1DM patients. In step 1, with either cIMT or cD as depen-
dent variable, all cognitive domains, brain volume, white matter tract integrity, 
fMRI and MEG measured functional connectivity measures were included in 
separate forward regression analyses. In case of a significant correlation be-
tween cIMT or cD and a cerebral parameter, this variable is entered in a post-
hoc stepwise regression analysis. This analysis is then corrected for age, gender, 
systolic blood pressure and depressive symptoms (step 2) and in T1DM pa-
tients additionally corrected for diabetes duration and HbA1c (step 3).
 To test whether subclinical macrovascular disease has a differential effect 
in patients with and without microangiopathy interaction effects of cIMT/
cD x complication status were tested for cerebral parameters, corrected for 
age, gender and diabetes duration. To minimize the amount of tests cerebral 
parameters were clustered based on cognition, brain volume, white matter tract 
integrity and fMRI/MEG measured functional connectivity. This resulted in 
10 tests. In case of a significant interaction between cIMT/cD x complication 
status and a cerebral parameter, these parameters were entered into a stepwise 
regression repeating steps 2 and 3 for both patient groups separately.
 For all tests a P-value of 0.05 was used. All analysis were performed using 
SPSS 15 (SPSS, Chicago, IL, United States).

Results
Participants
Table 1 lists baseline characteristics of the participants. Patients with complica-
tions were oldest and reported more depressive symptoms and lower physical 
quality of life compared to the other groups. They had higher mean systolic 
blood pressure relative to controls. Patients with microangiopathy had longer 
disease duration and earlier onset age relative to their counterparts without 
complications. Both current and updated HbA1c (median: 7 years prior to 
study date) did not differ between patient groups. Hypertension was more 
prevalent and ACR higher in those with complications. Of these patients, 
about 50% suffered from peripheral neuropathy and 27.5% had microalbu-
minuria.

Subclinical macrovascular disease
Carotid IMT, after correction for age, gender, systolic blood pressure and de-
pressive symptoms, was increased in all T1DM patients pooled versus controls 
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Table 1. Demographic and anthropomorphic variables.

T1DM with 
microangiopathy 

T1DM without 
microangiopathy

Controls P-value

N 51 53 51 -
Age 44.5 ± 7.1 37.9 ± 9.2 36.6 ± 11.3 <0.001
Gender (men/women) 21/30 20/33 20/31 0.978
Education levela 5 (1 – 8) 6 (2 – 8) 6 (2 – 8) 0.112
Estimated IQb 110.2 ± 13.4 106.9 ± 11.2 108.5 ± 11.8 0.401
Depressive symptomsc 11.2 ± 9.9 7.2 ± 6.7 6.8 ± 7.8 0.013
SF-36 physical 42.3 ± 11.8 50.3 ± 7.5 52.3 ± 8.1 <0.001
SF-36 mental 51.2 ± 12.2 51.6 ± 8.9 53.9 ± 13.6 0.455
BMI (kg/m2) 25.6 ± 4.1 24.9 ± 3.5 24.3 ± 3.6 0.180
HbA1c (%) 8.1 ± 1.3 7.8 ± 0.9 5.3 ± 0.2 <0.001
Updated HbA1c (%)d 8.1 ± 1.1 7.8 ± 0.8 - 0.101
Total cholesterol (mmol/l) 4.5 ± 0.7 4.7 ± 0.7 4.5 ± 0.9 0.212
Systolic BP (mmHg) 133.5 ± 17.5 129.2 ± 14.9 123.9 ± 11.3 0.006
Diastolic BP (mmHg) 75.7 ± 8.6 77.9 ± 9.4 77.2 ± 7.2 0.417
Hypertension (%)e 33 (64.7) 13 (24.5) - <0.001
ACR (mg/mmol) 3.5 ± 6.2 0.6 ± 0.7 - 0.001
Diabetes duration (years) 34.3 ± 7.8 21.6 ± 9.3 - <0.001
Diabetes onset age (years) 10.2 ± 7.2 16.2 ± 9.7 - 0.001
Early onset diabetes (%)f 18 (35.3) 10 (18.9) 0.077
BG MRI (mmol/l) 9.2 ± 3.7 10.5 ± 4.7 - 0.124
BG MEG (mmol/l) 9.0 ± 3.8 8.2 ± 3.9 - 0.279
BG NPA (mmol/l)g 8.6 ± 4.0 8.4 ± 4.0 - 0.777
Severe hypoglycemiah 6.0 ± 9.1 6.1 ± 10.3 - 0.960
Neuropathy (%)i 25 (49) - - -
Microalbuminuria (%)j 14 (27.5) - - -

Data are represented as means ± standard deviation, median (range) or absolute numbers with per-
centages between parentheses. BMI: body mass index; BP: blood pressure; ACR : albumin-to-creat-
inine ratio; BG: blood glucose. a Education level is provided using a Dutch scoring system, ranging 
from 1, unfinished primary school, to 8 finished university; b Estimated IQ was measured using the 
Dutch version of the National Adult Reading Test (NART); c Depressive symptoms were self-report-
ed using the Center for Epidemiological Studies scale for Depression (CES-D); d Updated HbA1c was 
collected from 2002 up to study date. The median updated HbA1c was 7.0 years; e Hypertension was 
defined as a systolic blood pressure >1 40 mmHg, a diastolic blood pressure of >90 mmHg, or the use 
of antihypertensive drugs; f Early diabetes onset was defined as a onset before 7 years of age; g NPA: 
neuropsychological assessment; h Severe hypoglycaemic events were self-reported during lifetime; 
i Neuropathy was self-reported by patients, or, in case of doubt, checked against the participants’ 
medical records; j Microalbuminuria was calculated as an albumin-to-creatinine ratio >2.5 for men 
and >3.5 for women.
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(P=0.040; Figure 1).  This changed into a trend toward significance af-
ter additional adjustment for BMI, total cholesterol and current smoking 
status (P=0.065). No differences in cD were found between the 2 groups. 
When comparing all 3 groups together, after Bonferroni correction for mul-
tiple comparisons, both cIMT and cD were not statistical different (P>0.05), 
but a linear trend was significant for cIMT (P-for-trend<0.001; Figure 1) 
with controls showing smallest cIMT, followed by the patients without 
complications and than the patients with complications. For cD the lin-
ear trend towards decrease (i.e. increased stiffness) in patients with compli-
cations approached statistical significance (P-for-trend=0.083; Figure 1).

Figure 1. Bar chart of mean cIMT (left) and cD (right) values per group. T1DM-MA: patients with-
out complications; T1DM+MA: patients with complications. Data are mean ± standard deviation.

Associations of vascular and cerebral findings
Analysis in all participants and controls revealed no correlations between cIMT 
or cD and any of the cerebral parameters, after correction for age, gender, sys-
tolic blood pressure and depressive symptoms.
 Pooled analysis in patients using stepwise regression analysis between cIMT 
and cD and cerebral parameters identified an association between increased cD 
(i.e. decreased arterial stiffness) and increased information processing speed, 
independent of the other cognitive domains (Table 2, step 1). This associa-
tion was not significant after correction for age, gender, systolic blood pressure 
and depressive symptoms (step 2) and additionally for diabetes duration and 
HbA1c (step 3). Correlations between increased cIMT and decreased fraction-
al anisotropy of the right inferior fronto-occipital tract, gray matter volume 
and fMRI measured functional connectivity in the ventral attention and right 
fronto-parietal networks were identified in step 1. Except for white matter tract 
integrity, all other parameters remained significant in step 2 and 3. Post-hoc 
the differential effect of subclinical macrovascular disease in T1DM compared 
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to healthy controls was supported by the significant interaction effect of cIMT/
cD x group status, corrected for age and gender, for fMRI measured ventral at-
tention functional connectivity, right corticospinal tract white matter integrity 
(all P<0.05), and the trend towards significance for the fMRI measured right 
fronto-parietal functional connectivity (P=0.090). Interaction effects were not 
statistically significant for information processing speed (P=0.145) or gray 
matter volume (P=0.303).
 
Table 2. Associations of cIMT and cD and cerebral correlates in all T1DM patients.

Step 1a Step 2a Step 3a

β P-value β P-value β P-value
cIMT and fMRI FC:
Right fronto-parietal -0.388 <0.001 -0.264 0.016 -0.269 0.018
Ventral attention -0.343 0.001 -0.252 0.026 -0.266 0.024
cIMT and DTI FA:
Right IFO -0.275 0.007 -0.245 0.040 -0.220 0.072
cIMT and brain volume:
Gray matter volume -0.394 <0.001 -0.205 0.036 -0.229 0.024
cD and cognition:
Informtaion processing speed 0.229 0.022 0.188 0.077 0.194 0.072

FC: functional connectivity; FA: fractional anisotropy (measure of white matter tract integrity); 
IFO: inferior fronto-occipital tract; β: standardised regression coefficient. Numbers in bold repre-
sent statistically significant values. a Step 1 is the forward regression analysis to identify associations 
between measures of subclinical macrovascular disease and cerebral parameters. Step 2 takes the vari-
ables that show a significant correlations and in a secondary analysis corrects the association for age, 
gender, systolic blood pressure and depressive symptoms. In Step 3, diabetes duration and HbA1c are 
added as additional covariates to the model.

 Subsequently, we tested the interaction effect of subclinical macroangi-
opathy and microvascular complication status. Corrected for age, gender and 
diabetes duration, the interaction effect of cIMT x complication status was 
significant for general cognitive ability (P=0.003), information processing 
speed (P=0.007) and attention (P=0.003). The cD x microangiopathy status 
interaction was significant for MEG measured functional connectivity in the 
upper alpha frequency band (10 – 13 Hz; P=0.029) and for fMRI measured 
functional connectivity in the left and right fronto-parietal network (P=0.011 
and P=0.032). For these variables, this is indicative that subclinical macroangi-
opathy has a different effect in patient with and without microangiopathy.
 As is shown in Table 3 and Figure 2, there were no associations between 
cIMT and cognition in T1DM patients with microangiopathy. On the other 
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hand, decreased cD (i.e. increased arterial stiffness) remained statistically sig-
nificantly correlated with increased fMRI measured functional connectivity in 
the right fronto-parietal network in this group (P<0.05). On the other hand, 
increased cIMT was borderline associated with lower attention scores in pa-
tients with complications (Pstep 3= 0.067). In this patient group, increased cD 
(i.e. decreased arterial stiffness), after correction for general and disease specific 
variables, was related to increased MEG measured upper alpha frequency band 
(P=0.016) and fMRI measured left fronto-parietal network functional connec-
tivity (P=0.049).

Table 3. Associations of cIMT  and cD  and cerebral correlates in T1DM patients with
 and without microangiopathy (separate group analysis).

Step 1a Step 2a Step 3a

β P-value R2 β P-value β P-value
T1DM with 
microangiopathy
cIMT and cognition:
GCA 0.121 0.398 0.015 0.023 0.866 0.027 0.845
IPS 0.087 0.544 0.008 0.042 0.758 0.047 0.728
AT 0.164 0.259 0.027 0.090 0.521 0.096 0.490
cD and MEG FC:
Upper alpha band -0.148 0.306 0.022 -0.171 0.209 -0.198 0.151
cD and fMRI FC:
Left fronto-parietal -0.212 0.140 0.045 -0.272 0.049 -0.271 0.059
Right fronto-parietal -0.252 0.077 0.064 -0.349 0.015 -0.342 0.022
T1DM without 
microangiopathy
cIMT and cognition:
GCA -0.334 0.018 0.112 -0.204 0.160 -0.151 0.317
IPS -0.361 0.010 0.130 -0.158 0.258 -0.119 0.420
AT -0.394 0.005 0.155 -0.260 0.045 -0.242 0.067
cD and MEG FC:
Upper alpha band 0.289 0.052 0.083 0.334 0.018 0.362 0.016
cD and fMRI FC:
Left fronto-parietal 0.349 0.014 0.122 0.300 0.040 0.294 0.049
Right fronto-parietal 0.256 0.075 0.066 0.139 0.378 0.128 0.435

GCA: general cognitive ability; IPS: information processing speed; AT: attention; FC: functional 
connectivity; β: standardised regression coefficient; R2 proportion explained variance by the model. 
Numbers in bold represent statistically significant values. Names printed in bold indicate that these 
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variables are significantly associated with either cIMT or cD, after corrections in step 2 and step 3.
a Step 1 represents the association between cerebral parameter for which the interac-
tion term of cIMT/cD x complication status was significant. Step 2 includes in this as-
sociation age, gender, systolic blood pressure and depressive symptoms. In Step 
3, diabetes duration and HbA1c are added as additional covariates to the model.

Figure 2. Scatter plots of relations between subclinical macrovascular disease and cerebral param-
eters. Black squares represent patients with microangiopathy; gray squares represent patients without 
microangiopathy. IMT: intima media thickness.

Discussion
The major findings of this study in part confirm previous reports showing that 
patients with longstanding T1DM have increased cIMT compared to healthy 
non-diabetes controls. No difference in cD, a measure of arterial stiffness, was 
found between this sample of T1DM patients and controls. We expanded pre-
vious findings by demonstrating that in T1DM patients cIMT was inversely 
associated to functional connectivity and brain volume. Additionally, the as-
sociation of cIMT and white matter tract integrity, as well as the relationship 
of cD and information processing speed, showed a trend towards significance 
after correction for diabetes-related factors. These associations were almost ex-
clusively found in T1DM patients without, but not in those with microan-
giopathy. In patients with microangiopathy, cD only had an effect in fMRI-
measured functional connectivity. 
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 This is the first study to assess the effect of subclinical macrovascular disease 
on cerebral parameters other than cognitive functions in well-characterized pa-
tients with T1DM. Also, no earlier studies into this relation have differenti-
ated between the presence or absence of microangiopathy. The DCCT/EDIC 
studied the effect of cIMT on cognitive decline over a period of 18 years. 
Although microvascular disease was the strongest predictor, cIMT was found 
to be borderline related to a decline in psychomotor speed, after adjustment 
for multiple comparisons.10 Our cross-sectional data support the finding that 
the presence of subclinical macrovascular disease, especially increased cIMT, 
negatively affects cognitive functions. However, we found more prominent as-
sociations of cIMT and cD and measures of brain connectivity, measured by 
both fMRI and MEG. The underlying mechanisms are unclear. 
 Interestingly, in contrast to patients without microangiopathy, associations 
of cIMT and cD and cerebral correlates were almost absent in T1DM with 
microvascular complications. The exact reason for this differential effect of sub-
clinical macrovascular disease on cerebral findings is unknown, it is, however, 
tempting to speculate that the impact of long-standing hyperglycemia-related 
microangiopathy overrules the potentially harmful effects of macrovascular 
disease on the brain in T1DM. The proportion of variance of the difference 
(R2) in cerebral parameters explained by either cIMT or cD is indeed higher 
in patients without versus patients with microangiopathy (Table 3). Subse-
quently, beta’s are larger in patients with uncomplicated T1DM. 
 A negative association was detected between cD and fMRI measured func-
tional connectivity in T1DM with microangiopathy (Figure 2). This indicates 
that increased arterial stiffness is associated with increased functional connec-
tivity. This seems counterintuitive, and in patients without microangiopathy 
an inverse relation is indeed found between cD and brain parameters. It seems 
unlikely that lower distensibility has a protective effect on functional connec-
tivity. However, it does indicate that microangiopathy is an effect modifier for 
the association between subclinical macrovascular disease and functional con-
nectivity, irrespective of the method used, i.e. fMRI or MEG. Based on this 
findings, this differential effect of subclinical macrovascular disease requires 
further study.
 Strength of this study includes the relatively large number of well-char-
acterized T1DM patients, as well as the presence of a control group, and the 
combination of extensive neuropsychological assessment with neuroradiologi-
cal and neurophysiological measurements. Limitations may include that fact 
that patients with microangiopathy have a longer disease duration and earlier 



123 Subclinical Macroangiopathy

disease onset age than their counterparts in this study, both of which could 
constitute a confounder. This might influence the results, as especially an early 
onset age (i.e. < 7 years) is found to have more adverse effects on the brain than 
disease onset later in life.49 Therefore, in a secondary analysis, we matched pa-
tients for either onset age or diabetes duration and reran the regression analy-
ses. Results of these analyses yielded similar results as compared to the original 
analyses (data not shown). Furthermore, our results are independent of diabe-
tes duration, as we corrected for this variable in our analyses.
 In conclusion, in patients with uncomplicated T1DM, contrary to pa-
tients with microangiopathy, the presence of subclinical macrovascular disease, 
including increased cIMT and arterial stiffness, is related to poorer perfor-
mance in cognitive domains and decreases in functional connectivity and white 
matter integrity. The underlying cause of this differential effect of subclinical 
macrovascular changes remains to be determined, but it might be that the con-
sequences of microangiopathy on the diabetes brain overrule the more subtle 
effects of incipient macrovascular disease.
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Abstract
Introduction: Changes in cognitive function, cerebral structure and func-
tional connectivity, have been reported in patients with type 1 diabetes mel-
litus (T1DM), typically in those with microangiopathy. The apolipoprotein 
E (APOE) ε4 genotype was previously identified as risk factor for cognitive 
decline and neurodegenerative disease. To date, the role of APOE ε4 in T1DM 
related cerebral compromise in not fully understood. Here we assessed cogni-
tive functions, brain volume, and functional connectivity in 101 middle-aged 
T1DM patients with or without microangiopathy and 50 healthy controls in 
relation to APOE ε4.

Methods: Cognitive functioning was assessed using an extensive neuropsycho-
logical test battery, brain volume was measured using magnetic resonance im-
aging (MRI) and functional connectivity was assessed by magnetoencephalog-
raphy (MEG). APOE genotyping was performed for all participants. 

Results: Of the 101 T1DM patients, 33 (32.7%) were either APOE ε4 hetero- 
or homozygous, as were 15 (30%) controls. More T1DM APOE ε4 carriers 
had early disease onset (age <7 years) and lower estimated IQ compared to 
non-carriers. Especially in male patients, APOE ε4 was associated with lower 
information processing speed and increased gray matter volume compared to 
non-carriers of APOE ε4, whereas no differences were found for women with 
APOE ε4. There were no interactions between APOE ε4 presence and mi-
croangiopathy status. APOE ε4 had no effect on MEG measured functional 
connectivity.

Conclusion: A gender-specific association was found of APOE ε4 and cognitive 
functioning in middle-aged T1DM patients, with additional changes in gray 
matter volume. Microangiopathy and APOE ε4 did not interact in T1DM.
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Introduction
Alterations in cognitive functioning are frequently observed in patients with 
type 1 diabetes mellitus (T1DM).22 And although patients show decrements 
over a wide range of cognitive domains, in most studies, mainly processing 
speed and mental flexibility are affected.6 These cognitive deficits are accom-
panied by reduced local gray matter volume,12,14 white matter tract integrity,66 
and resting-state functional connectivity,60 which refers to the notion that cor-
relations between neural activity recorded from different brain regions reflect 
functional interactions and information exchange between these regions.36,62 
These signs of cerebral compromise in T1DM start early after disease onset,153 
but are typically seen in patients with long-standing disease, particularly in 
those who have developed clinical microangiopathy, such as retinopathy or 
nephropathy.10 
 Besides diabetes-related risk factors for cerebral compromise, other factors 
may contribute as well. One such factor is the apolipoprotein E (APOE) geno-
type. APOE is located on chromosome 19 and consists of 3 isoforms, APOE 
ε2, APOE ε3 and APOE ε4, which differ in only 2 amino acids.28 APOE ε3 is 
the most common form (70 – 80%), followed by APOE ε4 (10 – 15%) and 
APOE ε2 (5 – 10%).  In general, APOE is involved in lipid metabolism, but it 
was also shown to play a role in neuronal repair.28 It is hypothesized that of the 
3 alleles, APOE ε4 is the least active in neuronal repair.28

 Probably due to its involvement in neuronal repair, the presence of the 
APOE ε4 genotype is associated with a markedly increased risk of Alzheimer’s 
disease.95 APOE ε4 presence has been found to be related to an accelerated 
cognitive decline in healthy aging and patients with multiple sclerosis,97,197,198 
and changes in the structure and functional connectivity of the brain,98,199-202 
even at a young age.203 In T1DM, studies are mixed and limited to cognitive 
functions. The Diabetes Control and Complications Trail / Epidemiology of 
Diabetes Interventions and Complications (DCCT/EDIC) study did not ob-
serve an association between cognitive decline and APOE ε4.29 Another study, 
cross-sectional in nature, found a relationship between APOE ε4 and poorer 
performance on verbal intelligence and executive functions, but only in wom-
en and not in men.30

 These studies did not address the potential impact of APOE ε4 on ce-
rebral correlates, including brain structure or functional connectivity. From 
other studies, evidence has emerged showing that these parameters of cerebral 
compromise are also changed by the APOE ε4 genotype.204 Despite the fact 
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that T1DM patients, particularly those with microangiopathy, have multiple 
risk factors that could potentially precipitate cerebral insults, the development 
of which then could be accelerated by the presence of APOE ε4, there are to 
date no studies to address the interaction of the APOE genotype and diabetes-
related cerebral damage. Here, we assessed cognitive functioning as well as 
functional connectivity, and cerebral volume in middle-aged T1DM APOE 
ε4 carriers and non-carriers with and without microangiopathy and healthy 
controls. We tested the effect of APOE ε4 in all T1DM patients and stratified 
for complication status and gender. Given the age of the controls, it may be 
expected that no effect of APOE genotype is detectible in this group.

Methods
Participants
Fifty-one T1DM patients with and 53 patients without microangiopathy, as 
well as 51 healthy controls were included in this study. For 1 control partici-
pant and 3 T1DM patients, APOE genotyping could not be performed. Par-
ticipants were recruited from the outpatient clinics of Internal Medicine of the 
VU University Medical Center, Amsterdam, Groene Hart Hospital, Gouda, 
Amstelland Hospital, Amstelveen, Spaarne Hospital, Hoofddorp and from the 
department of Ophthalmology of the VU University Medical Center and Aca-
demic Medical Center, Amsterdam, the Netherlands, and from advertisements 
in a national newspaper and diabetes related magazine.
 Patients were eligible for the study if between 18 – 56 years, right-handed, 
proficient in Dutch and, for T1DM patients, a disease duration of at least 10 
years. Participants were excluded in the presence of a body mass index (BMI) 
>35 kg/m2, stroke, epilepsy, pregnancy, contraindication for MRI, centrally 
acting medication use, drug or alcohol abuse, psychiatric disorder, thyroid dys-
function, anemia or visual acuity below 0.3. Patients with microangiopathy 
were selected on the basis of proliferative retinopathy, but could also have other 
microvascular complications. Those without microangiopathy had to be free of 
clinically detectable complications. 
 This study was approved by the medical ethics committee of the VU Uni-
versity Medical Center and written informed consent was obtained from all 
participants.

Study design
Before participation, potential eligible participants were interviewed over the 
telephone using a standardized questionnaire, collecting background informa-
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tion. If eligible and willing to participate, participants attended the VU Uni-
versity Medical Center twice within approximately 6 weeks. They received the 
Center for Epidemiological Studies scale for Depression (CES-D) per post to 
fill out at home. During the first visit participants underwent fundusphotogra-
phy, blood and 24-hour urine sampling and magnetoencephalography (MEG) 
measurement. During the second visit participants underwent magnetic reso-
nance imaging (MRI) scanning and neuropsychological testing.
 During the study blood glucose levels of patients had to range between 
4 – 15 mmol/l. Glucose levels were checked regularly during the study. One 
participant experienced mild hypoglycemia during the neuropsychological as-
sessment. Upon normalization of blood glucose, after ingesting an equivalent 
of 20 g carbohydrates, testing was postponed for 30 minutes. This did not 
influence the group results; therefore, data of this participant was included.

Medical measurements 
Blood and 24-hour urine sampling was performed for routine measures (he-
moglobin, creatinine, lipid profile, liver enzymes, HbA1c, TSH, urine creati-
nine and albumin) and APOE genotyping on the first study day. Blood pres-
sure was measured twice during the first visit, after 15 minutes of rest with a 
5 minute interval. Mean blood pressure was used to determine hypertension, 
which was defined as a systolic blood pressure >140 mmHg, a diastolic blood 
pressure >90 mmHg or the use of antihypertensive drugs. Hypertension was an 
exclusion criterion for healthy controls. Retinopathy was assessed by fundus-
photography, which was rated according to the EURODIAB classification.121  
Only patients with score 0 (no retinopathy) or scores 4 and 5 (proliferative 
retinopathy or lasercoagulation) were included. Microalbuminuria was present 
if albumin-to-creatinine ratio (ACR) was >2.5 for men and >3.5 for women. 
Peripheral neuropathy was self-reported or, in case of doubt, collected from 
the patients’ medical record. Severe hypoglycemic events, according to DCCT 
guidelines,21 were self-reported during lifetime. 

APOE genotyping
DNA was isolated from 10 ml EDTA blood by the QIAamp DMN blood 
isolation kit from Qiagen. The genotype was then determined by the Light 
Cycler APOE mutation detection kit (Roche Diagnostics GmbH, Mannheim, 
Germany). 



131 Apolipoprotein E ε4

Neuropsychological assessment
All participants underwent a detailed neuropsychological assessment covering 
the domains of general cognitive ability, memory, information processing speed, 
executive functions, attention, motor and psychomotor speed. A description of the 
tests used can be found elsewhere.60 Raw scores were transformed into z-score 
based on the mean and standard deviation of controls. Higher z-scores indicate 
better performance.

MRI-scanning
MRI scanning was performed on a 1.5T whole-body magnetic resonance sys-
tem (Siemens Sonata, Erlangen, Germany) using an 8-channel phased-array 
head coil. Scans included a T1-based magnetization prepared rapid acquisition 
gradient echo ([MPRAGE], repetition time 2700 ms; echo time 5.17 ms; in-
version time 950 ms; flip angle 80; 248x330 mm2 field-of-view; 1.0x1.0x1.5 
mm voxel size; 160 contiguous coronal partitions).

Brain volume analysis
Brain volume, normalised for head size, was calculated using the cross-sec-
tional tool Structural Image Evaluation, using Normalisation of Atrophy 
(SIENAX),193 part of FMRIB’s Software Library (FSL4.1; http://www.fmrib.
ox.ac.uk/fsl).174 SIENAX starts with removing skull and brain extracting,194 
and registering to standard space.195 This way, each individual volumetric scal-
ing factor is determined to later normalize tissue volume for head size. Lastly, 
tissue segmentation with partial volume estimation is carried out for calculat-
ing total brain volume and separately gray and white matter volume and cere-
brospinal fluid.196

MEG acquisition
A detailed description of the MEG protocol and functional connectivity can 
be found elsewhere.60 In short, a 151-channel MEG system (CTF systems; 
Port Coquitlam, BC, Canada) was used to measure magnetic brain activity 
in a magnetically shielded room (Vacuumschmelze, Hanau, Germany). MEG 
data was consecutively recorded, while participants were in a supine position, 
for 2 minutes with the eyes open, 5 minutes with the eyes closed, 10 minutes 
performing a task and 3 minutes with the eyes closed. Head movement of ap-
proximally 1.5 cm during acquisition was allowed. None of the measurements 
exceeded this limit. Offline 5 epochs of 6.25 seconds of data from the first 
eyes-closed (i.e. resting-state) condition was selected using in home developed 
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software (DIGEEGXP, CJ Stam, VU University Medical Center, Amsterdam, 
the Netherlands). 

Functional connectivity
A detailed description of functional connectivity can be found in a previous 
paper.60 As a measure of functional connectivity we calculated the Synchroni-
zation Likelihood (SL) for the delta (0.5 – 4 Hz), theta (4 – 8 Hz), lower and 
upper alpha (8 – 10 Hz and 10 – 13 Hz), beta (13 – 30 Hz) and lower and 
upper gamma (30 – 45 Hz and 55 – 80 Hz) frequency bands. Synchronization 
Likelihood resembles the likelihood that neuronal networks active at the same 
time are involved in the same process. Functional connectivity data was derived 
for whole-head mean functional connectivity, i.e. the average Synchronization 
Likelihood of all sensors; 10 short distance, left and right frontal, central, pa-
rietal, occipital and temporal areas; 8 long distance intra hemispheric, left and 
right fronto-parietal, fronto-temporal, parieto-occipital and temporo-occipital 
pairs; and 5 long distance inter hemispheric, left to right frontal, central, pari-
etal, occipital and temporal, pairs.

Statistical analysis
Student’s t-test, chi-square or one-way ANOVA with Bonferroni correction 
was used to determine differences in demographic, anthropometric and medi-
cal variables. After APOE genotyping, patients were categorized as APOE ε4 
non-carriers (those with APOE ε2/ε2, ε2/ε3 or ε3/ε3 genotype) or APOE ε4 
carriers (APOE ε2/ε4, ε3/ε4 or ε4/ε4). Using a MANOVA design differences 
in cognition, brain volume and functional connectivity was tested for T1DM 
patients with and without APOE ε4. As a post-hoc analysis, these tests were re-
peated corrected for demographic, anthropometric and medical variables that 
differed between T1DM APOE ε4 carriers and non-carriers, to test their influ-
ence on cerebral measures. To explore potential gender differences for APOE 
ε4, as has been earlier reported,30 we examined the interaction between APOE 
ε4 and gender for those cerebral measures showing significant differences in 
the primary analyses. In case of significant interactions results were stratified 
according to gender. A difference with a P-value below 0.05 was regarded as 
statistically significant. All analyses were performed using SPSS 15.0 for Win-
dows (SPSS, Chicago, IL, United States).
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Figure 1. Bar chart of mean cognitive scores that showed differences between T1DM APOE ε4 car-
riers and non-carriers, and brain volume parameters. Represented are all T1DM patients without 
(white) and with (white with horizontal stripes) APOE ε4, and stratified by complication status. Pa-
tients without complications and APOE ε4 are represented in the middle of the graph by gray bars 
with horizontal stripes, those with APOE ε4 are represented as plain gray bars. T1DM patients with 
microangiopathy without APOE ε4 are represented as black bars and those with APOE ε4 as black 
bars with white horizontal stripes. Bars represent mean ± standard deviation. P-values of the uncor-
rected analysis are given. IPS: information processing speed; GCA: general cognitive ability; GMV: 
gray matter volume; WMV: white matter volume; TBV: total brain volume.

Results
Participants
Twenty patients with (39.2%) compared to 13 (26.0%) patients without micro-
angiopathy and 15 (30.0%) healthy controls were APOE ε4 carriers (P=0.386). 
Of these participants, 3 patients with, 1 patient without and 3 controls were 
APOE ε4 homozygous. In Table 1 results of the demographic, anthropometric 
and medical tests are provided for APOE ε4 carriers and non-carriers stratified 
for group status. APOE ε4 carriers, as compared to non-carriers in the T1DM 
group had lower estimated IQ (P=0.027) and these patients had more often an 
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Table 1. Demographic and anthropomorphic variables according to APOE genotype in 

T1DM APOE ε4 (n=101) Controls APOE ε4 (n=50)

Carriers Non-carriers P-value Carriers Non-carriers P-value
N 33 68 - 15 35 -
Age (years) 39.5 ± 8.3 41.8 ± 9.1 0.236 41.3 ± 12.1 34.0 ± 9.9 0.030
Gender (men/women) 13/20 26/42 0.999 4/11 15/20 0.351
Estimated IQa 104.9 ± 13.6 110.7 ± 11.2 0.027 109.7 ± 12.6 107.7 ± 11.8 0.570
Depressive symptomsb 9.2 ± 9.2 9.4 ± 8.5 0.901 7.8 ± 9.9 6.6 ± 6.8 0.614
BMI (kg/m2) 24.9 ± 3.6 25.3 ± 4.0 0.609 24.3 ± 3.2 24.2 ± 3.9 0.916
Systolic BP (mmHg) 130.2 ± 15.9 131.1 ± 15.5 0.785 125.0 ± 8.7 123.4 ± 12.5 0.661
Diastolic BP (mmHg) 76.2 ± 8.5 77.0 ± 9.1 0.666 77.2 ± 6.8 77.4 ± 7.5 0.928
Total cholesterol (mmol/l) 4.5 ± 0.7 4.7 ± 0.8 0.392 4.9 ± 0.9 4.3 ± 0.9 0.029
HbA1c (%) 8.2 ± 1.4 7.8 ± 0.9 0.153 5.4 ± 0.3 5.3 ± 0.2 0.229
Hypertension (%)c 15 ( 45.5) 29 (42.6) 0.833 - - -
ACR (mg/mmol) 2.9 ± 6.7 1.6 ± 3.1 0.184 - - -
Diabetes duration (years) 29.0 ± 10.3 27.9 ± 10.7 0.611 - - -
Diabetes onset age (years) 10.6 ± 8.6 13.9 ± 8.6 0.067 - - -
Early diabetes onset (%)d 14 (42.4) 14 (20.6) 0.032 - - -
BG MRI (mmol/l) 9.8 ± 4.2 10.0 ± 4.3 0.839 - - -
BG MEG (mmol/l) 9.2 ± 3.6 8.3 ± 3.9 0.279 - - -
BG NPA (mmol/l)e 9.2 ± 4.6 8.1 ± 3.7 0.216 - - -
Severe hypoglycemiaf 7.1 ± 7.9 5.7 ± 10.6 0.502 - - -
Retinopathy (%) 20 (60.6) 31 (45.6) 0.204 - - -
Microalbuminuria (%)g 5 (15.2) 9 (13.2) 0.768 - - -
Neuropathy (%)h 8 (24.2) 17 (25.0) 0.999 - - -

Data are provided as means ± standard deviation or absolute numbers with percentages between pa-
rentheses. BMI: body mass index; BP: blood pressure; ACR : albumin-to-creatinine ratio; BG: blood 
glucose. a Estimated IQ was measured using the Dutch version of the National Adult Reading Test 
(NART); b Depressive symptoms were measured using the Center for Epidemiological Studies scale 
for Depression (CES-D); c Hypertension was defined as a systolic blood pressureof 140 mmHg or 
above, a diastolic blood pressure of 90 mmHg or above or use of antihypertensive drugs; 

early diabetes onset, defined as an onset age <7 years (P=0.032). Controls with 
APOE ε4 were slightly older (P=0.030) and had increased total cholesterol 
level compared to their non-carrier counterparts (P=0.029, Table 1).

Cognitive functioning
As we previously showed, T1DM patients, particularly those with microangi-
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early diabetes onset, defined as an onset age <7 years (P=0.032). Controls with 
APOE ε4 were slightly older (P=0.030) and had increased total cholesterol 
level compared to their non-carrier counterparts (P=0.029, Table 1).

Cognitive functioning
As we previously showed, T1DM patients, particularly those with microangi-

T1DM patients and controls.

d Early diabetes onset was defined as a onset age below the age of 7 years; e NPA: neuropsychological 
assessment; f Severe hypoglycemic events were self-reported and defined as those events for which the 
patient needs assistance from a third person to recuperate due to loss of consciousness or seriously 
deranged functioning, coma or seizure due to low glucose levels; g Microalbuminuria was defined as 
an albumin-to-creatinine ratio >2.5 for men and >3.5 for women; h Neuropathy was self-reported, or 
in case of doubt, ascertained by the patients medical record.

opathy, performed worse on measures of general cognitive ability, informa-
tion processing speed and attention.60 In a pooled analysis, T1DM APOE 
ε4-carriers versus non carriers had significantly worse performance on infor-
mation processing speed (mean difference: -0.383; 95% confidence interval 
(CI): -0.760 – -0.006; P=0.047) and tended to have lower scores on general 
cognitive ability (mean difference: -0.201; 95% CI: -0.403 – 0.002; P=0.052) 
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and attention (mean difference: -0.418; 95% CI: -0.846 – 0.009; P=0.055; 
Figure 1). Post-hoc analysis showed that that these differences can be mainly 
attributed to estimated IQ and early diabetes onset, since correcting for these 
variables yielded non-significant differences between APOE carriers and non-
carriers. Although not statistically significant, in both patient groups APOE ε4 
carriers tended to have lower z-scores for these cognitive domains relative to 
patients without APOE ε4 (Figure 1). Healthy controls with APOE ε4 did not 
show any difference in cognitive performance as compared to those without 
APOE ε4.

Cerebral volume
All patients with APOE ε4 had significantly increased gray matter volume 
compared to APOE ε4 non-carriers (mean difference: 34701; 95% CI: 10187 
– 59215; P=0.006), which remained statistically significant after correction 
for early disease onset age and estimated IQ (P=0.037). Gray matter volume 
increase was predominantly driven by patients with microangiopathy in the 
presence of APOE ε4, although a trend towards increased gray matter volume 
was also found in APOE ε4-carriers without microangiopathy. Again, no effect 
of APOE ε4 was found in controls (all P>0.05; Figure 1).

Functional connectivity
MEG measured functional connectivity, as calculated with Synchronization 
Likelihood, did not differ between patients with or without APOE ε4, nor did 
it differ across separate patient groups (all P>0.05). Contrary, functional con-
nectivity increased in control APOE ε4-carriers versus non-carriers in the delta 
(0.5 – 4 Hz; mean difference: 0.012; 95% CI: 0.001 – 0.023; P=0.029) and 
theta (4 – 8 Hz; mean difference: 0.007; 95% CI: 0.002 – 0.013; P=0.013) fre-
quency bands. This difference remained statistically significant after correction 
for age and total cholesterol (delta band: P=0.022 and theta band: P=0.016).

APOE ε4 hetero- and homozygous participants
Four T1DM patients and 3 controls were APOE ε4 homozygous. We tested 
whether there was a dose-response for the cerebral parameters that were shown 
to differ between APOE ε4 carriers and non-carriers. Given the few partici-
pants that were actually homozygous for APOE ε4, we only tested linear trends 
to save statistical power. 
 As can be found in Figure 2, there was a dose-response for information 
processing speed, general cognitive ability, attention and gray matter volume in 
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patients, of which the first 2 were significant (P-for-trend<0.05). APOE ε4 ho-
mozygote T1DM patients performed poorest on cognition and had the highest 
amount of gray matter volume, APOE ε4 heterozygote patients intermediate 
and non-carriers had the best performance and lowest amount of gray matter 
volume. In controls, a similar dose-response curve was observed for delta and 
theta frequency band functional connectivity (P-for-trend<0.05; Figure 2).

Figure 2. Bar charts of dose-response for APOE ε4 in patients and controls. Dose-response analy-
sis was only carried out for those parameters that showed (a trend towards) significant difference 
between APOE ε4 carriers and non-carriers. Plain bars represent participants without APOE ε4, 
horizontally striped bars depict APOE ε4 heterozygote participants and  bars with squares denote 
participants that are APOE ε4 homozygous. Gray bars  represent T1DM patients, white bars denote 
healthy controls. Bars represent mean ± standard deviation. P-values of the P-for-trend analysis are 
given. IPS: information processing speed; GCA: general cognitive ability; GMV: gray matter volume.

Interaction APOE ε4 with gender
Based on a previous report that cognitive differences in T1DM APOE ε4 car-
riers may be gender specific,30 we tested for interactions between APOE ε4 and 
gender in the cognitive domains and brain volume parameters that differed 
between patient with and without APOE ε4. These were significant for infor-
mation processing speed (P=0.040) and gray matter volume (P=0.004). 
 Contrary to this earlier study,30 we did not observe differences in informa-
tion processing speed nor gray matter volume between female APOE ε4 carriers 
and non-carriers. Males with APOE ε4, however, performed worse on infor-
mation processing speed (mean difference: -0.845; 95% CI: -1.389 – -0.301; 
P=0.003; corrected for early diabetes onset and estimated IQ: P=0.057) and 
showed increased gray matter volume compared to their counterparts without 
APOE ε4 (mean difference: 78998; 95% CI: 37820 – 120175; P<0.001; cor-
rected for early diabetes onset and estimated IQ: P=0.004; Figure 3).

Discussion
In this study we showed that the presence of APOE ε4 increases the brain’s sus-
ceptibility for the deleterious consequences of T1DM in middle-aged patients, 
as substantiated by poorer cognitive scores in domains of information process-
ing speed, attention and general cognitive ability, but unexpectedly, gray matter 
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Figure 3. Bar chart of male T1DM patients without (white) and with (white striped) APOE ε4 and fe-
male T1DM patients without (black) and with (black striped) APOE ε4. Bars represent mean ± stan-
dard deviation. P-values of the uncorrected analysis are given. IPS: information processing speed; 
GMV: gray matter volume.

volume was increased in these patients relative to patients without APOE ε4. 
There were no changes in functional connectivity. APOE ε4 did not interact 
with the presence of microangiopathy in patient with T1DM. Also, the asso-
ciation of APOE ε4 and cerebral changes appeared gender-specific, such that 
male APOE ε4 carriers with T1DM performed worse with respect to informa-
tion processing speed and had increased gray matter volume, whereas no differ-
ences were found between T1DM women with and without APOE ε4. When 
the analyses were corrected for the effect of early onset age (i.e. below the age 
of 7 years) and estimated IQ, the increase in brain volume remained, whereas 
the decrease in processing speed was only of borderline significance. In healthy 
participants with APOE ε4, on the contrary, we observed an increase in slow 
wave MEG measured functional connectivity compared to APOE ε4 non-car-
riers, in the absence of cognitive or cerebral volume changes. Both in patients 
and controls we observed a dose-response with the most marked decrease in 
cognitive performance and most pronounced increase in cerebral volume and 
functional connectivity in homozygote participants.
 This is the first study to assess measures of functional connectivity and 
cerebral volume in patients with T1DM. Contrary to our expectations, we 
found an increase in gray matter volume. Another study, including healthy 
participants between 48 and 75 years old, failed to find an increase in total 
gray matter volume using cortical thickness analysis. They, however, found that 
cortical thickness was increased in APOE ε4 carriers, relative to non-carriers, 
in bilateral frontal and temporal regions. They did not observe a decrease in 
cortical thickness in APOE ε4 carriers.98 Additionally, they identified an in-
teraction between age and APOE ε4 presence for cortical thickness in these 
areas. A somewhat steeper slope with regard to age-related cortical thinning 
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was found in carriers as compared to non-carriers, suggestive that age-related 
cortical thinning in these frontal and temporal regions is accelerated by APOE 
ε4. To this end, we tested whether there was an interaction between age and 
APOE ε4 presence for gray matter volume in patients. This was not significant 
(P=0.385), although a main effect of age was found (β=-0.500; P<0.001), sug-
gesting that in both T1DM carriers and non-carriers show decreasing gray 
matter volume with age.
 Two other studies have assessed the effect of APOE ε4 on cognitive func-
tions in T1DM. Comparable to the finding from the DCCT/EDIC study, 
after correction for confounding, there was no change in neuropsychological 
performance in our T1DM patients with or without APOE ε4.29 Similar to a 
cross-sectional study in T1DM, we found the effects of APOE ε4 to be gender-
specific, although we observed differences in men only, in contrast to the earlier 
reported differential findings in women.30 The limited effects found in our 
current and the previous studies might be related to the relatively young aver-
age age of the patients in these studies, in our sample 42 years of age, ranging 
between 18 to 56 years.
 An increase in functional connectivity, such as found in our healthy con-
trols with APOE ε4, has also been found in patients with Alzheimer’s disease 
and patients with subjectivity memory complaints, whereas Alzheimer’s disease 
itself results in decreased functional connectivity.202 Why an increase in func-
tional connectivity, or gray matter volume, results from APOE ε4 is not clearly 
understood. Although speculative, APOE ε4 is hypothesized to have protec-
tive properties in youngsters,205 which may result in increased brain volume or 
functional connectivity. This needs further study.
 We found a marked dose-response for APOE genotype in both T1DM pa-
tients and healthy controls. In patients, those without APOE ε4 had best cog-
nitive performance and lowest amount of gray matter volume, APOE ε4 het-
erozygote patients scored intermediate, and poorest performance and highest 
amount of gray matter volume was seen in APOE ε4 homozygote patients. The 
same pattern was found in healthy controls regarding delta and theta frequency 
band functional connectivity. Because of the small number of participants (4 
patients and 3 controls) who are APOE ε4 homozygous, we lacked statistical 
power to formally test differences, but found highly significant linear trends. 
 We found no interaction between APOE ε4 and microangiopathy status 
in T1DM patients. Since we have previously postulated that clinical periph-
eral microangiopathy in fact mirrors microvascular changes in the brain,60 the 
absence of interaction between the APOE genotype and microangiopathy sug-
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gests that the mechanisms underlying the adverse effects of APOE ε4 on the 
brain differ from those responsible for the impact of microangiopathy on the 
diabetes-brain.  Additionally, it should be pointed out that while the impact of 
APOE ε4 seems gender-related involving our male T1DM patients, the delete-
rious effects of microangiopathy on cerebral changes in T1DM were similar in 
both genders.
 Strengths of this study are the relatively large sample size of more than 150 
participants, the inclusion of patients both with and without clinically manifest 
microangiopathy and the integrative approach using comprehensive validated 
cognitive testing and 2 different neuroimaging/neurophysiology methods to 
assess cerebral structure and functional connectivity, respectively. The latter 
approach enables us to assess the impact of APOE ε4 on the full spectrum of 
cerebral compromise in a cohort of well-characterized T1DM patients. Limita-
tions include the relatively low number of participants homozygous for APOE 
ε4. It is known that these patients are most at risk for cognitive decline and 
Alzheimer’s disease, although an increased risk is also seen in APOE ε4 hetero-
zygous (non-diabetic) individuals.95 
 To conclude, the presence of APOE ε4 in this middle-aged sample of 
T1DM patients, does not lead to more pronounced accelerated cognitive dec-
rements after correction for possible confounding, compared to patients with-
out APOE ε4. However, structural changes are found in patients with APOE 
ε4. Effects of APOE ε4 were not aggravated by the presence of microangi-
opathy, although they seem gender dependent.  We need perform follow up 
studies to truly appreciate the meaning and predictive value of these findings 
in patients.
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Summary of the main findings
In this part of the thesis we review the main results of the presented studies. The 
aim of the study was to test the hypothesis stating that inasmuch as hypergly-
cemia-related clinical peripheral microangiopathy is a generalized abnormality 
in T1DM and also, since in particular proliferative diabetic retinopathy may 
reflect central or intracerebral microangiopathy, T1DM patients with clinically 
manifest microangiopathy will have more severe cerebral compromise as com-
pared to patients with uncomplicated T1DM and healthy controls. To this end 
we addressed the following research questions: 1) What is the effect of T1DM 
and particularly of hyperglycemia-related clinically manifest microangiopathy 
on cognitive functions, brain structure and functional and structural cerebral 
connectivity relative to controls?; 2) What is the role of other risk factors, in 
particular the presence of subclinical macroangiopathy and the genetic risk 
marker of cerebral compromise APOE ε4, in T1DM-related brain changes? To 
this end we included 51 patients with proliferative retinopathy, who could also 
have additional microvascular complications with a mean age of 45 years and a 
mean disease duration of 35 years, 53 patients without clinically manifest mi-
croangiopathy with a mean age of 38 years and a mean disease duration of 22 
years and 51 healthy controls with a mean age of 37 years, who were matched 
for gender, estimated IQ and education level, and body mass index.

Introduction
In chapter 2, a review summarizes the hitherto available literature with regard 
to T1DM and the brain. This review shows there is compelling evidence that 
T1DM negatively affects all aspects of the brain, structural, functional, molec-
ular and behavioral. It also indicates that, although chronic hyperglycemia can 
be considered as the primary cause of these changes, there is little knowledge 
about the molecular basis of these hyperglycemia related changes. However, 
it is clear that the cause of cerebral changes is multifactorial, in addition to a 
substantial role for hyperglycemia-related derangements. In Figure 1 of that 
chapter a model is presented which takes into consideration the possible mul-
tifactorial nature of cerebral compromise. 

Microangiopathy and the brain in type 1 diabetes
To test the hypothesis that clinical peripheral microangiopathy is associated 
with increased prevalence of central or intracerebral microangiopathy, we as-
sessed the prevalence of cerebral microbleeds, white matter hyperintensities 
and lacunar infarcts in the 3 groups, as described in chapter 3. We found the 
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presence of peripheral microvascular complications to be associated with an 
increased prevalence of cerebral microbleeds in T1DM. The prevalence and 
severity of white matter hyperintensities was not further increased by the pres-
ence of T1DM or clinical microangiopathy. Lacunar infarcts were not present 
in this study sample. At the cognitive level, patients with microangiopathy 
performed worse on measures of general cognitive ability and information pro-
cessing speed relative to controls and on attention as compared to both other 
groups. Also, those without microangiopathy performed worse in the informa-
tion processing speed domain compared to controls. In T1DM patients, the 
presence of cerebral microbleeds was unrelated to further decrease in cognitive 
performance, but we found associations with an increase in MEG measured 
functional connectivity in the upper alpha (10 – 13 Hz) frequency band.
 In chapter 4, we address MEG-measured functional connectivity during 
rest in a subgroup of T1DM patients and controls that was included before 
June 2008. As a measure of functional connectivity, the Synchronization Like-
lihood was calculated. Patients with microangiopathy showed decreased func-
tional connectivity in the theta (4 – 8 Hz), lower alpha (8 – 10 Hz), upper 
alpha (10 – 13 Hz) and beta (13 – 30 Hz) frequency bands compared to both 
their counterparts with uncomplicated T1DM and control subjects. Although 
it is not possible to exactly determine the location in the brain where the MEG 
signal had originated from, the decrease in functional connectivity is mainly 
found on sensors that are located in the central and parietal areas of the brain. 
Also, connections between these parietal sensors and sensors at occipital and 
temporal sites are disturbed in these patients. Interestingly, in the lower alpha 
(8 – 10 Hz) frequency band, T1DM patients without microvascular complica-
tions showed an increase in functional connectivity in parieto-occipital con-
nections relative to controls. In both patient groups, functional connectivity 
was moderately to strongly related to performance within various cognitive do-
mains such as information processing speed, motor speed, attention and execu-
tive functions. These findings indicate the importance of adequately function-
ing connections between multiple cerebral regions for higher order cognitive 
functions.
 Resting-state functional connectivity can also be assessed by fMRI, of 
which the results are described in chapter 5. Functional MRI provides a high 
spatial resolution and is therefore perfectly suited to localize the cortical re-
gions in which functional connectivity is affected. Comparable to MEG, using 
fMRI, functional connectivity was decreased in patients with microangiopathy 
in comparison to the other 2 groups. This was observed in 5 out of the 10 
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resting-state networks, i.e. the sensorimotor, ventral attention, auditory and 
language processing, left fronto-parietal and secondary visual network. In these 
networks, regions that demonstrate reduced functional connectivity include 
parts of the right pre- and post-central gyri, also known as the motor areas, and 
parts of the left temporal cortex (temporal pole and the inferior and middle 
temporal gyri), left parietal cortex (supramarginal gyrus and superior parietal 
lobule), left superior frontal gyrus and bilateral occipital cortex. In 2 of these 
networks, the sensorimotor and secondary visual circuits, patients without mi-
croangiopathy versus controls showed increased functional connectivity. To 
examine if the areas of changed functional connectivity were related to cogni-
tive decrements, regression analysis was performed. Weak correlations between 
better general cognitive ability and information processing speed performance 
and increased secondary visual network connectivity were indeed found.
 Communication between brain regions may be dependent on the inter-
connecting white matter pathways. The integrity of these white matter path-
ways in the 2 T1DM groups and controls is described in chapter 6. Fractional 
anisotropy, which reflects the directional dependency of water diffusion and is 
believed to represent white matter tract integrity, is widely decreased in patients 
with T1DM, particularly in those with microangiopathy. Lower fractional an-
isotropy, i.e. decreased white matter tract integrity, was generalized and present 
throughout many brain regions, although the corpus callosum, corticospinal 
tracts and inferior fronto-occipital tracts seemed most affected. Interestingly, 
fractional anisotropy was also lower in patients without microangiopathy when 
compared to control subjects. This was limited to parts of the corpus callo-
sum and the right corona radiata. These findings indicate that alterations in 
white matter tract integrity may be an early abnormality in T1DM, and that 
chronic hyperglycemia may exert a negative effect in white matter tract in-
tegrity before microangiopathy becomes clinically manifest. To detail whether 
this decrease in white matter tract integrity is mainly due to axonal or myelin 
damage, axial (axonal) and radial (myelin) diffusivity were assessed. The pat-
tern observed was that of a widespread decreased axial diffusivity, more often 
seen in those patients without microvascular complications than in those with 
microangiopathy, which might suggest a disturbance in axonal alignment or 
even axonal damage. Radial diffusivity was increased, but only in patients with 
microangiopathy. This may suggest that myelin involvement in the disturbance 
of white matter tract integrity is limited to those who have developed clinically 
manifest microangiopathy. Measures indicating better white matter integrity of 
the bilateral inferior fronto-occipital and left corticospinal tract were related to 
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better performance in cognitive domains, such as information processing and 
psychomotor speed, general cognitive ability, attention and executive func-
tions. Although correlations were weak after correction for various potentially 
confounding factors, collectively, these findings suggest that white matter tract 
integrity is required for the appropriate execution of cognitive functions in this 
sample of T1DM patients.

The role of other risk factors in diabetes-related brain changes
In chapter 7 the effect of subclinical carotid artery disease on T1DM-related 
cerebral compromise was studied in this sample of both patient with and with-
out clinically manifest microvascular complications and healthy controls. The 
carotid intima media thickness (cIMT) and distensibility (cD) of the right 
common carotid artery were measured by ultrasound, both of which have 
been shown to predict future cardiovascular disease and were used as surrogate 
markers of (subclinical) macrovascular disease. Especially cIMT has previously 
been found to be related to various aspects of brain structure and functioning 
in different populations. 
Here, we found that cIMT was increased in T1DM versus controls, whereas 
cD was not altered. However, both measures of subclinical macrovascular dis-
ease were independently related to functional and structural connectivity, gray 
matter volume as well as some cognitive domains. Interestingly, these mostly 
moderate effects were mainly found in T1DM patients without, and not in the 
patients with microangiopathy. These findings suggest that the consequences 
of microangiopathy on the diabetes brain may overrule the more subtle effects 
of incipient macrovascular disease.
 In chapter 8, the potential modifying effects of the apolipoprotein E 
(APOE) genotype on the association of T1DM and cerebral changes is de-
tailed in our cohort. APOE, particularly the ε4 allele, is considered to be a ge-
netic risk factor for cognitive decline in the general population. Approximately 
40% of patients with, 26% of patients without microangiopathy and 30% of 
controls were APOE ε4 carriers in our sample, with at least 1 ε4 allele. T1DM 
carriers had more frequently an earlier disease onset (age below 7 years) and 
a lower estimated IQ. In general, T1DM carriers of APOE ε4 showed poorer 
performance in cognitive domains, especially in information processing speed. 
Conversely, APOE ε4 in T1DM was related to an increase in gray matter vol-
ume, whereas it did not affect functional connectivity. The effect of APOE ε4 
was similar in both patient groups. There were, however, differences between 
APOE ε4 positive male and female T1DM patients. The observed findings for 
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cognition and gray matter volume were solely attributable to male patients. In 
all patients, there was a dose-response with regard to these brain parameters. 
Patients without APOE ε4 had the best cognitive performance but the lowest 
gray matter volume, followed by APOE ε4 heterozygote patients. Patients that 
were APOE ε4 homozygous showed the poorest cognitive performance, but 
had the largest amount of gray matter volume.
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The topic of cognitive functions, cerebral structure and functioning in T1DM 
is not a new one in clinical research, and by now, the effect of diabetes on 
the brain has been recognized for almost a century.5 Yet, extensive research 
efforts using integrated approaches to link clinical T1DM-related variables to 
cognitive function and cerebral correlates have only recently been initiated. 
Such studies, in sufficiently large cohorts, are mandatory to understand and 
ultimately prevent or ameliorate cognitive dysfunction in T1DM. This is of 
utmost importance as the global incidence of T1DM is rapidly increasing,51 
life expectancy of patients improves and cognitive decrements, albeit mild in 
nature, can hamper daily life and diminish quality of life.7 This study was initi-
ated as an attempt to contribute in the filling of this gap in our knowledge of 
T1DM and the brain. In this thesis the first results are presented and discussed. 

Spectrum of cerebral compromise in patients with T1DM
Cognition
The studies presented in this thesis show that in T1DM patients, irrespec-
tive of clinically manifest microangiopathy, cognitive decrements are found. 
In patients without microvascular complications with a mean disease duration 
of more than 20 years, information processing speed is decreased with 0.5 
standard deviation compared to performance of controls. T1DM patients with 
clinically manifest microangiopathy, i.e. presence of proliferative retinopathy 
and possibly other microvascular complications, also show decreased informa-
tion processing speed scores. The effect size is more marked in this group of pa-
tients, compared to their counterparts with uncomplicated T1DM. Relative to 
controls, patients with microangiopathy showed a 1 standard deviation lower 
performance, and a 0.5 standard deviation lower performance compared to 
patients without microangiopathy. Additionally, decrements in attention and 
general cognitive ability accompanied the decreased information processing 
speed in patients with complicated T1DM.
 The results indicate that information processing speed is the most vulner-
able cognitive domain in T1DM patients, regardless of complication status. 
This is in line with the landmark studies of the DCCT/EDIC, Ryan, et al., and 
Brands, et al. who also showed that cognitive decrements in T1DM patients 
are mainly found in domains involving information processing speed.6,8,9,21 In 
the presence of microangiopathy, other domains become susceptible to the 
adverse effects of T1DM as well. The results were independent of disease dura-
tion and onset age, as well as of other confounding factors. Collectively, these 
findings support the hypothesis that in adult T1DM patients the development 
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of hyperglycemia-related microangiopathy is the major cause of cognitive de-
cline.50 

Structural connectivity
Integrity of white matter tracts, which form the structural connections between 
brain regions, showed a spatially widespread decrease in patient with microan-
giopathy compared to both other groups. This decrease seems somewhat more 
pronounced in the corticospinal and inferior fronto-occipital tracts; but corpus 
callosum, longitudinal, temporal, visual and thalamic tracts are also affected 
in this patient group. When specifically assessing axial and radial diffusivity 
(diffusion of water along or orthogonal to the fiber bundle), radial diffusivity 
is increased compared to controls, whereas axial diffusivity shows a decrease. 
This may suggest that decrements in white matter tract integrity in this patient 
group are possibly mediated by demyelination.170 In the patients without mi-
croangiopathy, white matter tract integrity was focally decreased along the cor-
pus callosum. Here, axial diffusivity showed a marked and spatially widespread 
decrease compared to controls, whereas radial diffusivity was not different. This 
might indicate that the decrements in white matter tract integrity in this group 
of patients with uncomplicated T1DM is initially driven by axonal damage or 
loss of coherence in orientation of fiber bundles.171,172

 A similar increase in radial diffusivity to the one in patients with compli-
cations, suggestive of demyelination, is found, for example, in normal aging 
and multiple sclerosis.178,187 A marked decrease in axial diffusivity, as observed 
in those without complications, has been found in animal models of various 
diseases,172,182 and in humans in early stage Mild Cognitive Impairment, and 
depression,180,184 albeit most human studies in early stages of diseases have 
shown an increase in axial diffusivity.178,179,185 The use of both axial and radial 
diffusivity as markers of axonal and myelin damage to explain changes in white 
matter tract integrity is clearly tempting. However, most mechanistic studies 
are performed in animals and human studies are hitherto mostly lacking. This 
implies the necessity of careful interpretation of these findings.173 

 Inasmuch as changes were already observed in patients without micro-
angiopathy, based on the findings from this cohort, we may postulate that 
changes in structural connectivity starts within the corpus callosum and gradu-
ally spreads across the cerebrum. It remains questionable whether early loss of 
white matter integrity in the corpus callosum is typical for T1DM. An earlier 
study in a small group of T1DM patients observed lower white matter tract 
integrity in the posterior part of the corona radiata and the radiatio optica 
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and trended decreased integrity along the corpus callosum.66 However, corpus 
callosum integrity loss is also found in children with multiple sclerosis, adults 
with early life stress and adults with major depressive disorder.206-208 It might 
be hypothesized that the corpus callosum is a structure sensitive to early white 
matter integrity changes.

Functional connectivity
Resting-state functional connectivity, whether measured using MEG or fMRI, 
is decreased in T1DM patients with microangiopathy compared to their coun-
terparts without microangiopathy. The fMRI results show that the most pro-
nounced decrease can be found in neuronal circuits that involve visual pro-
cessing and sensorimotor regions in the brain. MEG measured resting-state 
functional connectivity is lower relative to both other groups predominantly 
in the alpha frequency band (8 – 13 Hz). In patients without microvascular 
complications, functional connectivity was also altered relative to controls. The 
pattern is however fundamentally distinct from the pattern found in those with 
complications. These patients, who are without clinically manifest microangi-
opathy, showed increased functional connectivity in the visual and sensorimo-
tor networks and the alpha frequency band.
 Such deterioration in functional connectivity, as observed in patients with 
complications, is also seen in MEG measured functional connectivity in mul-
tiple sclerosis,151 and fMRI measured connectivity in depression and advanced 
stages of multiple sclerosis.160,164 The increase in functional connectivity in 
patients without microangiopathy may suggest plasticity of neuronal circuits. 
This may in part be functional reorganization potentially compensating for the 
eminent loss of function.162 Indeed, increased functional connectivity has been 
found in other neurological diseases, such as multiple sclerosis, Mild Cognitive 
Impairment and Alzheimer’s disease.159,164,209 It is thought that this functional 
reorganization is a reaction to early and subtle brain damage, as this process is 
observed in early stages of diseases and lost with disease progression.19,164 This 
same pattern of functional connectivity changes may be applied to patients 
without (early stage; initial increase) and patients with (advanced stage; de-
crease) microangiopathy. 
 In the case of our patients with uncomplicated T1DM, it is presently un-
clear whether the cause of functional reorganization may still be regarded as 
reactive to subtle brain damage. On the one hand, subtle focally decreased 
gray matter density has been found in T1DM patients without or with only 
very mild complications.14,68 On the other hand, these patients have a disease 
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duration of on average more than 20 years, which can hardly be regarded as the 
early phase of the disease. Second to this, although focal gray matter density 
loss is present in T1DM, functional reorganization is only limited to neuronal 
circuits involving visual and sensorimotor regions. Contrary, in early multiple 
sclerosis, with the same analysis methods used, functional reorganization was 
more generalized across brain networks.159 

 Another possible explanation may be that the increase in functional con-
nectivity results from subclinical peripheral microvascular changes and tissue 
hypoxia, which have been linked to the occurrence of loss of peripheral nerve 
conduction velocity and/or loss of retinal thickness. Indeed, loss of peripheral 
nerve conduction velocity has been found in uncomplicated T1DM,165 as well 
as local loss of retinal thickness in our and other T1DM populations.166 These 
observations could also explain why, in this sample, functional reorganization 
was only found in the sensorimotor and visual networks measured using fMRI, 
as these networks may receive direct input from the periphery. Accordingly, in 
another T1DM study, a decrease in peripheral nerve volume conduction was 
related to increased electroencephalography measured delta (0.5 – 4 Hz) fre-
quency band relative power in patients without clinically microangiopathy.47 
Although relative power is a different measure from functional connectivity, 
it provides insight into the central reaction to early peripheral microvascu-
lar damage. Furthermore, unpublished data derived from the patients with 
uncomplicated T1DM in this study indicate associations of lower functional 
connectivity in the visual networks and alpha frequency band and increased 
retinal thickness. These results indicate that, in the absence of clinically mani-
fest microangiopathy, early microvascular changes in peripheral nerves and the 
retina may already influence neuronal circuits. 

Development of cerebral compromise
Overall, the profile of cerebral compromise in uncomplicated T1DM patients, 
as outlined in this thesis, further supports and expands the available evidence 
indicating that the “clock to diabetes-related cerebral compromise” starts to 
tick early in the course of the disease, probably as early as the onset of diabetes, 
and continues to set up patients for subclinical cerebral damage years before 
clinical microangiopathy becomes manifest, with additional acceleration of ce-
rebral compromise as  microangiopathy develops.

The case for studying T1DM rather than type 2 diabetes
It is often questioned why to study cerebral compromise in T1DM patients. 
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To date, most studies are preformed in type 2 diabetes, given the substantially 
higher global prevalence, the large number of concurring risk factors, that may 
result in an even more severe cerebral compromise and, last but not least, given 
the relation of type 2 diabetes and dementia. We had the following reasons for 
choosing to study T1DM patients in this project. 
 First, T1DM develops usually during childhood and adolescence. Decre-
ments in cognitive functioning and IQ are found shortly after diabetes onset, 
even in patients as young as 4 years of age.52,53,153 Also, finals grades at high 
school graduation are attenuated in T1DM patients compared to their peers.56 
This implicates that patients have to live with the consequences of T1DM-
related cognitive decrements for their whole life. Second, although 90% of 
patients with diabetes indeed have type 2 diabetes, the prevalence of T1DM is 
globally rising,51 and the life expectancy of T1DM patients is increasing. This 
means that many more patients, compared to earlier decades, live into old 
adulthood. With normal aging the brain ages as well, and therefore becomes 
more vulnerable to cognitive decline.210 If T1DM patients age with an already 
disadvantaged brain, the normal decline might be accelerated by their disease. 
Therefore, also T1DM may be expected to constitute a major health problem 
worldwide. Third, in T1DM, hyperglycemia is usually the most distinct fea-
ture. Hypertension and dyslipidemia often only develop in the presence of 
microalbuminuria, and are likely to be detected and treated in an early stage 
due to the regular check-up by physicians. Therefore, T1DM provides a better 
“model” to in vivo study the effect of chronic hyperglycemia on the brain than 
type 2 diabetes. 
 Another prevailing premise is that cognitive decrements in T1DM are 
mild, about 0.4 to 0.6 standard deviation below the mean, and, therefore, since 
not clinically relevant, may not be worth studying. Indeed, the effect size of 
cognitive decrements is mild, although chapter 3 shows an effect size of 1.0 in 
patients with and 0.5 in patients without microangiopathy compared to con-
trols on information processing speed. However, already at a young age mental 
abilities are affected by T1DM,49,54,153,211 and these decrements early in life are 
related to poorer academic achievement in T1DM.56 In epidemiological stud-
ies, lower IQ and cognitive functions have been found to be related to poorer 
health outcomes.212-214 Therefore, it is important to understand mechanisms 
underlying these cognitive changes in T1DM, in order to prevent their de-
velopment and, once present, to halt or delay progression. Similarly, from the 
perspective of the aging patients, it is important to prevent cognitive decline 
early, as they may be more susceptible to accelerated decline or even dementia. 
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 Teasing out the relative contribution of T1DM-related factors to poorer 
performance is difficult in children and adolescent patients, as their brain is 
going through rapid development, with the concurring impact of significant 
hormonal changes occurring typically in puberty. In aging adults and the el-
derly it is difficult to tease out the relative contribution of T1DM-related fac-
tors to poorer performance, as they may suffer from different co-morbidities 
and T1DM might interact with and may accelerate normal aging (see below). 
Hence, studying cerebral compromise in patients in the age-range as chosen in 
this study may be regarded as a first step to provide the much needed insight 
into its development and potential determinants, which may then be used in 
future studies in young as well as elderly patients.

Interaction of T1DM and aging on cerebral compromise?
Given the cross-sectional design, this study provides no insight into the chang-
es over time that may occur as a consequence of progression of T1DM and the 
associated abnormalities, including microangiopathy. Longitudinal studies are 
therefore urgently needed, especially given the fact that T1DM prevalence, as 
well as patients’ life expectancy, are increasing.51 From the DCCT/EDIC and 
the study conducted by Ryan and colleagues, we have learned that in adoles-
cent and adult T1DM patients cognitive decline over time occurs at a slow 
rate.8,9,59 However, less information is available on decline in aging adults. The 
hitherto single published longitudinal study in older T1DM patients included 
patients at a mean age of almost 65 years, after the 4 year follow-up period.58 
That study did not find accelerated cognitive decline compared to age-matched 
non-diabetic controls. However, sub-groups of T1DM patients showed in-
creased susceptibility to cognitive decline during these 4 years. Future studies 
should address the question of cerebral compromise in T1DM adults over 65 
years of age, as they may be the most vulnerable to cognitive decline, due to the 
possible interaction of diabetes and aging. 

Chronic hyperglycemia as underlying mechanism?
For a long period of time, the prevailing notion was that hypoglycemia was 
the major cause of T1DM related cognitive decline.3 Many studies ever since, 
including the DCCT paper from 1996, have shown that not hypoglyce-
mia but rather hyperglycemia, is related to long-term cognitive problems in 
T1DM.6,8,9,11,15,21 

 In line with these studies, the research presented in this thesis shows that 
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the most important risk factor for cerebral compromise in adults with T1DM 
is the presence of microangiopathy, as a consequence of long-term cumula-
tive hyperglycemic exposure.23,50 This is reflected by the significant decrements 
in cognitive functions and brain structure and functioning in patients with 
microangiopathy. Interestingly, patients without microangiopathy also showed 
cerebral compromise, albeit to a lesser extent, confirming earlier observations 
indicating that cerebral changes are an early finding in T1DM,153 probably as 
early as the subclinical changes occurring in the kidney, the retina and periph-
eral nerves, i.e. prior to these alterations becoming clinically measurable. 
 One factor that had a moderate adverse effect on cerebral compromise 
in T1DM without microangiopathy, independent of age, gender, depressive 
symptoms and systolic blood pressure, was subclinical carotid artery disease. 
Cumulative hyperglycemia is among the important determinants of subclinical 
macrovascular disease.27,191 However, the correlations found between subclini-
cal macrovascular changes and measures of cerebral compromise were moder-
ate. As microangiopathy is not yet clinically manifest, other hyperglycemia 
related factors that do not necessarily act through microvascular dysfunction 
may be involved. In T1DM, chronic hyperglycemia, and possibly also glyce-
mic fluctuations, result in an increased flux through the polyol and hexosamine 
pathways, which is associated with an increase in oxidative stress, and increased 
formation of Advanced Glycation Endproducts (AGEs) and related toxic inter-
mediates such as methylglyoxal, with subsequent upregulation of receptor for 
AGEs (RAGE). Finally, hyperglycemia-induced activation of protein-kinase C 
(PKC) will lead to upregulation of Nuclear Factor kappa-light-chain-enhanc-
er of activated B cells (NFkB), resulting in a pro-inflammatory response.134 
Furthermore, deregulation of the hypothalamic-pituitary-adrenal (HPA) axis, 
which leads to elevated levels of the stress hormone cortisol, is related to chron-
ic hyperglycemia and has been previously reported in type 2 diabetes.88 All 
these factors have been related to various aspects of cerebral compromise in 
general populations, healthy elderly, Alzheimer’s disease patients, obesity and 
type 2 diabetes patients.3,81,82,84,87,215-218 To date, there are no studies that have 
been able to tease out the relative contribution of these different factors to 
T1DM-related cerebral compromise. Indeed, this may be very complicated, 
as the brain may be protected through the blood-brain-barrier and may have 
other protective mechanisms. Still, attempts to establish a certain hierarchy in 
causal factors and their interrelationship are of utmost importance in order to 
help us to truly understand cerebral compromise in T1DM. These efforts may 
ultimately lead to the development of evidence-based (non)pharmacological 
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intervention strategies to prevent or halt cerebral compromise in T1DM pa-
tients at risk.

Methodological considerations and potential limitations
There are some methodological aspects as well as limitations that need to be
addressed.

Design
Due to the cross-sectional nature of the studies presented, it is not possible to 
infer any causal relationships between cognitive functions and parameters of 
structural and functional connectivity, nor do they provide conclusive evidence 
about the relative contribution of subclinical macrovascular disease and APOE 
genotype to T1DM-related cerebral compromise. 
 Patients were selected on the presence of proliferative retinopathy or the 
absence of any clinically manifest microangiopathy. Although proliferative 
retinopathy is successfully used as a marker of cumulative chronic hyperglyce-
mia,11,12 and has been found to be related to cognitive decline,9,10 development 
of microangiopathy is not solely driven by the effect of cumulative hyperglyce-
mia. Some patients, compared to others, may be genetically more vulnerable in 
combination with less favorable environmental factors and develop microangi-
opathy at a faster rate, while cumulative chronic hyperglycemic exposure is not 
increased compared to more ‘protected’ patients.
 In this study patients with a disease duration shorter than 10 years were ex-
cluded from participation. This cut-off was chosen as microangiopathy usually 
develops after 10 years. As a result, it was not possible to provide information 
on cerebral compromise in patients with a disease duration less than 10 years. 
Contrary, as it was aimed to assess middle-aged patients, it would have been 
difficult to include patients with a relatively short disease duration, given the 
common childhood and adolescence onset. These selection criteria may have 
lead to a selection bias.
 
Participants
The T1DM patients included are not fully matched with respect to diabetes 
duration and diabetes onset age. This is partially due to the selection of pa-
tients without any clinically manifest microangiopathy at the one end, versus 
patients with proliferative  retinopathy at the other end of the clinical scope. 
Proliferative retinopathy usually requires many years to develop and hence is 
associated with longer disease duration. With longer disease duration, other 
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microvascular complications, as well as macrovascular complications and other 
co-morbidities may also become apparent. Matching patients for both age and 
disease duration yielded similar results, which strengthens the conclusion that 
development of microangiopathy, and by inference chronic hyperglycemia, is 
at the core of T1DM-related cerebral compromise. Furthermore, patients and 
controls were not properly matched with respect to age, which implied correc-
tion in all statistical analyses for this factor.
 
Connectivity measures to explain cognitive functions
In this thesis the relationship between structural and functional connectivity 
and cognitive performance was assessed, rather than focusing on structural 
and volumetric differences. Connectivity measures were specifically studied, as 
higher order cognitive functions depend on the interplay between regions in 
the brain.18 
 As described in the General introduction, structural connectivity is mea-
sured using Diffusion Tensor Imaging (DTI). Based on diffusion of water, this 
technique provides insight into the integrity of white matter tracts. These white 
matter tracts are important for mental abilities, as they are regarded as the 
“highways” between brain regions involved in specific cognitive functions. In 
chapter 6, 2 of these “highways” were specifically assessed, the bilateral cortico-
spinal and inferior fronto-occipital tracts, as these tracts were most consistently 
affected in this study sample. 
 Functional connectivity was measured using 2 distinct methods, resting-
state MEG and fMRI. As described, MEG records fluctuations in the magnetic 
field surrounding the brain, originating from neuronal action potentials. The 
degree of synchronization, or correlation, between activity registered at differ-
ent sites is calculated. MEG has a high temporal, but low spatial resolution. 
Therefore, it is an ideal method to measure the strength of neuronal connec-
tivity, albeit it is more difficult to pinpoint the exact location of differences in 
connectivity. Resting-state fMRI, on the other hand, based on spontaneous 
fluctuations in BOLD signal, identifies large-scale patterns of connectivity in 
the brain, forming neuronal circuits. fMRI has a high spatial resolution and is 
therefore capable of localizing brain areas showing differences in connectivity 
between groups. Tradeoff is the low temporal resolution of fMRI: the BOLD 
signal is extremely slow. 
 As the cognitive correlates of all these measures of connectivity are not 
exactly known, it remains to be determined which method can be best used 
to explain and predict T1DM related cognitive decline. In this study, both 
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structural connectivity and functional connectivity showed moderate correla-
tions with patients’ cognitive performance. Inasmuch as these 2 methods of 
functional connectivity provide different information, fMRI provides informa-
tion on spatial localization, whereas MEG provides information on temporal 
strength of connectivity, it is useful to use both methods together, as cognitive 
functions rely on plastic neuronal circuits as well as cortical areas at the same 
time.167,168 Within this interplay between networks and regions in the brain, 
the structural connections may play a vital role.

Resting state versus task paradigm to study functional connectivity
In this study, functional connectivity was studied using the resting-state para-
digm. Using this paradigm, participants have to close their eyes, not fall asleep, 
and not think of anything in particular. Another way is to study functional 
connectivity using a task paradigm. This has been previously used in T1DM 
patients, who had to perform a working memory task during controlled hypo-
glycemia (2.5 mmol/l).13

 Both paradigms have their positive and negative factors. The resting-state 
paradigm permits a determination of differences in neuronal circuits, indepen-
dent of specific cognitive functions. Furthermore, it has been found to relate to 
various cognitive domains in many populations, including in T1DM patients 
(chapter 4 and 5).35,39,60,219 On the other hand, the definition of resting-state is 
not clear-cut. It is not known whether participants remain awake during mea-
surement, although this can be checked when using MEG. For fMRI this is 
more difficult. Moreover, people usually, but unintentionally, start drifting off 
with their thoughts when lying down doing nothing. It remains unanswered if 
this influences the measurement of functional connectivity.
 The task paradigm is very useful to directly detail changes in function-
al connectivity in relation to a specific task. Downside is that only a limited 
number of neuropsychological functions can be tested with task-related fMRI 
or MEG. The most commonly used and best validated function is working 
memory. This limits the usability of the task-related paradigm for diseases, such 
as T1DM, in which working memory is not affected. Furthermore, fMRI, as is 
the case in the previously published study on this matter in T1DM patients,13 
identifies small areas that show increased, or decreased, activity during the task. 
However, cognitive functions rely on integrated network activity and not on 
sole brain areas.18,168 
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Limitations of methods used in this study
Although the methods that were used in this study were carefully chosen, based 
on their validity, sensitivity and specificity, none of these techniques are with-
out limitations.
 The neuropsychological tests used have shown to be valuable in T1DM 
research,11,57 and, in general, are considered to be sensitive to detect changes 
in functions.140 However, some of these paper and pencil tests, especially in 
domains assessing processing speed, require writing and completion as soon as 
the participant is able to. In T1DM, peripheral nerves can be affected, even in 
the absence of clinically manifest peripheral neuropathy, which may negatively 
influence test performance. Therefore, as was done in this study, it is important 
to incorporate processing speed tests that do not require writing. 
 For DTI, it has a low signal-to-noise-ratio and is very sensitive to move-
ment and instrument distortions.40 Furthermore, when analyzing the data, a 
skeleton is created, which approximates, but not fully matches, white mat-
ter fibers. Functional MRI uses the Blood Oxygenation Level Dependent 
(BOLD) signal as measurement. After substantial processing, patterns of brain 
areas that are strongly coherent over time are extracted and interpreted as be-
ing functionally connected. The exact physiological and behavioral meaning 
of these patterns is currently largely unknown. Furthermore, the fluctuations 
in resting-state BOLD signal are only an indirect measure of neuronal activity, 
and could therefore be caused by other factors, such as respiratory and cardiac 
pulsations.220 These factors are separated by independent component analysis 
from signals that are interpreted as being of interest,154 although some residual 
noise can remain in the signals of interest. A more direct measure of neuronal 
activity would be MEG. However, it is very difficult to determine the origin of 
MEG signals, and signals may become distorted, e.g. in the presence of bodily 
metal. 

Future perspectives
In the General Introduction it was stated that large multidisciplinary studies 
are needed to further our knowledge about T1DM-related cerebral compro-
mise. As with all topics surpassing the borders of a single research field or 
specialty (i.e. out-of-the-box topics), it takes time for the different members 
in the required multidisciplinary team, first of all, to find one another, then 
to become to appreciate the relevance of the topic, and gradually, to learn to 
speak and understand each other’s language in order to, finally, not only gain in 
depth insight in the state-of-the art of the topic, but also over time to be able to 
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advance the field by combining the multidisciplinary expertise. 
 To truly better our understanding of T1DM-related cerebral compromise, 
broad multicenter longitudinal studies in large patient populations are neces-
sary. Even in Alzheimer’s disease, which beyond any doubt is a brain disease, 
such an initial broad investigation (Alzheimer’s Disease Neuroimaging Initia-
tive), including many structural, functional, biological and genetic measures, 
was performed to further the insight into the course of changes in Alzheimer’s 
disease. Currently, in some academic centers, multidisciplinary teams are mak-
ing efforts to combine forces and embark on these complex studies to further 
detail T1DM-related cerebral compromise. As these large initiatives are expen-
sive and rely on funding, more awareness needs to be created that both types 
of diabetes have potentially detrimental effects on the brain as the incidence 
grows and life expectancy increases. Awareness is now slowly increasing; the 
necessity of diabetes-related brain research was recently incorporated into the 
report on unmet needs in diabetes research in Europe (http://www.diamap.eu).
 These studies will initially include a broad spectrum of neuroimaging and 
biomedical parameters. Eventually these studies will lead to more specific hy-
pothesis about which brain regions, networks and structures are typically af-
fected in T1DM and which biomarkers may underlie these changes. It may be 
difficult to related circulating plasma biomarkers to brain changes, as changes 
in plasma biomarkers may not always resemble changes in markers in cerebro-
spinal fluid.218 This may be overcome by directly sampling these biomarkers in 
cerebrospinal fluid. 
 These more specific hypothesis, originating from the explorative studies, 
can then be further explored in more detailed studies. This may eventually lead 
to the identification of patients at risk and effectiveness of potential treatment 
strategies can be tested in randomized-controlled trials.

Who to study?
As described above, to identify the underlying biomedical markers of T1DM-
related cerebral compromise, studies in middle-aged adults are most appropri-
ate as the brain is most stable during middle-aged adulthood. However, such 
studies have eventually to be performed specifically in children and adolescents 
and older adults with T1DM, as the brain in these periods of life is most vul-
nerable. 

What treatment strategies?
Hitherto, due to the lack of exact knowledge on the pathophysiology of cere-
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bral compromise, tight glycemic control and treatment of vascular risk factors 
(hypertension and dyslipidemia) are the best available options that may indi-
rectly impact cerebral compromise.115 Unfortunately, long-term good glyce-
mic control is often difficult to achieve and in the absence of pharmacological 
intervention, non-pharmacological interventions can be of aid. For example, 
children with T1DM showing fragile cognitive and academic development 
might benefit from remedial teaching to support their development. Older 
patients may be offered routine screening for mild cognitive impairments and 
cognitive training when at risk of cognitive decline. Cognitive training might 
also help younger patients who are hampered by their (T1DM-related) cogni-
tive decrements in everyday life. In time, pharmacological treatment strategies 
can be developed, when the pathophysiology of T1DM-related cerebral com-
promise is better understood.

Hyperglycemia

Cognitive decline

Hypertension/dyslipidemia

(subclinical) macrovascular disease

Envrionmental/Generic/
Gentic riskfactors

Peripheral microvascular 
disease

Cerebral functional and 
structural alterations

Biological changes (AGEs/oxidative
stress/cortisol)

Depression

Early disease onset

Hypoglycemia

Glucose reperfusion 
oxidative stress

Figure 1. Schematic overview of the possible contributing factors to cognitive decline and cerebral 
morphological and functional changes in patients with T1DM. Bold squares represent the mecha-
nisms for which most evidence is available. In addition, the bold arrows represent mechanisms that 
have been found to be related to T1DM-related cerebral compromise in this study. Gray arrows repre-
sent variables that were not addressed by this study, and, additionally, the dashed gray arrow indicates 
that that particular mechanism is currently being researched.



163 General Discussion

Concluding remarks
To conclude, the studies presented in this thesis provide compelling evidence 
that changes in brain structure, functioning and cognitive performance are 
present in middle-aged T1DM patients. Accordingly, in spite of the less wide-
spread notion of this concept, cerebral changes should be regarded as a true 
T1DM-related complication. These abnormalities are already detectable before 
microangiopathy becomes clinically manifest, although most marked distur-
bances were found in patients with established microangiopathy. These find-
ings provide evidence that microangiopathy, resulting from years of cumula-
tive hyperglycemia, is at the basis of marked cerebral compromise in T1DM. 
Additionally, our findings in patients with uncomplicated T1DM imply the 
importance of identifying patients, who are at risk of developing cerebral com-
promise over the course of their disease, already in an early stage. However, the 
most relevant clinical features or biomarkers that could serve as determinants 
or predictors of future cerebral changes are as yet not fully understood. Simi-
larly, the course of the disease and the best combination of methodology to 
early detect and follow up the high-risk patients still need to be determined. In 
Figure 1, the schematic overview of possible contributing factors, which was 
presented in chapter 2, the mechanisms for which this study yielded evidence 
are shown as bold arrows. As can be seen in this Figure, research is needed into 
the biomarkers associated with hyperglycemia, whereas this study shows there 
is evidence for an effect of subclinical macrovascular disease and genetic risk 
factors on the brain in T1DM patients. By using an integrated approach in 
future research, as was done in the current work, to further detail both quanti-
tative and qualitative aspects of cerebral abnormalities in T1DM, their clinical 
and biological correlates as well as their changes over time, we will be able to 
identify patients at high risk and develop more targeted strategies to prevent, 
delay and/or treat cognitive decline over time. It should be noted that once 
cognitive decrements are objectified by neuropsychological tests, it may be too 
late for effective interventions.
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Table 1A. Repeated measures ANCOVA for MEG measures compared T1DM groups as 
one to the healthy control group.

P-value (interaction) P-value (main effect)
Delta frequency band:
-Intra hemispheric 0.867 0.768
-Inter hemispheric 0.023* 0.795
-Local hemispheric 0.267 0.290
Theta frequency band:
-Intra hemispheric 0.635 0.629
-Inter hemispheric 0.438 0.385
-Local hemispheric 0.511 0.242
Lower alpha frequency band:
-Intra hemispheric 0.459 0.839
-Inter hemispheric 0.617 0.770
-Local hemispheric 0.846 0.943
Upper alpha frequency band:
-Intra hemispheric 0.639 0.572
-Inter hemispheric 0.907 0.082
-Local hemispheric 0.720 0.346
Beta frequency band:
-Intra hemispheric 0.955 0.835
-Inter hemispheric 0.874 0.605
-Local hemispheric 0.663 0.894
Lower gamma frequency band:
-Intra hemispheric 0.970 0.918
-Inter hemispheric 0.634 0.708
-Local hemispheric 0.857 0.752
Upper gamma frequency band:
-Intra hemispheric 0.357 0.697
-Inter hemispheric 0.322 0.706
-Local hemispheric 0.770 0.686

Interaction effect P-values are Greenhouse-Geisser values corrected for degrees of freedom. A * indi-
cates differences between groups with P-value<0.05.
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Table 1B. MANCOVA for cognitive domains comparing the diabetes groups as one group 
to healthy controls.

P-values

Memory 0.620

Information processing speed 0.027*

Executive functions 0.780

Attention 0.068

Motor speed 0.030*

General cognitive ability 0.022*

A * indicates differences between groups with P-value less than 0.05.

Table 2A. Results of between patient groups analysis for MEG with and without correction 
of severe hypoglycemic events.

Original analysis Corrected for age of onset and diabetes duration
Theta band local:
-Left C 0.010 0.009+
-Left F 0.212 0.205
-Left O 0.570 0.586
-Left P 0.008 0.008+
-Left T 0.553 0.496
-Right C 0.014 0.016+
-Right F 0.602 0.536
-Right O 0.403 0.433
-Right P 0.015 0.015+
-Right T 0.181 0.220
Lower alpha intra:
-Left FP 0.062 0.058
-Left FT 0.042 0.043+
-Left PO 0.018 0.013+
-Left TO 0.349 0.300
-Right FP 0.139 0.130
-Right FT 0.200 0.187
-Right PO 0.004 0.002+
-Right TO 0.050 0.044+
Lower alpha local:
-Left C 0.001 0.002+
-Left F 0.039 0.049+
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-Left O 0.377 0.332
-Left P 0.003 0.003+
-Left T 0.312 0.264
-Right C 0.005 0.006+
-Right F 0.060 0.058
-Right O 0.108 0.089
-Right P 0.002 0.002+
-Right T 0.186 0.162
Upper alpha local:
-Left C 0.074 0.082
-Left F 0.063 0.075
-Left O 0.846 0.863
-Left P 0.038 0.043+
-Left T 0.793 0.728
-Right C 0.035 0.037+
-Right F 0.100 0.098
-Right O 0.848 0.945
-Right P 0.012 0.014+
-Right T 0.763 0.796
Beta inter:
-Inter C 0.221 0.259
-Inter F 0.371 0.372
-Inter O 0.980 0.896
-Inter P 0.094 0.097
-Inter T 0.444 0.501
Beta local:
-Left C 0.127 0.155
-Left F 0.191 0.204
-Left O 0.942 0.840
-Left P 0.063 0.074
-Left T 0.711 0.685
-Right C 0.153 0.185
-Right F 0.692 0.644
-Right O 0.879 0.735
-Right P 0.043 0.055#

P-values are given; values in italic indicate significant results in the original analysis. A + indicates 
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significant results in both the original as well as the corrected analysis. Values indicated with * indi-
cate significant results in the analysis corrected for age of onset and diabetes duration as compared 
the analysis not correct for age of onset and diabetes duration. # indicates significant in the original 
analysis but not in the corrected analysis.

Table 2B. Results of between patient group analyses with and without correction for se-
vere hypoglycemic events. 

Original analysis Corrected for age of onset and 
diabetes duration

Memory 0.723 0.728
Information processing speed 0.323 0.320
Executive functions 0.215 0.203
Attention 0.477 0.450
Motor speed 0.203 0.198
General cognitive ability 0.563 0.568

P-values are given for patients with versus without microangiopathy.

Table 2C. Correlations between significant decreased and increased MEG areas and de-
creased cognitive domains for both patient groups and severe hypoglycemic events.

Pearson’s correlation P-value
T1DM with microangiopathy

Cognitive domains:
-Information processing speed 0.080 0.776
-Motor speed 0.023 0.936
-General cognitive ability 0.104 0.712
MEG areas:
-Theta left central 0.350 0.201
-Theta left parietal 0.173 0.538
-Theta right central 0.269 0.333
-Theta right parietal 0.235 0.400
-Lower alpha left fronto-temporal 0.305 0.268
-Lower alpha left parieto-occipital -0.224 0.422
-Lower alpha right parieto-occipital -0.150 0.594
-Lower alpha right temporo-occipital 0.222 0.427
-Lower alpha left central 0.148 0.598
-Lower alpha left frontal 0.226 0.417
-Lower alpha left parietal -0.137 0.625
-Lower alpha right central 0.049 0.864
-Lower alpha right parietal 0.043 0.879
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-Upper alpha left frontal 0.092 0.746
-Upper alpha left parietal -0.163 0.560
-Upper alpha right central 0.047 0.869
-Upper alpha right frontal -0.036 0.900
-Upper alpha right parietal -0.007 0.980
-Beta inter parietal 0.329 0.231
-Beta left parietal 0.168 0.550
-Beta right central 0.374 0.170
-Beta right parietal 0.277 0.318

T1DM without microangiopathy
Cognitive domains:
-Information processing speed 0.050 0.795
-Motor speed 0.103 0.596
-General cognitive ability -0.112 0.564
MEG areas:
-Lower alpha right parieto-occipital -0.071 0.713

Table 3A. Results of between patient group analyses with and without correction for age 
of onset and diabetes duration.

Original analysis Corrected for age of onset and 
diabetes duration

Memory 0.723 0.427
Information processing speed 0.323 0.266
Executive functions 0.215 0.111
Attention 0.477 0.285
Motor speed 0.203 0.721
General cognitive ability 0.563 0.841

 
P-values are given for patients with versus patients without microangiopathy.

Table 3B. Results of between patient groups analysis for MEG with and without age of 
onset and diabetes duration.

Original analysis Corrected for age of onset and diabetes duration
Theta band local:
-Left C 0.010 0.029+
-Left F 0.212 0.236
-Left O 0.570 0.349
-Left P 0.008 0.008+
-Left T 0.553 0.307
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-Right C 0.014 0.019+
-Right F 0.602 0.280
-Right O 0.403 0.746
-Right P 0.015 0.029+
-Right T 0.181 0.363
Lower alpha intra:
-Left FP 0.062 0.045*
-Left FT 0.042 0.107#
-Left PO 0.018 0.012+
-Left TO 0.349 0.144
-Right FP 0.139 0.268
-Right FT 0.200 0.067
-Right PO 0.004 0.029+
-Right TO 0.050 0.142#
Lower alpha local:
-Left C 0.001 0.004+
-Left F 0.039 0.047+
-Left O 0.377 0.143
-Left P 0.003 0.006+
-Left T 0.312 0.289
-Right C 0.005 0.008+
-Right F 0.060 0.005*
-Right O 0.108 0.091
-Right P 0.002 0.016+
-Right T 0.186 0.137
Upper alpha local:
-Left C 0.074 0.040*
-Left F 0.063 0.033*
-Left O 0.846 0.185
-Left P 0.038 0.020+
-Left T 0.793 0.654
-Right C 0.035 0.013+
-Right F 0.100 0.007*
-Right O 0.848 0.428
-Right P 0.012 0.007+
-Right T 0.763 0.918
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Beta inter:
-Inter C 0.221 0.287
-Inter F 0.371 0.235
-Inter O 0.980 0.575
-Inter P 0.094 0.058
-Inter T 0.444 0.736
Beta local:
-Left C 0.127 0.204
-Left F 0.191 0.185
-Left O 0.942 0.246
-Left P 0.063 0.071
-Left T 0.711 0.570
-Right C 0.153 0.149
-Right F 0.692 0.379
-Right O 0.879 0.439
-Right P 0.043 0.076#
-Right T 0.443 0.663

P-values are given; values in italic indicate significant results in the original analysis. A + indicates 
significant results in both the original as well as the corrected analysis. Values indicated with * indi-
cate significant results in the analysis corrected for age of onset and diabetes duration as compared 
the analysis not correct for age of onset and diabetes duration. # indicates significant in the original 
analysis but not in the corrected analysis.

Table 3C. Repeated measures ANCOVA for T1DM patient groups with and without cor-
rection for disease variables age of onset and disease duration.

Original analysis Corrected for age of onset and diabetes 
duration

Delta band:
-Intra 0.323/0.743 0.547/0.173
-Inter 0.213/0.270 0.128/0.197
-Local 0.265/0.194 0.339/0.064
Theta band:
-Intra 0.215/0.919 0.232/0.326
-Inter 0.080/0.248 0.419/0.061
-Local 0.001/0.157 0.026+/0.072
Lower alpha band:
-Intra 0.053/0.011 0.308/0.021+
-Inter 0.445/0.058 0.357/0.042*
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-Local 0.004/0.003 0.050+/0.004+
Upper alpha band:
-Intra 0.319/0.155 0.286/0.019*
-Inter 0.339/0.544 0.123/0.034*
-Local 0.008/0.075 0.011+/0.016*
Beta band:
-Intra 0.062/0.842 0.049*/0.432
-Inter 0.076/0.440 0.132/0.282
-Local 0.077/0.246 0.182/0.168
Lower gamma band:
-Intra 0.896/0.278 0.880/0.560
-Inter 0.782/0.0715 0.711/0.806
-Local 0.871/0.633 0.801/0.752
Upper gamma band:
-Intra 0.201/0.906 0.704/0.808
-Inter 0.709/0.692 0.381/0.936
-Local 0.682/0.891 0.875/0.974

P-values are presented with values in italic indicating significant results in the original analysis. Val-
ues indicate interaction/main effects. A + indicates significant results in both the original as well as 
the corrected analysis. Values indicated with * indicate significant results in the analysis corrected 
for age of onset and diabetes duration as compared the analysis not correct for age of onset and 
diabetes duration.

Table 4. Mean SL-values for T1DM- patients and healthy controls for all areas of the lower 
alpha band.

T1DM- Healthy controls
Intra left fronto-parietal 0,0255# 0,0236
Intra left fronto-temporal 0,0331# 0,0320
Intra left parieto-occipital 0,0473# 0,0450
Intra left temporo-occipital 0,0324# 0,0309
Intra right fronto-parietal 0,0235 0,0237
Intra right fronto-temporal 0,0352# 0,0349
Intra right parieto-occipital 0,0483# 0,0401
Intra right temporo-occipital 0,0291# 0,0286
Inter central 0,0330# 0,0319
Inter frontal 0,0356# 0,0332
Inter occipital 0,0501# 0,0467
Inter parietal 0,0435# 0,0411
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Inter temporal 0,0327 0,0335
Local left central 0,1237# 0,1183
Local left frontal 0,1178# 0,1166
Local left occipital 0,1431# 0,1382
Local left parietal 0,2336# 0,2259
Local left temporal 0,1060# 0,1034
Local right central 0,1076 0,1086
Local right frontal 0,1335# 0,1332
Local right occipital 0,1656# 0,1560
Local right parietal 0,1873# 0,1795
Local right temporal 0,0933# 0,0930

A # indicates higher SL-values for the patients with uncomplicated.

Table 5. The effect of age and depressive symptoms on cognitive functioning and func-
tional connectivity.

Roy’s Largest Root P-value
Age Depressive symptoms

MANCOVA:
-Cognitive functioning 0.026* 0.108
Repeated measures:
-Delta intra hemispheric 0.217 0.295
-Delta inter hemispheric 0.460 0.208
-Delta local hemispheric 0.139 0.135
-Theta intra hemispheric 0.221 0.936
-Theta inter hemispheric 0.116 0.425
-Theta local hemispheric 0.321 0.028*
-Lower alpha intra hemispheric 0.560 0.109
-Lower alpha inter hemispheric 0.072 0.733
-Lower alpha local hemispheric 0.468 0.406
-Upper alpha intra hemispheric 0.437 0.742
-Upper alpha inter hemispheric 0.403 0.704
-Upper alpha local hemispheric 0.526 0.753
-Beta intra hemispheric 0.131 0.994
-Beta inter hemispheric 0.249 0.769
-Beta local hemispheric 0.606 0.958
-Lower gamma intra hemispheric 0.128 0.552
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-Lower gamma inter hemispheric 0.243 0.983
-Lower gamma local hemispheric 0.057 0.994
-Upper gamma intra hemispheric 0.007* 0.542
-Upper gamma inter hemispheric 0.416 0.636
-Upper gamma local hemispheric 0.340 0.858

A * indicates significant effects of either age or depressive symptoms on that particular test.
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Het is bekend dat diabetes mellitus type 1 als gevolg van hyperglykemie (hoge 
bloedsuikers) kan leiden tot microangiopathie (schade aan de kleine bloed-
vaten). Deze microangiopathie kan zich uiten in de ogen (retinopathie), in de 
nieren (nefropathie) en in de perifere zenuwen (perifere neuropathie). De laat-
ste jaren laten steeds meer onderzoeken zien dat diabetes type 1 ook gepaard 
gaat met veranderingen in de hersenen. Hierbij gaat het om veranderingen 
in de cognitieve functies, zoals in de snelheid waarmee informatie verwerkt 
wordt, het tegelijk uitvoeren van verschillende handelingen en soms ook het 
geheugen. Daarnaast blijkt dat er ook veranderingen zijn in de structuur en in 
de functie van de hersenen. Ook deze veranderingen in het brein lijken samen 
te hangen met hyperglykemie en microangiopathie. Onderzoek naar hersen-
veranderingen in diabetes type 1 zijn schaars, hebben vaak weinig deelnemers 
onderzocht, een beperkt aantal onderzoeken gedaan of niet gekeken naar de 
onderliggende mechanismen. In dit proefschrift zijn de resultaten beschreven 
van een groot onderzoek naar het effect van diabetes type 1 en bijkomende 
microangiopathie op het brein in 51 diabetes type 1 patiënten met microan-
giopathie als marker voor langdurige hyperglykemie, 57 patiënten zonder mi-
croangiopathie en in 51 controle deelnemers zonder diabetes die verder gezond 
zijn. Daarbij is gekeken naar de cognitieve functies, de structuur van en de 
communicatie in het brein en naar de invloed van genetica en veranderingen 
in de grote bloedvaten op deze hersenveranderingen. 

In hoofdstuk 2 worden de resultaten van eerdere studies op het gebied van dia-
betes type 1 en de hersenen besproken en in kaart gebracht. De conclusies die 
daaruit getrokken kunnen worden zijn dat er in diabetes type 1 al vanaf de jeugd 
veranderingen gevonden worden in zowel cognitief functioneren als structuur 
en communicatie in de hersenen en dat deze veranderingen ook in volwas-
senen aanwezig zijn. Er zijn veel aanwijzingen dat langdurige hyperglykemie en 
niet hypoglykemie (lage bloedsuikers) ten grondslag liggen aan deze verande-
ringen. Echter er ontbreekt nog de nodige informatie als het gaat om het be-
loop van de veranderingen, hoe veranderingen in communicatie en structuur 
van de hersenen het cognitief functioneren beïnvloeden en de exacte onder-
liggende mechanismes.
 Zo is bijvoorbeeld niet bekend of perifere microangiopathie gepaard 
gaat met microangiopathie in het brein. Daarom hebben we dat onderzocht 
in hoofdstuk 3. In die studie hebben we met behulp van Magnetic Resonance 
Imaging (MRI) gekeken naar de aanwezigheid van microbloedingen en witte 
stof beschadigingen, beide uitingen van microangiopathie in het brein. De mi-
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crobloedingen, maar niet witte stof beschadigingen, bleken vaker aanwezig bij 
patiënten met microangiopathie dan in patiënten zonder microangiopathie en 
controle deelnemers. Echter ze waren niet bij iedereen met perifere microangi-
opathie aanwezig. Het bleek verder dat de aanwezigheid van beide vormen van 
microangiopathie in het brein samenhing met een verhoogde communicatie in 
rust in het brein, dat weer correleerde met het slechter uitvoeren van geheugen 
taken. Dit laat zien dat perifere microangiopathie samenhangt met centrale mi-
croangiopathie en dat deze centrale microangiopathie al dan niet direct invloed 
heeft op het cognitief functioneren van patiënten.

In hoofdstuk 4 en 5 is vervolgens gekeken naar de veranderingen in commu-
nicatie tussen verschillende gebieden in de hersenen in rust gemeten en hoe 
die communicatie samenhangt met cognitief functioneren. Communicatie in 
rust geeft de mogelijkheid om zonder invloed van cognitieve processen de ba-
sale communicatie te meten. Deze rust communicatie hangt goed samen met 
het uitvoeren van cognitieve functies. Het kan op verschillende manier onder-
zocht worden. In hoofdstuk 4 hebben we gebruik gemaakt van Magnetoence-
falografie (MEG). MEG is een methode om fluctuatie in het magnetisch veld 
rondom het brein te registreren. Deze fluctuaties in magnetisch veld ontstaan 
doordat neuronen in de hersenen afwisselend actief en in rust zijn. Deze fluctu-
aties worden over verschillende frequenties gemeten, wat een goed inzicht ver-
schaft in zowel langzame als snelle frequenties. Een ander groot voordeel van 
deze methode is dat MEG heel goed veranderingen in de tijd kan registreren, 
tot op milliseconden. Uit de resultaten blijkt dat communicatie in de hersenen 
afneemt in de meeste frequentiebanden in patiënten met microangiopathie 
vergeleken met de andere groepen. In patiënten zonder microangiopathy zagen 
we een verhoging van de communicatie, maar alleen in 1 frequentieband. In 
beide groepen was een hogere communicatie gecorreleerd aan een beter cogni-
tief functioneren.
 MEG heeft een lage spatiële resolutie, het is lastig te bepalen waar in 
het brein de veranderingen precies plaatsvinden. Functionele MRI (fMRI) is 
weer heel geschikt om veranderingen te lokaliseren. fMRI ‘meet’ communicatie 
met behulp van het Blood Oxygination Level Dependent (BOLD) signaal. Dit 
houdt in dat wanneer er meer zuurstof naar een bepaald hersengebied vervoerd 
wordt de ratio tussen zuurstofarm en zuurstofrijk bloed veranderd. Hierdoor 
veranderd ook het magnetisch signaal en dat registreert de fMRI. De gangbare 
gedachte is dat wanneer hersengebieden actief zijn er meer zuurstof nodig is. 
Het BOLD signaal vertoont in rust natuurlijke fluctuaties die met elkaar sa-
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menhangen. Met speciale analysesoftware is het mogelijk om deze fluctuaties 
te identificeren en te scheiden van ruis, zoals hartslag, ademhaling en hoofd-
beweging. Uiteindelijk vonden wij 10 netwerken die ook eerder beschreven 
zijn in andere aandoeningen. Deze netwerken zijn geassocieerd met hersenge-
bieden waarvan gedacht wordt dat ze betrokken zijn bij aandacht, geheugen, 
motorische en visuele functies, taal en auditieve functies en uitvoe-rende taken. 
Ook bij de fMRI gemeten rust communicatie bleek dat patiënten met micro-
angiopathie een lagere communicatie hadden in vergelijking met de andere 
groepen en dat patiënten zonder microangiopathie een verhoogde communi-
catie lieten zien ten opzichte van controles. Tevens hing hier een hogere com-
municatie weer samen met betere cognitieve functies. Deze studies geven aan 
dat er belangrijke veranderingen optreden in de manier waarop hersengebieden 
met elkaar communiceren in diabetes type 1 en dat die veranderingen mogelijk 
ook invloed hebben op de cognitieve functies, al kan oorzaak en gevolg in deze 
studies niet van elkaar onderscheiden worden.

De vertraging in het verwerken van nieuwe informatie duidt erop dat de witte 
stof van de hersenen, die verantwoordelijk is voor het doorgeven van infor-
matie tussen hersengebieden, zou kunnen zijn aangedaan. Echter hebben we 
laten zien dat de witte stof beschadigingen die zichtbaar zijn op MRI niet 
vaker voorkwamen bij patiënten vergeleken met controles. Daarom zijn we in 
hoofdstuk 6 dieper gedoken in de structuur en kwaliteit van de vezelbanen van 
de witte stof met behulp van MRI. Dit doen we met behulp van de verplaat-
sing van waterstofatomen. Wanneer namelijk de vezelbanen van goede kwali-
teit zijn zullen de waterstofatomen zich vooral verplaatsen in de richting van de 
vezelbanen. Echter wanneer er sprake is van verminderde kwaliteit zullen wa-
terstofatomen vrijelijk in meerdere richtingen bewegen. Deze schade kan direct 
aan de vezels zelf zijn, maar ook aan de myeline (het omhulsel om de vezels die 
zorgt dat signalen sneller verwerkt worden).
 De algemene kwaliteit van de witte stof was, verspreid door de hersenen, 
verminderd in patiënten met microangiopathie ten opzichte van de andere 
groepen. Dit was ook het geval in patiënten zonder microangiopathie, al was de 
afname zeer lokaal. De resultaten laten verder zien dat deze afname in kwalit-
eit in het begin, zonder microangiopathie, vooral lijkt samen te hangen met 
afname van de kwaliteit van de vezels, terwijl later in de ziekte, met microangi-
opathie, er sprake lijkt van beschadigde myeline. Echter om oorzaak en gevolg 
te kunnen ontrafelen is longitudinaal onderzoek nodig. In patiënten hing een 
beter kwaliteit van de witte stof samen met betere cognitieve functies.
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De laatste 2 hoofdstukken beslaan de effecten van veranderingen in de grote 
bloedvaten naar de hersenen en het effect van genetica op de hersenverande-
ringen in diabetes type 1.
 In hoofdstuk 7 werden de dikte van de vaatwand en stijfheid van de 
rechter slagader naar de hersenen met behulp van echo in kaart gebracht. Zo-
wel de dikte van de vaatwand als de stijfheid van het vat leken toe te nemen 
naarmate er sprake was van diabetes type 1 en additioneel microangiopathie. 
In patiënten zonder microangiopathie, maar niet in patiënten met microangi-
opathie waren zowel toegenomen vaatwanddikte als stijfheid geassocieerd met 
slechtere cognitieve functies, verminderde witte stof kwaliteit en verminderde 
communicatie in de hersenen. Het kan gedacht worden dat het effect van mi-
croangiopathie op het brein dusdanig groot is dat de meer subtiele effecten van 
veranderingen in de grote vaten niet meer zichtbaar zijn.
 In het laatste hoofdstuk, hoofdstuk 8, is gekeken naar het effect van een 
specifieke genetische marker voor slechtere cognitieve functies, apolipoproteïne 
E (APOE). Deze genetische marker komt voor in 3 verschillende vormen, ε2 
ε3 en ε4. De laatste vorm, APOE ε4 wordt geassocieerd met het groter risico op 
verslechtering van cognitieve functies. Deze variant was aanwezig in ongeveer 
39.2% van de patiënten met en 26% van de patiënten zonder microangiopa-
thie en in 30% van de controles. De groep patiënten met APOE ε4 verschilde 
nauwelijks van de patiënten zonder deze vorm, al was de geschatte intelligentie 
iets lager en kwam een jonge onset van de diabetes vaker voor. In patiënten was 
APOE ε4 geassocieerd met slechtere informatieverwer-kingssnelheid, terwijl 
de hoeveelheid grijze stof van de hersenen juist toenam. Deze effecten waren 
vooral zichtbaar in mannen en niet in vrouwen. Er zullen longitudinale studies 
nodig zijn om het effect van APOE ε4 beter in kaart te brengen.

Deze studie geeft een goed beeld van veranderingen die de hersenen van di-
abetes type 1 patiënten ondergaan als gevolg van de ziekte en de aanwezigheid 
van microangiopathie. Toch blijft er nog veel onduidelijk over bijvoorbeeld het 
beloop van deze hersenveranderingen over de tijd, de causaliteit tussen cognitie 
en hersenveranderingen en welke door hyperglykemie veroorzaakte metabole 
en hormonale veranderingen de hersenproblematiek veroorzaken. Longitudi-
naal onderzoek zal dit duidelijk moeten maken. Als de oorzaken beter bekend 
zijn kan er vervolgens onderzoek gedaan worden naar mogelijke behandelingen 
van hersencomplicaties bij diabetes type 1.
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