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Vascular cognitive impairment
Dementia is a syndrome characterized by an acquired impairment of cognitive 
function in at least two domains, interfering with daily activities.1 It is frequently 
diagnosed, with a prevalence of 5-7% after age 60. Worldwide, it has been estimated 
that more than 35 million people have dementia, a number which is expected to 
double every 20 years due to increasing life expectancy.2 Therefore, in our ageing 
society, cognitive impairment and dementia are a major public health problem.
The most common form of dementia is Alzheimer’s Disease (AD). AD typically has 
a gradual onset and presents predominantly with progressive memory impairment, 
along with other cognitive deficits.3 From a neuropathological point of view typical 
changes associated with AD include protein deposits, forming amyloid-beta plaques, 
and neurofibrillary tangles. 
 The second most prevalent form of dementia is Vascular Dementia (VaD). 
Traditionally, VaD has been defined as dementia caused by cerebrovascular disease, 
characterized by either a clinical stroke, or evidence of significant cerebrovascular 
disease on brain imaging. These brain imaging abnormalities include either multiple 
infarcts or a single strategically located infarct, but can also consist of extensive 
periventricular white matter lesions. According to the classical definition of 
vascular dementia cognitive dysfunction should become manifest shortly after a 
stroke is diagnosed, or should show a fluctuating, stepwise progression.4 Obviously, 
this definition does not capture the wide variety of cognitive deficits related to 
cerebrovascular damage. Therefore, the term Vascular Cognitive Impairment (VCI) 
has been introduced, to refer to the entire spectrum of cognitive disorders, ranging 
from mild cognitive impairment to clear dementia, associated with and presumed 
to be caused by all forms of cerebrovascular disease.5 With this definition, also more 
insidious cognitive and structural brain changes are recognised. Moreover, vascular 
causes are now pointed out as a contributing factor, instead of a direct cause, in the 
development of cognitive decline. 
 VCI also comprises different pathophysiological processes. One important 
underlying process is small vessel disease (SVD). It is described as all the pathological 
processes that affect the small vessels of the brain, including small perforating arteries, 
arterioles, capillaries, and venules.6 The consequences of the pathological changes of 
these small vessels on the brain parenchyma are also referred to as SVD. Brain imaging, 
mainly magnetic resonance imaging (MRI), plays an important role in the detection of 
SVD. Brain MRI features of SVD are lacunar infarcts, white matter hyperintensities 
(WMH), prominent perivascular spaces, cerebral microbleeds, and global brain atrophy 
(see figure 1).7 These features also constitute the most common MRI markers of VCI.
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Figure 1 mri markers of small vessel disease and vascular cognitive impairment: white 

matter hyperintensities (a), lacunar infarcts (b) and global brain atrophy (c)

Historically, AD en VaD have been considered as separate entities. The past decades 
however, this tight categorical view is being re-evaluated. Importantly, Alzheimer-
type pathology and vascular brain damage mostly co-occur at autopsy.8 Moreover, 
cerebral amyloid angiopathy (deposits of the protein amyloid in blood vessels) has 
been acknowledged as an important marker of AD, but also of VaD. Furthermore, 
vascular risk factors, such as hypertension, diabetes, hypercholesterolemia and 
obesity, increase the risk both for cerebrovascular disease and for a clinical diagnosis 
of AD. Therefore, it seems to be more adequate to consider pure AD and pure VaD 
pathology as ends of a spectrum, with most patients exhibiting a combination of 
both pathologies. VCI refers to the contribution of vascular brain pathology across 
this whole spectrum. 
 Vascular risk factors are modifiable. Given the close association between vascular 
risk factors and dementia, treatment of these risk factors may give an opportunity to 
prevent cognitive decline. For the development of future therapeutic interventions, 
further insight in the natural history and underlying mechanisms of VCI is required. 

This thesis focuses on two specific aspects of VCI: 
•	 	To	address	type	2	diabetes	mellitus	as	a	risk	factor	for	cognitive	decline	in	the	

context of vascular brain damage. 
•	 	To	explore	cerebral	microvascular	lesions	as	etiological	and	prognostic	marker	of	

VCI. 
In both topics, MR imaging techniques play a key role. The following paragraphs 
will give a short introduction to the different research questions addressed in both 
parts of the thesis. 
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Type 2 diabetes mellitus as a risk factor for VCI
Type 2 diabetes mellitus (T2DM) is a common metabolic disorder, that affects 
around 382 million people worldwide,9 particularly patients of 60 years and older.10 
It is characterized by a relative insulin deficiency and chronic hyperglycaemia. 
T2DM is associated with mild to moderate cognitive decrements, particularly in 
the cognitive domains attention and executive functioning, information processing 
speed, and memory, and with a twice increased risk of dementia.11,12 The aetiology 
of T2DM associated cognitive dysfunction is still incompletely known. However, 
vascular brain disease is likely to play a role, since T2DM predisposes to macro- and 
microvascular disease, both in the brain and elsewhere in the body.13 
 Brain imaging gives important information about processes underlying the 
observed cognitive changes in T2DM. Imaging studies have indeed established that 
T2DM is accompanied by certain brain abnormalities: brain atrophy and lacunar 
infarcts appear to be more common in patients with T2DM than in controls.14-16 
The association between T2DM and WMHs is not completely clear.14,17,18 It is also 
uncertain if brain atrophy in T2DM is global, or if there are specific vulnerable 
areas. For example, the medial temporal lobe has been suggested to be particularly 
affected.19 Other open questions with respect to brain imaging abnormalities in 
T2DM relate to whether, besides structural changes, also functional changes, e.g. 
altered cerebral haemodynamics, play a role, and whether microvascular lesions 
are more frequent in patients with T2DM and if they are a contributor to T2DM 
associated cognitive impairment.

These issues will be addressed in the first part of this thesis, to understand better the 
underlying causes of T2DM associated cognitive dysfunction. 

Novel imaging markers of VCI: microinfarcts and microbleeds 
Conventional imaging markers of SVD (i.e. lacunar infarcts, WMH, brain 
atrophy) do not capture the full burden of cerebral microvascular damage. Autopsy 
studies point to the relevance of microvascular lesions, in particular microinfarcts, 
in cognitive decline and dementia. Neuropathologically, microinfarcts are focal 
lesions attributed to ischemia, usually defined as ‘not visible with the naked eye’. 
They are a common finding at autopsy, in the general population, and appear to 
be more prevalent in patients with cerebrovascular disease, vascular dementia, and 
Alzheimer’s disease.20-22 However, evidence on these associations originates from 
post-mortem data and therefore the relation with age, risk factors, and disease 
progression is largely unknown. This information however is extremely important 
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to understand the etiology and to finally develop therapeutic interventions in VCI. 
Higher MR field strength and new imaging techniques now probably make it 
possible to visualize microinfarcts in vivo. 

Ultra-high field strength (7 Tesla) MRI also greatly enhance the detection of another 
type of microvascular lesions: cerebral microbleeds. These lesions are visible as small 
black dots on T2*-weighted MR sequences.7 Histopathological studies indicate that 
microbleeds reflect hemosiderin-laden macrophages in perivascular tissue consistent 
with vascular leakage of blood cells.23 These hemosiderin deposits are paramagnetic 
and induce a susceptibility effect on T2*-weighted MR imaging, which appears as 
a signal void. The number of microbleeds detected on MRI is highly dependent 
of scan protocol and field strength. Higher field strength provides higher spatial 
resolution, improves signal-to-noise ratio and shows a higher susceptibility effect.4 
Moreover, due to the so-called blooming effect, the visualized size of the signal 
void increases with field strength and echo time. Using different echo times at  
7 Tesla MRI increases detectability of microbleeds (see figure 2). Previous studies at 
7 Tesla MRI showed that even small microbleeds were visible and that the number 
of detected microbleeds was three times higher compared to 1.5 Tesla MRI.25,26 
 Microbleeds have attracted attention since it became clear that they are related 
to vascular risk factors,27 other MRI markers of small vessel disease,27 and stroke.28 
Furthermore, they have been associated with cognitive impairment in the general 
population.29 In stroke populations however, this relationship with cognition is less 
clear.30,31 Etiologically, it has been suggested that microbleeds in deep regions of the 

Figure 2 Increased visibility of cerebral microbleeds with increasing field strength: an 

example of a single slice t2*-weighted MR image at 3 Tesla MRI (A), and 7 Tesla MRI (first 

echo (b) and second echo (c)), showing four extra microbleeds at 7 tesla mri (arrows). 

Chapter 1

12

1



brain are associated with small vessel disease and hypertension as a main risk factor, 
whereas lobar microbleeds are closely linked to AD and its presumed pathological 
correlate, amyloid pathology.28,32 However, the prevalence of microbleeds on MRI 
in patients with AD is lower than that of amyloid angiopathy at autopsy. This raises 
the question whether this discrepancy could be due to insufficient detection of 
microbleeds in vivo. The possibility to detect more microbleeds with new imaging 
techniques, allows further studies about their occurrence in different populations, 
both healthy and diseased, and to investigate their role in brain functionality, i.e. 
cognitive performance. It might well be that associations with clinical outcomes 
change with a better detection of microbleeds. 

The UMC Utrecht was one of the first medical centers in the Netherlands to acquire 
a 7 Tesla MRI scanner, which has given us the opportunity to study microvascular 
lesions in the brain in our research projects with unprecedented detail. 

In part II of this thesis I will pursue a number of specific aspects of microvascular 
lesions. 
 With respect to microinfarcts, I first will review the data from neuropathological 
studies on microinfarcts, to form a frame of reference for future MRI studies. 
During my PhD program, we succeeded in visualizing microinfarcts at 7 Tesla MRI. 
Subsequently, I investigated the association between microinfarcts at 7 Tesla MRI 
and age, vascular risk factors (including T2DM), and other MRI markers of SVD. 
 Regarding microbleeds, I focused on the following aspects: with 7 Tesla MRI 
I have assessed the relation between microbleeds and age, vascular risk factors and 
other MRI markers of SVD, and I examined whether they occur more frequently 
in patients with T2DM. I studied the occurrence of microbleeds also in patients 
with early AD. Furthermore, I addressed the question if microbleeds are related to 
cognitive performance in patients with a TIA or ischemic stroke, both at regular and 
at 7 Tesla MR field strength. 

Outline of the thesis
In part I, we investigated different brain imaging markers in T2DM and the 
relationship with cognitive performance. 
Chapter 2 provides a review on brain imaging in T2DM. It addresses the relationship 
between T2DM and brain abnormalities assessed with different MR imaging 
techniques, both structural and functional. 
In chapter 3 we investigated regional cerebral cortical atrophy in patients with 
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T2DM and non-diabetic controls. Furthermore, determinants of cortical atrophy 
within the T2DM group were examined. 
In chapter 4, we examined how cerebral haemodynamics (cerebral blood flow and 
cerebrovascular reactivity) are related to cognitive functioning and brain volumes, at 
baseline and after four years, in individuals with T2DM.
Finally, in chapter 5 we compared the occurrence of cortical microinfarcts and 
cerebral microbleeds at 7 Tesla MRI between nondemented older individuals with 
T2DM and control participants, and investigated the relationship with cognitive 
performance.

In part II, we focus on cerebral microvascular lesions in different populations, and 
their relationship with cognitive performance. We explore new imaging techniques 
to study these lesions. 
Chapter 6 provides a review of the literature on neuropathological studies of cerebral 
microinfarcts, as a frame of reference for further MRI studies.
In chapter 7 we examined the occurrence of both microbleeds and microinfarcts 
at 7 Tesla MRI in a sample of persons without major neurological conditions, and 
investigated the relationship with age, vascular risk factors and other imaging 
markers of small vessel disease. 
In chapter 8, we examined the prevalence of cerebral microbleeds at 7 Tesla MRI 
in patients with mild cognitive impairment or early stages of Alzheimer’s Disease, 
compared to controls. 
In chapter 9, we examined the relationship between microbleeds at conventional 
field strength in patients with a TIA or minor ischemic stroke, and global cognitive 
performance four years later.
In chapter 10, we used 7 Tesla MRI to further study the relationship between 
microbleeds and cognitive performance in detail, in patients with a TIA or ischemic 
stroke. 

In chapter 11 the results presented in this thesis are discussed as well as directions for 
future research and implications for clinical care.
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abstract

Type 2 diabetes mellitus (T2DM) is associated with cognitive dysfunction and 
dementia. Brain imaging may provide important clues about underlying processes. 
This review focuses on the relationship between T2DM and brain abnormalities 
assessed with different imaging techniques: both structural and functional magnetic 
resonance imaging (MRI), including diffusion tensor imaging and magnetic 
resonance spectroscopy, as well as positron emission tomography and single-photon 
emission computed tomography. 
 Compared to people without diabetes, people with T2DM show slightly 
more global brain atrophy, which increases gradually over time compared with 
normal aging. Moreover, vascular lesions are seen more often, particularly lacunar 
infarcts. The association between T2DM and white matter hyperintensities and 
microbleeds is less clear. T2DM has been related to diminished cerebral blood flow 
and cerebrovascular reactivity, particularly in more advanced disease. Diffusion 
tensor imaging is a promising technique with respect to subtle white matter 
involvement. Thus, brain imaging studies show that T2DM is associated with both 
degenerative and vascular brain damage, which develops slowly over the course of 
many years. The challenge for future studies will be to further unravel the etiology 
of brain damage in T2DM, and to identify subgroups of patients that will develop 
distinct progressive brain damage and cognitive decline. 
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introDuction

Type 2 diabetes mellitus (T2DM) is a common metabolic disorder, that affects around 
382 million people worldwide, and prevalences are increasing.1 It is characterized by 
reduced insulin sensitivity, followed by a compensatory increase in insulin secretion, 
and finally pancreas failure. T2DM and also pre-diabetic stages (with insulin 
resistance but normal glucose levels) are generally accompanied by a cluster of risk 
factors (dyslipidemia, hypertension, obesity), the so-called metabolic syndrome. 
These conditions predispose to atherosclerosis, cardiovascular disease and stroke.2 
Moreover, both T2DM and the metabolic syndrome can lead to microvascular 
complications, affecting the kidneys, eyes, peripheral nervous system and also 
the brain. Indeed, T2DM is associated with cognitive dysfunction and dementia.3 
Pathophysiological mechanisms for diabetes-related cognitive dysfunction are not 
entirely clear. Imaging can help us to detect brain abnormalities and to identify 
etiological factors. This review will address both structural and functional brain 
imaging studies in people with T2DM. Studies in people with pre-diabetic stages 
with impaired glucose tolerance (including the metabolic syndrome) will also be 
described. We focus primarily on studies using magnetic resonance imaging (MRI), 
but will also address radionuclide techniques. Computed tomography (CT) will be 
disregarded because MRI provides more detailed information on brain structure 
and function. 

brain atrophY anD vascular lesions
Brain atrophy

Brain atrophy refers to brain volume loss not related to a specific macroscopic focal 
injury such as trauma or infarction.4 It can be generalized or focal (affecting specific 
brain regions, e.g. the hippocampus), and can be further subdivided in subcortical 
atrophy (enlargement of the ventricles) and cortical atrophy (enlargement of the cortical 
sulci). Neuropathological correlates of atrophy are heterogeneous and can include not 
only neuronal loss, but also cortical thinning, subcortical vascular pathology and 
white matter rarefaction.5 In normal aging, global brain atrophy becomes apparent 
particularly after the age of 70 years, with an average decline in total brain volume of 
0.10-0.50% per year. 6,7 Brain atrophy, both globally and regionally, is associated with 
small vessel disease.8,9 and worse cognitive performance.10 
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Cerebral atrophy can be assessed with ordinal rating scales and with CSF:brain ratios, 
e.g. the frontal interhemispheric fissure ratio and the Sylvian fissure ratio for cortical 
atrophy, and the bicaudate ratio and bifrontal ratio for subcortical atrophy.11 For 
hippocampal atrophy, the Medial Temporal Atrophy (MTA) score is frequently used, 
which ranges from 0-3 (a scan from a subject is compared with a template).12 Actual 
volumes of different brain regions, e.g. the hippocampus, can be determined by manually 
outlining of structures. More recently, automated segmentation methods have been 
developed.13 They classify each voxel as gray matter, white matter or CSF, and quantify 
brain volumes unbiased and much more precisely. In cortical thickness measurements, 
the boundaries between gray and white matter and between gray matter and CSF are 
defined, allowing reconstruction of the cortical surface. 

Brain atrophy in T2DM 
Several studies investigated the relationship between diabetes and brain atrophy, 
some only cortical or subcortical atrophy, some both. The majority involved cohorts 
of community-dwelling people;14-18 or case-control designs;19-24 some described clinic 
based cohorts.25,26 Most studies excluded people with known dementia and took 
possible confounding effects of other vascular risk factors into account. 
 In middle-aged subjects, T2DM has been consistently associated with global 
brain atrophy19,22 or only subcortical atrophy,15,23,27 both with global visual rating 
scales19,27 as well as with automated volumetric methods.22,23 In older subjects with 
T2DM (70-85 years of age), smaller total brain volumes,14,17,25,26 smaller white matter 
volumes,17,23 smaller gray matter volumes14,17,26 and larger CSF volumes22,23 have been 
reported. Reductions in mean total brain volume of 0.5-2.0% relative to controls have 
been reported, comparable with 2-5 years of normal aging. Of note, also in obese 
adolescents, T2DM was associated with smaller total brain volumes28 and presence 
of the metabolic syndrome with larger brain CSF volumes.29 Even in non-diabetic 
subjects, higher HbA1c and higher fasting glucose levels were associated with global 
brain atrophy30 or subcortical atrophy.15,17 

 Recently, data from longitudinal studies on the progression of atrophy in 
patients with T2DM have become available. Over the course of three to six years, a 
slightly increased brain atrophy rate 25,26,30 or a greater increase in lateral ventricular 
volume20,31 was reported in middle-aged to older aged subjects with higher HbA1c 
values or in subjects with T2DM compared with controls. Reported reductions in 
brain volume are small (0.1-1.5%, 1-3 times the atrophy rate of normal aging). 
 Hypertension has been found as a possible determinants of cerebral atrophy in 
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patients with T2DM,18,20 although in most studies vascular risk factors were only 
included as covariates. Higher HbA1c levels, higher fasting glucose levels, insulin 
treatment and longer disease duration might be associated with smaller brain 
volumes in patients with T2DM.15-17,23,25,28

 In patients with T2DM, atrophy was related to modest cognitive decrements, 
particularly for the domains information processing speed and attention and 
executive functioning.24 Impaired memory have been associated with subcortical 
atrophy.32,33 

Hippocampal atrophy in T2DM
Atrophy of the medial temporal lobe, in particular the hippocampus, is thought to 
be a marker of neurodegeneration, particularly apparent in Alzheimer’s disease.34 
Hippocampal atrophy has been suggested to occur also in patients with T2DM. 

Figure 1 between-group absolute differences in cortical thickness between patients 

with T2DM and controls. Region specific changes are visible in the hippocampal regions 

(brundel et al. 2010)
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Several studies have been published on this topic, including large cohorts, e.g. the 
LADIS study,35 the Rotterdam Study,36 and the Honolulu Asia Aging Study.16 
Hippocampal volume was measured with the medial temporal atrophy (MTA) 
score,35 manually traced,16,28,36-38 or with an automated segmentation method,14,33,39,40 
all at lower/regular field strength (0.5-1.5 tesla). In both middle-aged28,33,40 and older 
patients,16,35,36 the presence of T2DM was associated with smaller hippocampi. 
Decreased cortical thickness of the medial temporal lobe in patients with T2DM 
compared to non-diabetic controls has been reported (Figure 1).39

 Correspondingly, in non-diabetic subjects, significantly smaller hippocampi 
were found in subjects with impaired glucose tolerance,37 insulin resistance,38 or 
higher fasting glucose levels.41 
 Importantly, most of these studies corrected for head size or intracranial 
volume,16,28,33,36,40, but did not correct for total brain volume. Therefore, most studies 
did not assess if hippocampal atrophy was out of proportion to global brain atrophy. 
The only study that adjusted hippocampal volumes for total brain volume found no 
relation between T2DM and hippocampal atrophy.14

White matter hyperintensities

White matter hyperintensities (WMHs) are mostly bilateral and symmetrical 
hyperintense lesions on T2-weigthed MR images.4 They are distributed in the 
periventricular and deep white matter of the cerebral hemispheres, in the basal ganglia, 
and, less frequently, infratentorial. WMHs are a common finding in the general 
population. The occurrence and degree increase with age, with prevalences of about 
two-third in subjects aged 60-70, approaching 100% above the age of 80 years.42 They 
are strongly correlated with cerebrovascular disease and vascular risk factors, although 
postmortem studies showed that the underlying histopathology is heterogeneous.43 They 
are associated with cognitive, neurological and functional symptoms such as walking 
difficulties and depression.44,45

 WMHs can be assessed with visual rating scales, such as the Fazekas scale, Scheltens 
scale46 and age-related white matter changes (ARWMC) scale.47 These scales range from 
3 levels to more detailed scales with 36 levels in which WMH are visually quantified in 
multiple brain regions. It has been reported that WMH rating scale performance varies 
with WMH prevalence, and therefore with patient groups.48 In the past ten years, 
automated segmentation methods have been developed to measure WMH volume more 
precisely, based on the earlier described classification of voxels on MR images.
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White matter hyperintensities in T2DM 
The association between T2DM and WMHs is a topic of some controversy. Several 
studies have investigated the amount of WMHs in patients with T2DM, in 
community-based cohorts,14-18,49,50 in patients with clinical vascular disease,25,31 or in 
case-control studies.21,22,24 WMHs have been established with relative crude visual 
rating scales,15,16 more comprehensive visual rating scales 18,21,24 or with an automated 
segmentation method.14,17,25,49,50

 In middle-aged subjects (with a mean age up to 65 years), a relationship between 
T2DM and degree of WMHs was reported in a case control study (including 
assessment with an automated segmentation method)22,24 and in a clinical based 
cohort;31 however, in four population-based cohorts, three of which used automated 
segmentation methods, no relationship between T2DM and the amount of WMH 
was found independent of other cardiovascular risk factors.15,17,49,50

 In older subjects (with a mean age of 65-83 years), more WHMs were reported 
in patients with T2DM compared with controls,21 but others did not find this 
association.14,16,18,25 In non-diabetic individuals, higher HbA1c levels were associated 
with a higher degree of visually rated WMHs.51 
 The results of longitudinal studies on the relation between T2DM and WMH 
are also heterogeneous. Two studies showed no accelerated progression of WMH 
volumes,20,25 whereas other population-based studies reported a significantly 
increased WMH progression rate26,52,53 in patients with T2DM relative to non-
diabetic controls. 
 Regarding possible determinants of larger WMH volumes in patients with T2DM, 
higher insulin resistance 54 and HbA1c levels 21 were reported, but not invariably.22 

Cerebral infarcts 

Cerebral infarcts can be subdivided in small subcortical infarcts (counting for about 25% of 
all ischemic strokes) or large vessel infarcts. Recent small subcortical infarcts are visible on 
T2-weighted MR images as hyperintense lesions in the territory of one perforating arteriole 
(generally not exceeding 15 mm in length, but in the acute phase up to 20 mm). Neuroimaging 
evidence suggest that they can evolve over time in either a white matter hyperintensity or 
a lacunar cavity (on T2-weighted MRI seen as hypointense lesion) or disappear. 4 Large 
vessel infarcts are visible on MRI as focal hyperintense lesions on T2-weighted images 
with corresponding hypointense lesions on T1-weighted imaging, in the territory of a large 
vessel. Neuropathological correlates suggest that small subcortical infarcts are associated 

brain imaging in type 2 diabetes

27

2



with occlusion of small arteries or arterioles; large vessel infarcts can be caused by low 
flow or by embolism from one of the larger cerebral vessels. Brain infarcts are associated 
with deficits in physical en cognitive function and with depression and dementia. 55,56 

Brain infarcts are generally rated visually on MRI. 

Cerebral infarcts in T2DM
Many studies have investigated the relationship between T2DM and infarcts on 
brain MRI, involving population-based cohorts (including the Rotterdam Scan 
Study and the Cardiovascular Health Study),16-18,57,58 case-control studies,19,21,24,33 or 
patients with a clinical lacunar syndrome.59 
 Because T2DM and as well as prediabetic stages are known risk factors for 
cardiovascular disease, 60 it does not come as a surprise that multiple studies described 
an association between T2DM and infarcts on MRI, mostly lacunar infarcts.16,17,24,33,57-59 
A meta-analysis published in 2006 including 20 studies on lacunar infarcts on both 
CT and MRI, found a significant association between diabetes and lacunar infarcts in 
general cohorts, vascular cohorts and outpatient cohorts (OR (95% CI) 1.3 (1.1-1.6), 2.2 
(1.9-2.5), and 1.4 (1.1-1.8) respectively).61 Subsequently published studies show similar 
results.60 In a large study, there was a relationship between the metabolic syndrome 
and silent brain infarcts.62 In subjects with the metabolic syndrome, elevated fasting 
glucose levels were significantly associated with silent brain infarcts.62,63 In longitudinal 
studies, this evidence is inconsistent: some studies indicate that T2DM is associated with 
incident infarcts,27,31,58 whereas others did not find such an association.25,64 In non-diabetic 
subjects, higher insulin resistance and fasting glucose levels >7.1 mmol/L65 and impaired 
glucose tolerance66 were reported to be associated with a higher risk of incident infarcts. 
 Diabetes duration,16,17 insulin resistance,67 nephropathy68 and higher blood 
pressure69,70 are suggested to be determinants of the increased occurrence of brain 
infarcts on MRI in people with T2DM.
 Among patients with T2DM, brain infarcts have been related to modest 
cognitive decrements, particularly for the domains information processing speed 
and attention and executive functioning.24,71

Microbleeds

Microbleeds are small areas of signal void seen on T2*-weighted MRI or other sequences 
that are sensitive to susceptibility effects.4 Histopathological studies indicate that these 
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lesions reflect haemosiderin-laden macrophages in perivascular tissue consistent with 
vascular leakage of blood cells.72 Microbleeds are associated with vascular risk factors 
and other markers of small vessel disease.73 Furthermore, they have been related to 
cognitive impairment and (Alzheimer’s) dementia.74 Different scales are developed to 
rate brain microbleeds, such as the Microbleed Anatomical Rating Scale (MARS)75 and 
the Brain Observer MicroBleed Scale (BOMBS).76 The chance of detecting microbleeds 
on MRI is dependent of scan protocol and field strength.77

Microbleeds in T2DM
A recent study reported no difference in microbleed occurrence between patients 
with T2DM and controls (4 and 6 % respectively).33 A few studies showed diabetes 
mellitus to be associated with microbleeds in the general population (OR 2.2, 95% 
CI 1.2-4.2).74 

emerging techniQues in t2Dm
Diffusion tensor imaging 

Diffusion tensor imaging (DTI) assesses structural properties of the cerebral white 
matter. The technique is based on differences in the diffusion of water molecules. Without 
barriers, water molecules move in all directions, resulting in isotropic diffusion. In 
the presence of for example nerve fibers, the diffusion rate is larger in one direction 
than the other (anisotropic diffusion). The directionality and magnitude of random 
water movement in tissue can be valued with multiple quantitative measures, e.g. 
mean diffusivity, transverse or radial diffusivity, axial diffusivity, and the degree 
of diffusion anisotropy (fractional anisotropy). Changes in axial diffusivity might be 
associated with axonal injury, whereas transverse diffusivity alterations may be related 
to demyelination.78 These values can be measured both globally and regionally. Moreover, 
with tractography, based on measurement of the directionality of the diffusion, white 
matter tracts can be determined to visualize the brain as a network (Figure 2). 
 DTI is a sensitive technique to study subtle white matter changes.79 In healthy 
older individuals, brain network properties measured with DTI have been shown to be 
related to WMHs and cognitive functioning.80,81 
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Figure 2 reconstructed white matter tracts using Dti (reijmer et al., 2013)

DTI in T2DM 
A number of case-control studies, investigating adolescents, middle-aged as well 
as older subjects, mostly without significant diabetes-related complications, have 
been published over the last few years. They consistently showed differences in 
DTI measures between patients and controls: fractional anisotropy is decreased in 
one or more regions, in adolescents, middle-aged and older patients with T2DM 
compared with controls.14,82-85 The frontal lobes seem to be specific vulnerable 
areas.82-84 Mean diffusivity values were reported to be increased in T2DM patients in 
three studies.14,82,83 This was based on predominantly increased transverse diffusivity 
(suggesting myelination changes)82 or changes in diffusivity in both directions.83 
With tractography, alterations in local and global network properties were found in 
patients with T2DM.86

 Correspondingly, adolescents with the metabolic syndrome showed reductions 
of microstructural integrity of the white matter.29 Within patients with T2DM, 
differences in DTI measures were found to be associated with HbA1C levels83 and 
diabetes duration.82 DTI abnormalities in T2DM strongly correlate with cognitive 
performance.83,86 
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Functional neuroimaging: fMRI and PET

With functional MRI (fMRI) and positron emission tomography (PET), it is possible 
to show changes in regional brain activity. These techniques are based on increased 
neuronal metabolism in activated neurons. This results in regional increases in oxygen 
demand, and consequently increases in perfusion (fMRI) and glucose uptake or 
metabolism (PET). 
 In fMRI the blood-oxygen-level-dependent (BOLD) contrast is most commonly 
used, which is based on differences in MR signal between oxygenated and deoxygenated 
blood. Studies can be performed on 1. Background patterns (resting-state fMRI: an 
important background pattern is the default mode network (DMN), which includes the 
posterior cingulate cortex and temporoparietal posterior association cortical regions. The 
DMN is activated in rest and suppressed during cognitive activity; 2. Signal changes in 
certain areas that are caused by active tasks during scanning. It is possible to determine 
which brain regions are functionally connected (Figure 3). In T2DM, neurovascular 
coupling (i.e. the processes by which neural activity influences the haemodynamic 
properties of the surrounding vasculature) might be altered.87 This may influence the 
BOLD signal and makes the interpretation of fMRI data more difficult. 
 PET is a quantitative radionuclide imaging technique based on the detection of 
a peripherally injected radiolabelled positron-emitting tracer as it passes through or 
accumulates in the brain. In diabetes research, mostly 18F-fluorodeoxyglucose (FDG) is 
used, a glucose analogue. Its uptake is affected by blood glucose levels, and therefore the 
sensitivity of FDG-PET might be lower in hyperglycemia. 

fMRI in T2DM
fMRI studies in T2DM are scarce. Three small case-control studies performed 
resting state fMRI in patients with T2DM (disease duration 1-10 years) compared 
with controls. They show reduced functional connectivity between bilaterally 
widespread regions, including the hippocampus and other regions of the DMN.88-90 
Within T2DM patients, insulin resistance (defined by HOMA-IR)88 and HbA1c 
levels89 were inversely correlated with functional connectivity in several brain regions 
in resting state. One study reported reduced activation intensity in multiple brain 
regions during a verbal working memory task in individuals with the metabolic 
syndrome.91
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Figure 3 fmri study showing hippocampal functional connectivity for healthy controls (a1 

and a2) and t2Dm patients (b1 and b2) (Zhou et al., 2010)

PET in T2DM
Few functional imaging studies with FDG-PET in patients with T2DM have 
been published. They report on small case-control studies (a maximum of 23 
patients with (pre-)diabetes was investigated). One study reported decreased 
glucose metabolism in multiple brain areas in patients with T2DM and cerebral 
microangiopathy (a clinical lacunar infarct and WMH on brain imaging) compared 
with non-diabetic patients with cerebral microangiopathy and healthy controls, but 
significant reductions in the diabetic group were due only to brain atrophy, and not 
to diabetes.92 Another study found increased insulin resistance (defined by a higher 
HOMA-IR) to be associated with reduced glucose metabolism in an Alzheimer-like 
pattern of brain regions in patients with pre-diabetes or newly diagnosed T2DM, 
compared with non-diabetic subjects. Furthermore, patients with insulin resistance 
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performed worse on a memory task and showed a more widespread brain activation, 
suggesting a compensatory mechanism due to dysfunction of the neuronal network 
normally active in memory.93 In subjects above the age of 55 with normal cognitive 
performance to mild dementia, diabetes was found to be independently associated 
with lower glucose metabolism in multiple brain regions.94 

Cerebral blood flow and cerebrovascular reactivity

Cerebral blood flow (CBF) and cerebrovascular reactivity (CVR) are measurements 
for cerebral microvascular function, that can be assessed with different techniques, both 
invasively and non-invasively: 
1.  Single-photon emission computed tomography (SPECT) is a nuclear imaging 

technique based on the detection of a peripherally injected radiolabelled positron-
emitting tracer radioisotope. Frequently used tracers as markers of blood flow are 
N-isopropyl-123I-iodoamphetamine (123I-IMP) and 99mTc-hexamethylpropylene 
amine oxime (99mTc-HMPAO). With SPECT it is possible to assess blood flow 
regionally (Figure 4).

2.  With MRI, two techniques are available to measure perfusion non-invasively. Phase-
contrast magnetic resonance angiography (PC-MRA) is a fast method to measure 
quantitative volume flow in the major cerebral arteries, based on differences in 
dephasing of moving spins in proportion to their velocity. It gives only information 
about global cerebral blood flow. With arterial spin labeling (ASL), the hydrogen nuclei 
of the arterial blood are labeled by magnetic inversion. An image of a region of interest 
is acquired, which includes the labeled blood. Secondly, a control image is acquired, and 
with image subtraction the perfusion of the region of interest can be measured.95

3.   Transcranial Doppler (TCD) is a quick and inexpensive test which measures the 
velocity of blood flow through larger brain vessels with ultrasound. 

Cerebrovascular reactivity (CVR) is a measure for the vasodilatory ability of the 
cerebral microvasculature. It is defined as the mean increase in blood flow (SPECT, 
ASL) or blood flow velocity (TCD) after stimulation with either acetazolamide or CO2, 
which both induce dilation of the cerebral microarteriolar vessels, with consequently an 
increased blood flow through these vessels. 
Whether lower cerebral blood flow or cerebrovascular reactivity is associated with 
cognitive performance in healthy individuals, remains unclear, particularly in the 
presence of brain atrophy, since it is not distinct if this association is mediated or 
confounded by brain atrophy.96,97 
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Figure 4 regional cerebral blood flow on sagittal and transversal spect slices of a 

patient with t2Dm (left) with corresponding slices of international consortium for brain 

mapping template (right) (kaplar et al., 2009) 

Cerebral blood flow in T2DM 
Studies on global cerebral blood flow in T2DM, all with a case-control design, show 
conflicting results. Two studies with PC-MRA and one study with TCD (mean age 
of assessed patients 57-69 years) did not find any differences between T2DM patients 
and controls.98-100 These studies concerned both newly diagnosed and relatively well-
controlled T2DM patients99,100 as well as patients with longer disease duration.98 A 
decreased mean blood flow velocity (measured with TCD) has been reported in 
T2DM patients with advanced complications.101 
 With SPECT, cerebral perfusion has been assessed both globally and regionally. 
Three small studies have been performed, pointing to the same direction: both global and 
regional blood flow is diminished in patients with T2DM compared with controls.92,102,103 
Regional differences were found in the frontal and parietal lobes.103 Another study on 
regional differences in CBF measured with ASL-MRI, showed reduced CBF in all 
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brain regions in patients with T2DM (without significant complications) compared 
with controls.23 It should be noted that not all studies corrected their CBF measures 
for brain atrophy.99,101-103 The reported associations between diabetes and CBF might 
therefore only be an ‘artefact’ due to cerebral atrophy. In fact, significant reductions in 
CBF did not remain significant when corrected for atrophy in one study.92 
 In patients with T2DM, higher HbA1c23,101 and higher systolic blood pressure23 
were reported to be associated with lower CBF. 
 Total CBF was associated with cognitive performance in one study, but this 
association was not affected by T2DM.100 Total CBF was also not associated with 
cognitive performance in T2DM patients after four years in the same study population.104 

Cerebrovascular reactivity in T2DM 
Studies on relatively well-controlled patients with T2DM showed no difference 
in CVR (measured with TCD105 and PC-MRA99) between T2DM patients and 
controls. On the other hand, in selected subgroups of patients with long disease 
duration or advanced complications, a decreased CVR, measured with TCD98,101,106 
and ASL-MRI,23 was reported. 
 Within patients with T2DM, higher HbA1C levels,101 retinopathy,23,101 longer 
(>10 years) disease duration,98 and hypertension23 were reported to be associated 
with lower CVR (although others did not find an association with higher HbA1c,107 
disease duration,107or dyslipidemia23).

Magnetic resonance spectroscopy

Proton MR spectroscopy (1H-MRS) is a noninvasive technique to determine the resonance 
peaks of brain metabolites and neurotransmitters, mostly N-acetyl-L-aspartate (NAA), 
choline (Cho), creatine (Cr), and myo-inositol (mI). NAA is located only in neurons 
and their axons, and reduced NAA is therefore an indicator of neuronal dysfunction, for 
example in neurodegenerative diseases. Cho is predominantly distributed in glial cells, 
and is involved in cell membrane metabolism and myelin formation (increased levels 
are associated with gliosis or necrosis). Cr plays a role in cellular energy metabolism, and 
tends to remain relatively unchanged. Therefore, Cr is often used as an internal standard 
against which the other metabolites can be related. Finally, mI is a metabolite derived 
from glucose, that can be found in astrocytes and is considered a glial cell marker.108 
Changes in resonance peaks of mentioned metabolites are regularly determined in one or 
a few brain regions, depicted by manually delineated voxels.
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MRS in T2DM 
A limited number of studies, all with a case-control design, examined cerebral 
metabolism with 1H-MRS, mostly in small patient groups (a maximum of 72 
diabetic patients was investigated). A large proportion of studies investigated 
relatively young patients (<60 years).109-112 Diabetes duration varied widely between 
and within studies, from one week to 44 years. All used 1.5 Tesla field strength MRI. 
They explored different brain areas, both cortical and subcortical, which make the 
studies difficult to compare.
 All studies investigated Cho levels, and four of them found increased Cho 
levels or an increased Cho/Cr ratio: in the occipital gray matter,110,111,113 the parietal 
white matter113 and the lenticular nuclei.114 Higher Cho levels were found even 
in individuals with impaired glucose tolerance.112 Higher HbA1C levels112 and 
peripheral polyneuropathy110 were found to be associated with higher Cho/Cr 
ratios. However, three studies did not find a relationship between diabetes and 
Cho levels,109,115 or even found an inverse relationship.112 The metabolite NAA was 
also frequently investigated, and most studies showed decreased levels of NAA/
Cr ratios, in the parietal white matter,113 in the lenticular nuclei (only on the left 
side),114 and in the left deep white matter area,99 suggesting neuronal dysfunction. 
On the other hand, others showed no association between diabetes and NAA 
levels109,111,115 or only higher NAA levels in the frontal cortex in T2DM patients with 
poor glycemic control compared to T2DM patients with better glycemic control.112 
The studies that investigated the metabolite mI have consistently found a significant 
increase in mI levels or mI/Cr ratio, in the frontal white matter 109 and cortex,112 the 
occipital cortex,110,113 parietal white matter110 and cortex.113 One study investigated 
the relationship between brain metabolites and cognitive functioning in patients 
with T2DM. They observed no significant associations between metabolite ratios of 
NAA/Cr, Cho/Cr and NAA/Cho and cognitive functioning.115

sYnthesis

T2DM is associated with structural and functional changes in the brain, which 
are usually only mildly distinct from normal aging (Table 1). A modest degree of 
global brain atrophy - an equivalent of 3-5 years of normal brain aging - and a 
slightly increased atrophy rate have been consistently reported, in all age groups, 
already visible in prediabetic stages. Hippocampal atrophy is proportional to global 
brain atrophy in patients with T2DM. Lacunar infarcts are 1.5-2 times more often 
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found than in non-diabetic subjects. Inconsistent results with respect to WMH, 
another marker of small vessel disease, have been published, both in cross-sectional 
and longitudinal studies. Differences in the measurement of WMHs may in part 
explain this inconsistency. Another explanation might be the large inter-individual 
differences in WMH volumes. Therefore, group differences in WMH volumes are 
more difficult to demonstrate, and cohorts need to be larger. DTI assesses white 
matter structural properties in a different way, and is probably sensitive to more 
subtle white matter changes. Microstructural abnormalities may be an early marker 
for cerebral brain damage in patients with T2DM. DTI is a novel technique, and the 
results should be interpreted with caution, since the functional connectivity of the 
brain is not completely understood. 
 Studies on cerebral blood flow and cerebrovascular reactivity in patients with 
T2DM show conflicting results. Some studies found a relationship between T2DM 
and diminished brain perfusion, mostly in studies with longer disease duration or 
more advanced complications. In most of the studies no correction for brain atrophy 
was made. This may have confounded the assessment of brain perfusion. Since only 
cross-sectional studies are available, it is uncertain if changes in cerebral blood flow 
are the cause or consequence of alterations in cerebral function in T2DM. Reverse 
causality might play a role: the demand for CBF may be relatively lower in abnormal 
atrophic brain tissue. 
 Only limited data on functional imaging and spectroscopy are available in patients 
with T2DM. No definite conclusion can be drawn on these results. Nevertheless, 
functional and metabolic changes might serve as an early marker of diabetes-related 
brain damage, but obviously need to be explored in larger patient groups. 
 Higher field strength increases resolution of MRI and consequently the accuracy 
of measurements. Ultra-high field (7 Tesla) MRI, which is currently not used in 
daily practice, will provide detailed information on brain damage. It additionally 
gives the opportunity to visualize microvascular brain lesions (i.e. microbleeds and 
microinfarcts) and explore their relationship with T2DM. Microinfarcts have been 
found as an important biomarker of dementia in postmortem studies.116,117 With 
advanced imaging techniques at ultra-high field strength, these lesions have recently 
been visualized in vivo (figure 5).118

 The molecular mechanisms underlying brain damage related to T2DM remains 
unclear. T2DM has been associated with different pathophysiological processes 
involved in both vascular (e.g. endothelial dysfunction, pro-inflammatory and 
prohrombotic factors3) and neurodegenerative pathways (e.g. alterations in the 
phosphorylation of tau119 and decreased breakdown of amyloid120,121). The brain 
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imaging studies, reviewed in this paper, show that T2DM is associated with both 
degenerative and vascular brain damage. With respect to a vascular etiology it is 
important to also identify the role of other vascular risk factors than T2DM. Only 
a small number of previous studies have looked at possible interactions between 
T2DM and other vascular risk factors in relation to brain imaging abnormalities. 
Thus far relatively few studies investigated the relationship between brain imaging 
abnormalities and cognitive performance in T2DM. An association between atrophy, 
brain infarcts and DTI measures and cognitive impairment has been suggested, but 
further studies are needed to explore this.

Future perspectives 

T2DM is probably associated with both neurodegenerative and vascular disease, 
although these associations are rather heterogeneous and non-specific. Most 
patients will show only mild brain changes compared with normal aging. However, 
some patients with T2DM, particularly over the age of 60-70 years, may suffer from 
more severe progressive brain abnormalities and cognitive decline. Longitudinal 

Figure 5 example of minute acute cortical ischemic lesions on 7 tesla Flair images 

(brundel et al, 2012)
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studies may yield imaging markers that help to identify these patients. Longitudinal 
data, and precise risk factor assessment are necessary to get insight in the course 
of brain damage in T2DM and underlying mechanisms. Since vascular risk factor 
profile and dementia risk change over time, timing of assessment (i.e. in early disease 
stages before midlife) is important, also in the light of potential early interventions. 
Combining structural and functional MRI will offer probably the most sensitive 
biomarkers for brain damage in T2DM. Finally, more advanced MR imaging 
techniques and higher field strength will increase detection of subtle brain damage 
in T2DM patients. It may then also be possible to explore the suitability of these 
biomarkers as therapeutic trial outcome measures. 
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Number  
of cohorts

Populations Findings in patients with T2DM  
compared with controls

Possible determinants Evidence

Brain atrophy and vascular lesions

Brain atrophy >25 Community-based,  
clinical-based, case-control

Modest brain atrophy in all age groups, already 
in prediabetic stages (equivalent of 2-5 years 
of normal aging). Hippocampal atrophy not 
disproportionate

Hypertension, HbA1c, 
insulin levels, disease 
duration

Strong

WMH >20 Community-based,  
clinical-based, case-control

Only lsightly increased WMH volumes HbA1c, insulin resistance Strong

Infarcts >25 Community-based,  
clinical-based, case-control

Occurrence of infarcts 1.3-2.2 times increased, 
especially lacunar infarcts, in middle-aged and 
older patients 

Disease duration Strong

Microbleeds 5 Population-based, case-
control

Prevalence of microbleeds comparable or increased - Weak

Emerging techniques

DTI 7 Case-control ↓ fractional anisotropy, ↑ mean diffusivity, 
alterations in local and global network properties 

HbA1c, disease duration Moderate

Functional MRI 7 Case-control Inconsistent results; mostly reduced widespread 
functional connectivity and decreased metabolism

Insulin resistance Weak

CBF 8 Case-control Inconsistent results HbA1c, blood pressure Weak 

CVR 8 Case-control Diminished CVR in patients with advanced 
disease

HbA1c, disease duration, 
complications

Moderate

Spectroscopy 8 Case-control ↑ myo-inositol; inconsistent results for NAA 
and Cho

HbA1c, complications Moderate 

Table 1 summary of available evidence on different imaging techniques in t2Dm and 

prediabetic stages 
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Number  
of cohorts

Populations Findings in patients with T2DM  
compared with controls

Possible determinants Evidence

Brain atrophy and vascular lesions

Brain atrophy >25 Community-based,  
clinical-based, case-control

Modest brain atrophy in all age groups, already 
in prediabetic stages (equivalent of 2-5 years 
of normal aging). Hippocampal atrophy not 
disproportionate

Hypertension, HbA1c, 
insulin levels, disease 
duration

Strong

WMH >20 Community-based,  
clinical-based, case-control

Only lsightly increased WMH volumes HbA1c, insulin resistance Strong

Infarcts >25 Community-based,  
clinical-based, case-control

Occurrence of infarcts 1.3-2.2 times increased, 
especially lacunar infarcts, in middle-aged and 
older patients 

Disease duration Strong

Microbleeds 5 Population-based, case-
control

Prevalence of microbleeds comparable or increased - Weak

Emerging techniques

DTI 7 Case-control ↓ fractional anisotropy, ↑ mean diffusivity, 
alterations in local and global network properties 

HbA1c, disease duration Moderate

Functional MRI 7 Case-control Inconsistent results; mostly reduced widespread 
functional connectivity and decreased metabolism

Insulin resistance Weak

CBF 8 Case-control Inconsistent results HbA1c, blood pressure Weak 

CVR 8 Case-control Diminished CVR in patients with advanced 
disease

HbA1c, disease duration, 
complications

Moderate

Spectroscopy 8 Case-control ↑ myo-inositol; inconsistent results for NAA 
and Cho

HbA1c, complications Moderate 
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abstract

Objective: Type 2 diabetes mellitus (T2DM) is associated with cortical atrophy on 
MRI. It is unclear whether this atrophy is global or if there are areas with particular 
vulnerability. We compared regional cortical atrophy between patients with T2DM 
and controls and examined determinants of atrophy within the T2DM group. 
Methods: Cortical surface, volume and thickness were compared between 56 
patients with T2DM and 30 controls, both globally and regionally, using the 
Freesurfer software package. The relationship between atrophy and HbA1c levels, 
diabetes duration, hypertension, a history of macrovascular disease and cerebral 
small vessel disease was analyzed within the T2DM group, with linear regression 
analyses, adjusted for age and gender. 
Results: Total cortical surface, total cortical volume and mean cortical thickness 
for both hemispheres were consistently lower in the T2DM group (between group 
differences: 0.5 to 4%), but the effects were only significant in the right hemisphere 
(p<0.05). Post-hoc regional analyses revealed significant differences in the hippocampal 
region (between group differences cortical thickness and volume: 5 to 20.5%) and the 
middle temporal gyrus (between group differences cortical surface and volume ~8%). 
Within the T2DM group, smaller cortical thickness of the hippocampal region was 
associated with cerebral small vessel disease, but no associations between vascular or 
metabolic determinants and cortical atrophy were found. 
Conclusion: The effects of T2DM on cortical grey matter are most pronounced in 
the temporal lobe. This should be considered when atrophy is used as a marker in 
etiological or therapeutical studies. 
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introDuction

Type 2 diabetes mellitus (T2DM) is a common metabolic disorder in the elderly and 
has been associated with mild to moderate impairments in cognitive functioning1 
and an increased risk of dementia.2 T2DM is also associated with abnormalities 
on brain MRI.3 Lacunar infarcts3 are commonly found in patients with T2DM 
and microbleeds may also be more prevalent.4 Although the association of T2DM 
with total white matter hyperintensity (WMH) volume was less consistent in early 
studies,3 recent studies report a 1.5 to 2-fold increase in WMH volume in T2DM 
patients5 and accelerated WMH progression compared to controls.6 
 T2DM is also associated with modest brain atrophy.3 The medial temporal lobe 
may be particularly vulnerable,7-9 but it is still unclear if the effects of T2DM on 
brain volume are global or region specific. There is also uncertainty about risk factors 
for accelerated atrophy in patients with T2DM. 
 The present study aimed to assess whether T2DM is associated with global or 
regional abnormalities in the cerebral cortex, in particular cortical thickness, surface 
and volume. In addition, the relationship between metabolic and vascular factors 
and (regional) cortical abnormalities was assessed.

methoDs

Participants 
Patients and controls participated in the second survey (2006-2008) of the Utrecht 
Diabetic Encephalopathy Study, a study on determinants of impaired cognition 
in T2DM. Detailed descriptions of the study have been published elsewhere.10,11 
At the first survey (2002-2004) patients were recruited through their general 
practitioner and age, gender and IQ matched controls were recruited among the 
spouses and acquaintances of the patients. Exclusion criteria for all participants were 
a psychiatric or neurological disorder (unrelated to diabetes) that could influence 
cognitive functioning, a history of alcohol or substance abuse or dementia, and a 
fasting blood glucose ≥7.0 mmol/l for control participants. Individuals with a history 
of non-invalidating stroke could participate. 
 A 3D T1-weighted sequence, required for cortical thickness measurements, was 
included in the MRI scanning-protocol of the second survey and was available from 
56 patients and 30 controls. Importantly, these 86 subjects did not differ from the non-
participants (n=92) with regard to baseline age or gender (p>0.05). Cognitive status, 55
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measured by the Dutch version of the Telephone Interview for Cognitive Status,12 
was verified at the time of the second survey in the majority of non-participants and 
was similar to the participants (for details see11).
 The study was approved by the medical ethics committee of the University 
Medical Center Utrecht and from all participants a written informed consent form 
was obtained.

Patient characteristics
Participants underwent a standardized interview, physical examination and 
laboratory tests.11 The following metabolic and vascular factors were considered as 
possible determinants of cortical atrophy within the T2DM group: glycosylated 
haemoglobin (HbA1c) levels (in %), diabetes duration (in years), hypertension 
(a systolic blood pressure >160 mmHg or diastolic blood pressure >95 mmHg 
or self-reported use of blood pressure-lowering drugs prescribed primarily for 
hypertension), a history of macrovascular events (myocardial infarction or stroke 
requiring hospitalization, or surgical or endovascular treatment for carotid, coronal 
or peripheral arterial disease) and small vessel disease (the highest tertile of WMH 
volume (see below), or a lacunar infarct on brain MRI). 

Brain MRI 
Brain MR images were acquired on a 1.5 Tesla Philips MR system using a 
standardized protocol, consisting of an axial T1 (repetition time in ms (TR): 234, 
echo time in ms (TE): 2), inversion recovery (IR) (TR: 2919, TE: 22, inversion time 
in ms (TI): 410), fluid attenuated inversion recovery (FLAIR) (TR: 6000, TE: 100, 
TI: 2000) (all 38 contiguous slices, voxel size: 0.9 x 0.9 x 4.0) and a sagittal 3D T1 
(TR: 7.0, TE: 3.2; 170 slices, voxel size: 0.94 x 0.94 x 1.00). 
 Lacunar infarcts were identified by two raters (MB, JB) who were blinded for 
clinical data. A lesion was considered a lacunar infarct if its core was hypo-intense 
on T1 and FLAIR, <1.5 cm and if its appearance was unlike a perivascular space. In 
cases the raters disagreed, consensus was obtained with a third rater (GB). 

Image processing
Whole brain cortical thickness was measured at each point of the cortical mantle with 
the freely available and extensively validated Freesurfer software (available at http://
surfer.nmr.mgh.harvard.edu). This included a surface-based method that calculated 
the distance between the grey and white matter boundary after segmentation of 
grey matter, white matter and CSF. The cortical surface was parcellated into 34 56
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gyral-based regions in each hemisphere.13 Mean cortical volume and surface were 
calculated for each of these regions. In addition, in the left and right hippocampal 
region cortical thickness and volume was calculated.14 
 Total brain, cortical grey matter, subcortical structures, peripheral cerebrospinal 
fluid (CSF), lateral ventricular and WMH volume were measured on the IR and 
FLAIR images by k-Nearest Neighbor-based probabilistic segmentation, an 
automatic and validated approach to brain segmentation,15 using a previously 
published protocol.16 To correct for between subject differences in intra-cranial 
volume (volume of all classified tissues combined) all volumes were expressed as a 
percentage of intra-cranial volume. 

Statistical analysis
Between-group differences in patient characteristics were analyzed with 
independent samples t-tests for means and χ2 tests for proportions. Linear regression 
analyses, adjusted for age and gender, were performed to compare brain volumes, 
total cortical volume, total cortical surface and mean cortical thickness of each 
hemisphere between the groups. To assess whether there were specific regions of 
cortical thinning in patients with T2DM compared to controls, each point of the 
cortical mantle was explored. A map was generated of absolute differences in cortical 
thickness between controls and diabetic patients. In addition, average cortical 
volume, surface and thickness were calculated for each of the 34 cortical regions and 
the hippocampal region. Post-hoc analyses were performed in regions where the age 
and gender adjusted t-value for the contrast in cortical thickness, volume or surface 
between the T2DM and control group was at least 3.5 (corresponding with α<0.001 
for this sample size). 
 To identify possible determinants of cortical atrophy, linear regression analyses 
adjusted for age and gender were performed for whole brain measures within the 
T2DM group. These determinants included HbA1c levels (median split at 7.0%), 
diabetes duration (median split at 11 years), hypertension, a history of macrovascular 
events and cerebral small vessel disease. These analyses were repeated in the cortical 
regions that differed between patients and controls. 

results

Participant characteristics are shown in table 1. Age and gender distribution was 
similar for the groups, but as expected, the metabolic and vascular risk factor 57

cerebral cortical thickness in patients with type 2 diabetes

3



Control 
participants

N = 30

Patients with 
T2DM
N = 56

p-values

Demographics

Men/women (% men) 13/17 (43) 27/29 (48) 0.821

Age (years) 68.1 ± 4.3 70.0 ± 5.2 0.099

Risk factors for heart and vessel disease

Mean arterial pressure (mmHg) 101 ± 10 100 ± 11 0.488

Use of antihypertensive drugs (%) 7 (23) 38 (68) <0.001

Hypertension (%) a 10 (33) 42 (75) <0.001

Hypercholesterolemia (%) b 15 (52) 40 (74) 0.040

Smoking ever (%) 21 (70) 36 (64) 0.593

BMI (kg/m2) 26.8 ± 3.9 28.3 ± 4.9 0.162

Any macrovascular event (%) c 3 (10) 17 (31) 0.035

Diabetes related factors

Diabetes duration (years) - 13.6 ± 6.8 -

HbA1c level (%) 5.7 ± 0.5 7.1 ± 1.0 <0.001

Fasting glucose (mmol/l) 5.6 ± 0.8 8.3 ± 3.0 <0.001

Use of insulin (%) - 27 (48) -

a  Defined as a systolic pressure >160 mm Hg or a diastolic pressure >95 mm Hg or use of 

antihypertensive drugs primarily for hypertension. 
b   Defined as a fasting cholesterol >6.2 mmol/l or self-reported use of lipid lowering drugs. 
c   Defined as history of a myocardial infarction or stroke requiring hospitalization, or 

endovascular treatment of carotid, coronal or peripheral arterial disease. 

Table 1 participant characteristics
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Control 
participants

(N=30) a

Patients with 
T2DM
(N=56) a

p-values Adjusted mean 
differences b

(95% CI)

Total brain 78.7 ± 2.1 76.7 ± 2.8 0.002 -1.48 (-2.52; -0.45)

Cortical grey matter 34.1 ± 2.5 32.6 ± 2.6 0.012 -1.22 (-2.30; -0.14)

Subcortical structures 44.2 ± 1.5 43.8 ± 1.5 0.267 -0.26 (-0.94; 0.43)

Peripheral CSF 19.0 ± 1.7 20.5 ± 2.6 0.011 1.14 (0.12; 2.16)

Lateral ventricles 2.2 ± 1.3 2.8 ± 1.1 0.070 0.36 (-0.16; 0.88)

WMH 0.4 ± 0.6 0.4 ± 0.4 0.948 -0.03 (-0.26; 0.19)

Table 2 brain mri volumetry

a  mean relative (expressed as % intracranial volume) brain volumes ± sD. volume 

measurements with automated segmentation in controls (n=28) and patients with t2Dm 

(n=50)
b  adjusted for age and gender

Wmh: white matter hyperintensities

profile of the groups differed. Table 2 shows volumes of total brain, grey and white 
matter, peripheral CSF, lateral ventricles and WMH. Patients with T2DM had a 
smaller total brain volume and cortical grey matter volume and larger peripheral 
CSF volume than controls (between group differences: 1.9 to 6.0%, all p<0.05). No 
significant difference in WMH volume was observed. 
 Between group analyses on cortical atrophy are presented in table 3. Total cortical 
surface, total cortical volume and mean cortical thickness for both hemispheres were 
consistently lower in the T2DM group (between group differences 0.5 to 4%), but only 
the reduction in cortical surface and volume in the right hemisphere were statistically 
significant (p<0.05). Additional analyses were performed on regional differences in 
cortical atrophy (figure 1). Between group differences in cortical thickness, surface 
and volume were not equally distributed across the whole cortex. Differences were 
most pronounced in the hippocampal region (between group differences in cortical 
thickness and volume 5 to 20.5%) and the middle temporal gyrus (between group 
differences cortical surface and volume 6.7 to 8.3%) in both hemispheres. 
 Table 4 shows the analyses on determinants of cortical atrophy in patients with 
T2DM None of the metabolic and vascular factors was significantly associated with 59
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Control participants a

(N=30)
Patients with T2DM a

(N=56)
Relative differences b

(%) 
Adjusted mean differences c

(95% CI)
t-value

Whole hemisphere analyses

Total surface L (cm2) 779.8 ± 67.3 753.0 ± 77.5 3.3 -25.5 (-54.4; 3.4) -1.753

Total surface R (cm2) 786.8 ± 69.5 757.0 ± 77.1 3.7 -29.5 (-58.6; -0.3) * -2.007

Total volume L (cm3) 191.4 ± 16.4 184.4 ± 18.7 3.5 -6.7 (-13.9; - 0.5) -1.846

Total volume R (cm3) 193.5 ± 16.4 185.5 ± 19.4 4.0 -7.7 (-15.0; -0.3) * -2.062

Mean thickness L (mm) 2.09 ± 0.08 2.06 ± 0.08 1.0 -0.02 (-0.06; 0.02) -1.035

Mean thickness R (mm) 2.09 ± 0.08 2.07 ± 0.08 0.5 -0.01 (-0.05; 0.02) -0.662

Post-hoc regional analyses

Hippocampal region

Volume L (cm3) 3.6 ± 0.3 3.3 ± 0.4 5.0 - 0.2 (-0.32; -0.03) * -2.416

Volume R (cm3) 3.8 ± 0.3 3.5 ± 0.4 6.8 -0.26 (-0.41; -0.10) ** -3.260

Thickness L (mm) 1.32 ± 0.32 1.02 ± 0.25 20.5 -0.27 (-0.38; -0.15) ** -4.522

Thickness R (mm) 1.33 ± 0.44 1.03 ± 0.32 19.5 -0.26 (-0.42; -0.09) ** -3.117

Middle temporal gyrus

Surface L (cm2) 32.7 ± 4.0 30.3 ± 4.8 6.7 -2.2 (-4.0; -0.5) * -2.517

Surface R (cm2) 34.1 ± 4.4 31.2 ± 4.2 8.2 -2.8 (-4.6; -1.1) ** -3.234

Volume L (cm3) 9.9 ± 1.3 9.1 ± 1.4 8.1 -0.8 (-1.3; -0.3) ** -2.962

Volume R (cm3) 10.8 ± 1.2 9.8 ± 1.3 8.3 -0.9 (-1.4; -0.4) ** -3.702

Mean thickness L (mm) 1.72 ± 0.11 1.71 ± 0.18 0.1 0.00 (-0.07; 0.07) 0.061

Mean thickness R (mm) 1.74 ± 0.16 1.72 ± 0.20 0.2 0.00 (-0.09; -0.08) -0.090

l = left; r = right 
a  mean cortical surface, volume and thickness ± sD
b  percentage adjusted mean difference of cortical surface, volume or thickness of control 

participants
c   adjusted for age and gender

*  p < 0.05

**  p < 0.01 

Table 3 cortical atrophy: whole hemisphere and regional between group analyses 
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Control participants a

(N=30)
Patients with T2DM a

(N=56)
Relative differences b

(%) 
Adjusted mean differences c

(95% CI)
t-value

Whole hemisphere analyses

Total surface L (cm2) 779.8 ± 67.3 753.0 ± 77.5 3.3 -25.5 (-54.4; 3.4) -1.753

Total surface R (cm2) 786.8 ± 69.5 757.0 ± 77.1 3.7 -29.5 (-58.6; -0.3) * -2.007

Total volume L (cm3) 191.4 ± 16.4 184.4 ± 18.7 3.5 -6.7 (-13.9; - 0.5) -1.846

Total volume R (cm3) 193.5 ± 16.4 185.5 ± 19.4 4.0 -7.7 (-15.0; -0.3) * -2.062

Mean thickness L (mm) 2.09 ± 0.08 2.06 ± 0.08 1.0 -0.02 (-0.06; 0.02) -1.035

Mean thickness R (mm) 2.09 ± 0.08 2.07 ± 0.08 0.5 -0.01 (-0.05; 0.02) -0.662

Post-hoc regional analyses

Hippocampal region

Volume L (cm3) 3.6 ± 0.3 3.3 ± 0.4 5.0 - 0.2 (-0.32; -0.03) * -2.416

Volume R (cm3) 3.8 ± 0.3 3.5 ± 0.4 6.8 -0.26 (-0.41; -0.10) ** -3.260

Thickness L (mm) 1.32 ± 0.32 1.02 ± 0.25 20.5 -0.27 (-0.38; -0.15) ** -4.522

Thickness R (mm) 1.33 ± 0.44 1.03 ± 0.32 19.5 -0.26 (-0.42; -0.09) ** -3.117

Middle temporal gyrus

Surface L (cm2) 32.7 ± 4.0 30.3 ± 4.8 6.7 -2.2 (-4.0; -0.5) * -2.517

Surface R (cm2) 34.1 ± 4.4 31.2 ± 4.2 8.2 -2.8 (-4.6; -1.1) ** -3.234

Volume L (cm3) 9.9 ± 1.3 9.1 ± 1.4 8.1 -0.8 (-1.3; -0.3) ** -2.962

Volume R (cm3) 10.8 ± 1.2 9.8 ± 1.3 8.3 -0.9 (-1.4; -0.4) ** -3.702

Mean thickness L (mm) 1.72 ± 0.11 1.71 ± 0.18 0.1 0.00 (-0.07; 0.07) 0.061

Mean thickness R (mm) 1.74 ± 0.16 1.72 ± 0.20 0.2 0.00 (-0.09; -0.08) -0.090
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Total 
surface 
(cm2)

Total 
volume 
(cm3)

Mean 
thickness 
(mm)

Hippocampal 
region volume 
(cm3)

Hippocampal 
region thickness 
(mm)

MTG 
Surface 
(cm2)

MTG 
volume
(cm3)

MTG 
thickness (mm)

Higher HbA1c a 6.1
(-29.3; 41.5)

5.4 
(-3.1; 14.0)

0.03
(-0.01; 0.08)

-0.02
(-0.17; 0.20)

-0.01
(-0.14; 0.12)

0.1 
(-1.9; 2.0)

0.3 
(-0.2; 0.9)

0.07 
(-0.02-0.16)

Longer diabetes duration a 7.7
(-29.4; 44.7)

0.4 
(-8.7; 9.5)

-0.01 
(-0.06; 0.04)

-0.08 
(-0.27; 0.11)

-0.04
(-0.17; 0.10)

-0.3 
(-2.3; 1.7)

0.0 
(-0.5; 0.6)

0.04 
(-0.05; 0.14)

Hypertension b -2.9 
(-43.5; 37.7)

0.4 
(-9.6; 10.4)

-0.01
 (-0.06; 0.04)

-0.07 
(-0.28; 0.13)

-0.05
(-0.20; 0.10)

-0.9 
(-3.2; 1.3)

-0.3 
(-0.9; 0.3)

-0.02
(-0.12; 0.08)

Macrovascular event c -11.6 
(-50.0; 26.8)

-1.7 
(-11.2; 7.8)

-0.01 
(-0.06; 0.04)

0.03
(-0.17; 0.23)

-0.05 
(-0.09; 0.19)

-0.7 
(-2.8; 1.4)

-0.1
(-0.7; 0.5)

-0.02
(-0.12; 0.07)

SVD d 11.2 
(-24.8; 47.1)

4.1 
(-4.7; 12.9)

0.00 
(-0.05; 0.04)

-0.10 
(-0.28; 0.08)

-0.17
(-0.29;-0.05) * 

0.9 
(-1.1; 2.9) 

0.2 
(-0.3; 0.8)

0.08 
(0.00; 0.17)

Data are age and gender adjusted regression coefficients with 95% CI, measures of both 

hemispheres were averaged. Negative regression coefficients reflect more atrophy in the 

subgroup with the determinant. mtg = middle temporal gyrus
a  HbA1c-levels and diabetes duration were dichotomized at their median values; 7.0 % and 

11.0 years, respectively.
b   Defined as a systolic pressure >160 mm Hg or a diastolic pressure >95 mm Hg or use of 

antihypertensive drugs primarily for hypertension. 
c   Defined as a myocardial infarction, stroke or endovascular treatment of carotid, coronal or 

peripheral arterial disease. 
d   SVD = small vessel disease, defined as the highest tertile of WMH volume, or any lacunar 

infarction. 

*  p < 0.01 

Table 4 Determinants of cortical atrophy in patients with type 2 diabetes (n=56) 
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Total 
surface 
(cm2)

Total 
volume 
(cm3)

Mean 
thickness 
(mm)

Hippocampal 
region volume 
(cm3)

Hippocampal 
region thickness 
(mm)

MTG 
Surface 
(cm2)

MTG 
volume
(cm3)

MTG 
thickness (mm)

Higher HbA1c a 6.1
(-29.3; 41.5)

5.4 
(-3.1; 14.0)

0.03
(-0.01; 0.08)

-0.02
(-0.17; 0.20)

-0.01
(-0.14; 0.12)

0.1 
(-1.9; 2.0)

0.3 
(-0.2; 0.9)

0.07 
(-0.02-0.16)

Longer diabetes duration a 7.7
(-29.4; 44.7)

0.4 
(-8.7; 9.5)

-0.01 
(-0.06; 0.04)

-0.08 
(-0.27; 0.11)

-0.04
(-0.17; 0.10)

-0.3 
(-2.3; 1.7)

0.0 
(-0.5; 0.6)

0.04 
(-0.05; 0.14)

Hypertension b -2.9 
(-43.5; 37.7)

0.4 
(-9.6; 10.4)

-0.01
 (-0.06; 0.04)

-0.07 
(-0.28; 0.13)

-0.05
(-0.20; 0.10)

-0.9 
(-3.2; 1.3)

-0.3 
(-0.9; 0.3)

-0.02
(-0.12; 0.08)

Macrovascular event c -11.6 
(-50.0; 26.8)

-1.7 
(-11.2; 7.8)

-0.01 
(-0.06; 0.04)

0.03
(-0.17; 0.23)

-0.05 
(-0.09; 0.19)

-0.7 
(-2.8; 1.4)

-0.1
(-0.7; 0.5)

-0.02
(-0.12; 0.07)

SVD d 11.2 
(-24.8; 47.1)

4.1 
(-4.7; 12.9)

0.00 
(-0.05; 0.04)

-0.10 
(-0.28; 0.08)

-0.17
(-0.29;-0.05) * 

0.9 
(-1.1; 2.9) 

0.2 
(-0.3; 0.8)

0.08 
(0.00; 0.17)

total brain measurements, or regional atrophy. In the T2DM group, 44.6% of the 
patients had small vessel disease. Post-hoc regional analyses in the hippocampal 
region and middle temporal gyrus revealed a smaller cortical thickness of the 
hippocampal region in patients with small vessel disease (p<0.01). 

Discussion

We observed a subtle effect of T2DM on whole brain cortical atrophy. Most 
importantly, this atrophy was not equally distributed across the whole brain. 
Vulnerable areas were the hippocampal region and the middle temporal gyrus, with 
a remarkable symmetry in these two regions. Vascular and metabolic factors were 
not significantly associated with global or regional atrophy in the T2DM group. 
However, atrophy in the hippocampal region was associated with the presence of 
small vessel disease. 
 To the best of our knowledge, there are no previous studies on cortical thickness 
in patients with T2DM. Previous studies mainly examined whole brain atrophy.17 A 
limited number of studies have addressed atrophy in specific brain regions. In line 
with the present results these studies have suggested the medial temporal lobe to 
be a vulnerable region.7-9 Others observed regional effects in the anterior cingulate 
and orbitofrontal region.18 Taken together, these studies indicate that despite the 
fact that T2DM may have an overall effect on brain volume, there also appear to 63
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Figure 1 Whole brain group differences in cortical thickness expressed as absolute differences 

in cortical thickness between controls and patients with T2DM. Region specific changes in 

cortical thickness, area and volume for the 34 cortical regions of each hemisphere, absolute 

differences between controls and patients with t2Dm.

be region specific effects. Interestingly, temporal lobe atrophy is also a cardinal 
feature of Alzheimer’s disease (AD).19-20 Previous studies on cortical thickness in 
patients with (early) AD have reported that reductions in cortical thickness are most 
pronounced in the medial temporal lobe.21-23 It should be noted, however, that medial 
temporal lobe atrophy is not specific to AD-type pathology. In line with the present 
observations, previous studies have observed an association between the degree of 
medial temporal lobe atrophy and small vessel disease, both in patients with AD 
and in the general population.24-25 Hence, for now, atrophy in this region can only be 
interpreted as a marker of mixed (i.e. degenerative and vascular) pathology. 
 Strength of the present study is the detailed image analysis, which now clearly 
shows the vulnerable cortical areas in T2DM. We applied rigorous statistical 
correction for repeated testing in the different brain regions. It should be mentioned, 64
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however, that it is difficult to separate grey and white matter in the hippocampal 
region with the present technique, which may affect the reliability of the cortical 
thickness and volume measurements in this region. Nevertheless, the symmetry 
of the atrophy pattern further confirms the robustness of our results. Our method 
does also not differentiate between different cortical structures in the hippocampal 
region. The relative modest sample size and the cross-sectional design are other 
limitations, which may have particularly affected our secondary analyses on vascular 
and metabolic risk factors of brain atrophy.
 In summary, the effects of T2DM on cortical grey matter are most pronounced 
in the temporal lobe. This should be considered when atrophy is used as a marker in 
etiological or therapeutical studies.

65

cerebral cortical thickness in patients with type 2 diabetes

3



reFerences

1.  Allen KV, Frier BM, Strachan MWJ. The relationship between type 2 diabetes and 
cognitive dysfunction: longitudinal studies and their methodological limitations. Eur J 
Pharmacol 2004;490:169-175.

2.   Biessels GJ, Staekenborg S, Brunner E, Brayne C, Scheltens P. Risk of dementia in 
diabetes mellitus: a systematic review. Lancet Neurol 2006;5:64-74.

3.  van Harten B, de Leeuw FE, Weinstein HC, Scheltens P, Biessels GJ. Brain Imaging in 
Patients With Diabetes: A systematic review. Diabetes Care 2006;29:2539-2548.

4.  Cordonnier C, Al-Shahi SR, Wardlaw J. Spontaneous brain microbleeds: systematic review, 
subgroup analyses and standards for study design and reporting. Brain 2007;130:1988-2003.

5.  Jongen C, van der GJ, Kappelle LJ, Biessels GJ, Viergever MA, Pluim JP. Automated 
measurement of brain and white matter lesion volume in type 2 diabetes mellitus. 
Diabetologia 2007;50:1509-1516.

6.  Gouw AA, van der Flier WM, Fazekas F, van Straaten EC, Pantoni L, Poggesi A, Inzitair 
D, Erkinjuntti T, Wahlund LO, Waldemar G, Schmidt R, Scheltens P, Barkhof F; LADIS 
Study Group. Progression of white matter hyperintensities and incidence of new lacunes 
over a 3-year period: the Leukoaraiosis and Disability study. Stroke 2008;39:1414-1420.

7.  den Heijer T, Vermeer SE, van Dijk EJ, Prins ND, Koudstaal PJ, Hofman A, Breteler 
MM. Type 2 diabetes and atrophy of medial temporal lobe structures on brain MRI. 
Diabetologia 2003;46:1604-1610.

8.  Korf ES, White LR, Scheltens P, Launer LJ. Brain aging in very old men with type 2 
diabetes: the Honolulu-Asia Aging Study. Diabetes Care 2006;29:2268-2274.

9.  Gold SM, Dziobek I, Sweat V, Tirsi A, Rogers K, Bruehl H, Tsui W, RIchardson S, 
Javier E, Convit A. Hippocampal damage and memory impairments as possible early 
brain complications of type 2 diabetes. Diabetologia 2007;50:711-719.

10.  Manschot SM, Brands AM, van der Grond J, Kessels RP, Algra A, Kappelle LJ, Biessels 
GJ; Utrecht Diabetic Encephalopathy Study Group. Brain magnetic resonance imaging 
correlates of impaired cognition in patients with type 2 diabetes. Diabetes 2006;55:1106-1113.

11.  Van den Berg, Reijmer YD, de BJ, Kessels RP, Kappelle LJ, Biessels GJ. A 4 year follow-
up study of cognitive functioning in patients with type 2 diabetes mellitus. Diabetologia 
2010;53:58-65.

12.  Kempen GI, Meier AJ, Bouwens SF, van DJ, Verhey FR. [The psychometric properties 
of the Dutch version of the Telephone Interview Cognitive Status (TICS)]. Tijdschr 
Gerontol Geriatr 2007;38:38-45.

13.  Desikan RS, Segonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, Buckner RL, 
Dale AM, Maguire RP, Hyman BT, Albert MS, Killiany RJ. An automated labeling 66

Chapter 3

3



system for subdividing the human cerebral cortex on MRI scans into gyral based regions 
of interest. Neuroimage 2006;31:968-980.

14.  Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, van der Kouwe A, 
Killiany R, Kennedy D, Klaveness S, Montilo A, Makris N, Rosen B, Dale AM. Whole 
brain segmentation: automated labeling of neuroanatomical structures in the human 
brain. Neuron 2002;33:341-355.

15.  Anbeek P, Vincken KL, van Bochove GS, van Osch MJ, van der GJ. Probabilistic 
segmentation of brain tissue in MR imaging. Neuroimage 2005;27:795-804.

16.  De Bresser J, Tiehuis A, van den Berg E., Reijmer YD, Jongen C, Kappelle J, Mali WP, 
Viergever MA, Biessels GJ; Utrecht Diabetic Encepahlopathy Study Group. Progression 
of cerebral atrophy and white matter hyperintensities in patients with type 2 diabetes. 
Diabetes Care 2010;33:1309-1314.

17.  Jongen C, Biessels GJ. Structural brain imaging in diabetes: a methodological 
perspective. Eur J Pharmacol 2008;585:208-218.

18.  Kumar A, Haroon E, Darwin C, Pham D, Ajilore O, Rodriguez G, Mintz J. Gray 
matter prefrontal changes in type 2 diabetes detected using MRI. J Magn Reson Imaging 
2008;27:14-19.

19.  Juottonen K, Laakso MP, Partanen K, Soininen H. Comparative MR analysis of the 
entorhinal cortex and hippocampus in diagnosing Alzheimer disease. AJNR Am J 
Neuroradiol 1999;20:139-144.

20.  Risacher SL, Saykin AJ, West JD, Shen L, Firpi HA, McDonald BC. Baseline MRI predictors of 
conversion from MCI to probable AD in the ADNI cohort. Curr Alzheimer Res 2009;6:347-361.

21.  Simmons A, Westman E, Muehlboeck S, Mecocci P, Vellas B, Tsolaki M, Kloszewska 
I, Wahlund LO, Soininen H, Lovestone S, Evans A, Spenger C; AddNeuroMed 
Consortium. MRI measures of Alzheimer's disease and the AddNeuroMed study. Ann 
N Y Acad Sci 2009;1180:47-55.

22.  Wang L, Goldstein FC, Veledar E, Levey AI, Lah JJ, Meltzer CC, Holder CA, 
Mao H. Alterations in cortical thickness and white matter integrity in mild cognitive 
impairment measured by whole-brain cortical thickness mapping and diffusion tensor 
imaging. AJNR Am J Neuroradiol 2009;30:893-899.

23.  Bakkour A, Morris JC, Dickerson BC. The cortical signature of prodromal AD: regional 
thinning predicts mild AD dementia. Neurology 2009;72:1048-1055.

24.   De Leeuw FE, Korf E, Barkhof F, Scheltens P. White matter lesions are associated with 
progression of medial temporal lobe atrophy in Alzheimer disease. Stroke 2006;37:2248-2252.

25.  Appelman AP, Exalto LG, van der GY, Biessels GJ, Mali WP, Geerlings MI. White 
matter lesions and brain atrophy: more than shared risk factors? A systematic review. 
Cerebrovasc Dis 2009;28:227-242. 67

cerebral cortical thickness in patients with type 2 diabetes

3





cerebral 
haemoDYnamics, 

cognition anD brain 
volumes in patients 

With tYpe 2 Diabetes
4

m brundel

e van den berg

YD reijmer

j de bresser

lj kappelle

gj biessels

on behalf of the utrecht Diabetic encephalopathy study group

Published in:   J Diabetes Complications 2012;26:205-209.



70

Chapter 4

abstract

Background: Type 2 diabetes mellitus (T2DM) is associated with cognitive 
impairment and brain abnormalities on MRI. The underlying mechanisms are 
unclear. We examined the relationship between cerebral haemodynamics (cerebral 
blood flow (CBF) and cerebrovascular reactivity (CVR)) and cognitive performance 
and brain volumes in patients with T2DM, at baseline and after four years. 
Methods: 114 patients with T2DM, aged 56-80 years, underwent a detailed cognitive 
assessment and MRI scan. In 68 patients the evaluation was repeated after four years. 
CBF (two-dimensional flow-encoded phase-contrast MRI) and CVR (carbogen 
breathing response middle cerebral artery; transcranial Doppler) were measured at 
baseline. Cognitive performance was expressed as composite z-score and regression 
based index score. Brain volumes were measured on MRI by automated segmentation. 
The relationship of haemodynamics with cognition and brain volumes was examined 
with linear regression analyses adjusted for age, sex and IQ. 
Results: Mean CVR was 51.8 ± 18.0% and mean rCBF 53.3 ± 11.3 ml/min/100ml 
brain tissue. CBF was associated with baseline cognitive performance (standardized 
regression coefficient β (95%CI): 0.17 (0.00; 0.32) and total brain volume (0.23 (0.05; 
0.41)). No correlation was found between CVR and baseline cognitive performance. 
Neither CBF nor CVR predicted change in cognition (CBF 0.11 (-0.21; 0.44); CVR 
0.07 (-0.21; 0.36)) or total brain volume (CBF 0.09 (-0.22; 0.39); CVR 0.13 (-0.13; 
0.40)) over four years. 
Conclusions: CBF was associated with impaired cognition and total brain volume 
in cross-sectional analyses, but did not predict changes in cognition or brain 
volumes over time. Apparently, alterations in cerebral haemodynamics play no major 
etiological role in cognitive decline or change in brain volumes in non-demented 
individuals with T2DM. 
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introDuction

Type 2 diabetes mellitus (T2DM) is associated with cognitive dysfunction and an 
increased risk of dementia.1 On brain MRI this is accompanied by modest atrophy 
and a higher white matter hyperintensity (WMH) load.1,2 We have previously 
reported that T2DM-related cognitive changes and cerebral atrophy develop slowly 
over the course of years, at an average rate that is still within the range of that of 
normal aging.3,4 Nevertheless, people with T2DM are overrepresented among those 
older individuals with accelerated cognitive decline.5 There is still uncertainty on 
the etiology, but vascular disease is likely to play a role.1 Indeed clinically manifest 
atherosclerosis is associated with cognitive impairment in people with T2DM.2,6 
Moreover, alterations in cerebral haemodynamics might affect the brain, also in 
people without clinically manifest cerebrovascular disease. In a cross-sectional 
study, we observed that cerebral blood flow (CBF) was related to cognition, but 
there were no differences in CBF between controls and patients with T2DM.7 In the 
present longitudinal study, we further examined the relationship between cerebral 
haemodynamics, as reflected by CBF and cerebrovascular reactivity (CVR), and 
cognitive functioning and brain volumes on MRI in patients with T2DM. This 
relationship was assessed both at baseline and after four years of follow-up.

methoDs

Participants
Participants were included in the Utrecht Diabetic Encephalopathy Study (UDES), 
a study on determinants of impaired cognition in patients with T2DM. At baseline 
(2002-2004), 122 patients with T2DM were recruited through their general 
practitioners. Furthermore, 56 age, sex and IQ matched controls were recruited 
among spouses and acquaintances of the patients.2 At inclusion, all participants 
were between 56 and 80 years of age, functionally independent and Dutch speaking. 
Diabetes duration had to be at least one year. Exclusion criteria were a psychiatric 
or neurological disorder (unrelated to diabetes) that could influence cognitive 
functioning, a history of alcohol or substance abuse or dementia, and a fasting blood 
glucose ≥7.0 mmol/l for control participants. Participants with a history of transient 
ischaemic attacks or non-disabling stroke could be included. 
 At follow-up four years later (2006-2008), seven participants had died, four 
could not be contacted and 59 were not willing or able to participate. Reasons for not 
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participating were: lack of interest (n=28); comorbidity (n=22; three reported dementia 
(two patients, one control)); and other reasons (n=9). One patient with T2DM was 
excluded because of severe comorbid disease and one control participant fulfilled 
the criteria for T2DM and was therefore excluded from the control group. Hence, 
106 subjects (68 patients and 38 controls) participated in the follow up examination.4 
Baseline characteristics (demographics, cognitive functioning and brain volumes) 
in participants (n=106) and non-participants (n=70) at follow-up were similar (for 
details see 3,4). From 43 of the 70 non-participants at follow-up who were alive and 
could be contacted a cognitive screening test was obtained by telephone (the Dutch 
version of the Telephone Interview for Cognitive Status8). Mean performance of 
non-participants (mean score 35.4 ± 5.2) was similar to the participants (36.5 ± 4.6) at 
follow-up.4 
 The present study only concerns those patients with T2DM from whom baseline 
CBF or CVR data were available (n=114). Data from the control group served as 
reference values.
 The study was approved by the medical ethics committee of the University 
Medical Center Utrecht and all participants signed an informed consent form.

Haemodynamics
Both CBF and CVR were measured at baseline. For CBF measurements a 2D-Phase 
Contrast MR section was positioned at the level of the skull base to measure volume 
flow in the internal carotid arteries and basilar artery (TR 16 ms; TE 9 ms; flip angle 
7.5°; voxel size 0.98x0.98x5.00 mm3, averages 8; velocity sensitivity 100 cm/s).9 Total 
CBF was defined as the sum of flow in both internal carotid arteries and basilar 
artery. Because total CBF is related to brain size, we calculated relative total CBF 
(rCBF), expressed as ml/min per 100 ml brain tissue.10 
 CVR was assessed with transcranial Doppler (TCD) as described previously.11 
CVR in response to a raise in CO2 was determined as the relative change in blood 
flow velocity in both middle cerebral arteries after 1.5 minute of carbogen inhalation. 
Left and right CVR were averaged. 

Neuropsychological examination
Neuropsychological examination consisted of 11 tasks, covering 5 cognitive domains 
(i.e. attention and executive functions, information processing speed, memory, 
abstract reasoning, and visuoconstruction).4 A division in these cognitive domains 
was made a priori, according to standard neuropsychological practise and cognitive 
theory.12 For the present study we used a composite z-score of tests addressing the 72
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first three domains, because these are particularly sensitive to the effects of T2DM 
and vascular disease.4 These domains were assessed with the following tests: 1) 
attention and executive functions: Trail-making Test (Part B), Stroop Color-Word 
Test (Part 3), Brixton Spatial Anticipation Test, a letter fluency test using the ‘N’ and 
‘A’ and category fluency (animal naming); 2) information processing speed: Trail-
making Test (Part A), Stroop Color-Word Test (Part 1 and 2), subtest Digit Symbol 
of the Wechsler Adult Intelligence Scale 3rd edition (WAIS-3); 3) memory: forward 
and backward digit span of the WAIS-3, Corsi Block-tapping Task, Rey Auditory 
Verbal Learning Test, Location Learning Test, delayed trial of the modified Taylor 
Complex Figure.13

 Raw test scores at baseline and follow-up were standardized into z-scores per 
test, by using the pooled mean of baseline scores of the whole group. The z-scores of 
each domain were calculated by averaging the test scores comprising that domain; 
these z-scores were averaged to obtain one composite z-score. In secondary analyses, 
each cognitive domain was addressed separately. 
 Change in cognitive performance over time was expressed as a regression 
based index (RBI) score, using the control group as a reference, taking age, sex and 
estimated IQ into account.14 A negative RBI score reflects greater cognitive decline 
than expected from a control participant with a similar demographic profile and 
cognitive performance at baseline. The RBI score is preferred over using change in 
z-scores over time, because it reduces confounding by learning effects and regression 
to the mean.14 Mean change in performance across the three domains was expressed 
as a composite RBI score. In secondary analyses, the RBI score of each cognitive 
domain was addressed separately. Pre-morbid IQ was assessed by the Dutch version 
of the National Adult Reading test.13

Brain volume measurements 
MRI scans were acquired on a 1.5 Tesla Philips MR scanner using a standardized 
protocol (38 contiguous slices, voxel size: 0.9 x 0.9 x 4.0 mm3) and consisted of an 
axial T1 (repetition time in ms (TR)/echo time in ms (TE): 234/2), T2 (TR/TE: 
2200/100), proton density (TR/TE: 2200/11), inversion recovery (IR) (TR/TE/
inversion time in ms (TI): 2919/22/410) and fluid attenuated inversion recovery 
(FLAIR) (TR/TE/TI: 6000/100/2000).3

 After registration of all sequences to the FLAIR image and an inhomogeneity 
correction, a baseline brain mask was created by a k-means clustering algorithm 
with 8 clusters for every patient using all sequences. The baseline FLAIR image 
was rigidly registered to the follow-up FLAIR image within patients. The resulting 73
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transform parameters were applied to the baseline mask to create follow-up masks. 
The uncorrected FLAIR images were multiplied voxelwise times the mask images 
followed by an inhomogeneity correction. The IR and FLAIR images were used 
for a k-nearest neighbour-based probabilistic segmentation algorithm that measured 
total brain, lateral ventricular and WMH volumes on both time points.3,15 Volumes 
were expressed as percentage of total intra-cranial volume to correct for between 
subject differences in head size. Volume changes between baseline and follow-up 
scans were calculated within participants.

Markers of atherosclerosis
At baseline, carotid intima-media thickness (IMT) was measured in both carotid 
arteries in a 1-cm trajectory proximal to the beginning of the dilatation of the carotid 
bulb in 3 different longitudinal projections. IMT was calculated as the mean of these 
6 measurements as described previously.16

 A history of cardiovascular events was defined as a clinical history of myocardial 
infarction, stroke (not including TIA) or endovascular or surgical treatment of 
carotid, coronal or peripheral arterial disease. 

Statistical analysis
Baseline WMH volume was multiplied by 100 and natural-log-transformed because 
of non-normal distribution (Kolmogorov-Smirnov, p<0.05). The relationship 
between baseline markers of haemodynamics (rCBF, CVR) and baseline or change 
over time of cognition and brain volumes was examined within the T2DM group 
with linear regression analyses adjusted for age and sex (cognition also for IQ ). 
These relationships were expressed as standardized betas. 

results

Baseline characteristics of the patients with T2DM are presented in table 1. Mean 
CVR was 51.8 ± 18.0% and mean rCBF 53.3 ± 11.3 ml/min per 100 ml brain tissue 
(for the control participants: mean CVR 46.2 ± 16.6% and mean rCBF 57.7 ± 12.2 
ml/min per 100 ml brain tissue). At baseline, the patient group with T2DM had 
a worse cognitive performance than the control group (adjusted mean difference 
in composite z-score between the T2DM and control group (95%CI) -0.24 (-0.43; 
-0.05) (For details see 2). Moreover, patients with T2DM had a significantly smaller 
relative total relative brain volume (-1.36% of intracranial volume (-2.31; -0.40)) and 74
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Patients with type 2 diabetes (n = 114)

Sex (men) 59 (52)

Age (years) 65.9 ± 5.8

Estimated IQ 98 ± 15

Diabetes duration (years) 8.7 ± 6.1

HbA1c level (%) 6.8 ± 1.1

Fasting glucose levels (mmol/L) 8.6 ± 2.9

Use of insulin 32 (28)

Smoking (present or past) 78 (68)

Hypertension a 62 (54)

Hypercholesterolemia b 69 (61)

Cardiovascular event c 30 (26)

Stroke 7 (6)

Carotid intima-media thickness (mm) (n = 108) 0.93 ± 0.17

Cerebrovascular reactivity (%) (n = 96) 51.8 ± 18.0

Total relative cerebral blood flow (ml/min per 100ml brain tissue) (n = 85) d 53.3 ± 11.3

Data shown are means ± sD or n. values in parenthesis are percentages.
a  Defined as a systolic blood pressure >160 mmHg or a diastolic pressure >95 mmHg or use 

of antihypertensive drugs primarily for hypertension
b   Defined as a fasting cholesterol >6.2 mmol/l or self-reported use of lipid lowering drugs
c   Defined as history of a myocardial infarction, stroke (not including TIA) or endovascular 

treatment of carotid, coronal or peripheral arterial disease.
d  Defined as the summed flow in both carotid arteries and the basilar artery

Table 1 baseline characteristics 
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Composite cognition Attention and 
executive functioning

Information processing speed Memory

Baseline a

CVR (%) (n=96) 0.04 (-0.16; 0.25) 0.02 (-0.12; 0.16) 0.08 (-0.13; 0.30) -0.03 (-0.15; 0.10)

rCBF (ml min-1 100ml-1) (n=85) 0.17 (0.00; 0.32) * 0.19 (0.02; 0.38) * 0.21 (0.01; 0.42) * -0.10 (-0.29; 0.10)

Longitudinal change b

CVR (%) (n=58) 0.07 (-0.21; 0.36) 0.17 (-0.10; 0.44) 0.03 (-0.22; 0.28) -0.16 (-0.43; 0.10)

rCBF (ml min-1 100ml-1) (n=47) 0.11 (-0.21; 0.44) 0.16 (-0.16; 0.47) 0.01 (-0.19; 0.20) 0.00 (-0.48; 0.48)

Table 2 relationship between baseline haemodynamics in patients with t2Dm and 

cognition at baseline and change in cognition during follow-up 

Data are standardized regression Beta-coefficients (95% CI), adjusted for age, sex and IQ 

cvr = cerebrovascular reactivity, rcbF = relative cerebral blood flow
a  At baseline cognition is expressed as a (composite) z-score
b  the change in cognition over time is expressed as regression based index (rbi) score

*  p < 0.05

Total brain volume (%ICV) Lateral ventricular volume (%ICV) WMH volume a

Baseline

CVR (%) (n=96) -0.06 (-0.27; 0.13) 0.20 (-0.03; 0.41) 0.05 (-0.19; 0.26)

rCBF (ml min-1 100ml-1) (n=85) 0.23 (0.05; 0.41) * -0.12 (-0.33; 0.11) -0.18 (-0.44; 0.00)

Longitudinal change 

CVR (%) (n=58) 0.13 (-0.13; 0.40) 0.05 (-0.14; 0.19) 0.14 (-0.14; 0.56)

rCBF (ml min-1 100ml-1) (n=47) 0.09 (-0.22; 0.39) -0.08 (-0.53; 0.38) -0.23 (-0.62; 0.08)

Table 3 relationship between baseline haemodynamics in patients with t2Dm and 

brain volumes at baseline and change in brain volumes during follow up 

Data are standardized regression Beta-coefficients (95% CI), adjusted for age and sex 

Wmh = white matter hyperintensities, cvr = cerebrovascular reactivity, rcbF = relative cerebral 

blood flow, %icv: percentage of intracranial volume 
a  relative baseline Wmh volumes were multiplied by 100 and natural-log-transformed.

*  p < 0.0576
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Composite cognition Attention and 
executive functioning

Information processing speed Memory

Baseline a

CVR (%) (n=96) 0.04 (-0.16; 0.25) 0.02 (-0.12; 0.16) 0.08 (-0.13; 0.30) -0.03 (-0.15; 0.10)

rCBF (ml min-1 100ml-1) (n=85) 0.17 (0.00; 0.32) * 0.19 (0.02; 0.38) * 0.21 (0.01; 0.42) * -0.10 (-0.29; 0.10)

Longitudinal change b

CVR (%) (n=58) 0.07 (-0.21; 0.36) 0.17 (-0.10; 0.44) 0.03 (-0.22; 0.28) -0.16 (-0.43; 0.10)

rCBF (ml min-1 100ml-1) (n=47) 0.11 (-0.21; 0.44) 0.16 (-0.16; 0.47) 0.01 (-0.19; 0.20) 0.00 (-0.48; 0.48)

Total brain volume (%ICV) Lateral ventricular volume (%ICV) WMH volume a

Baseline

CVR (%) (n=96) -0.06 (-0.27; 0.13) 0.20 (-0.03; 0.41) 0.05 (-0.19; 0.26)

rCBF (ml min-1 100ml-1) (n=85) 0.23 (0.05; 0.41) * -0.12 (-0.33; 0.11) -0.18 (-0.44; 0.00)

Longitudinal change 

CVR (%) (n=58) 0.13 (-0.13; 0.40) 0.05 (-0.14; 0.19) 0.14 (-0.14; 0.56)

rCBF (ml min-1 100ml-1) (n=47) 0.09 (-0.22; 0.39) -0.08 (-0.53; 0.38) -0.23 (-0.62; 0.08)
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larger lateral ventricular volume (0.37% (-0.12; 0.87) and WMH volume (0.35 (-0.13; 
0.83), WMH volumes were multiplied by 100 and natural-log-transformed) (For 
details see 3).
 Tables 2 and 3 show the associations of haemodynamics with cognition and brain 
volumes. At baseline, lower rCBF was associated with a lower composite z-score  
(β (95%CI): 0.17 (0.00; 0.32), p=0.046). In secondary analyses on each cognitive 
domain separately, lower rCBF was significantly associated with the domains 
attention and executive functioning (0.19 (0.02; 0.38), p=0.034) and information 
processing speed (0.21 (0.01; 0.42), p=0.039). After additional adjustment for a history 
of stroke, the association between rCBF and composite z-score was attenuated (0.16 
(0.00; 0.34), p=0.053). In contrast, adjustment for C-IMT (0.17 (0.00; 0.33), p=0.056), 
cardiovascular events (0.19 (0.02; 0.33), p=0.025) or both (0.19 (0.02; 0.33), p=0.027) did 
not essentially change the association. Lower rCBF was also significantly associated 
with lower baseline relative total brain volume (0.23 (0.05; 0.41, p=0.01). Adjustment 
for C-IMT (0.24 (0.05; 0.42), p=0.01), cardiovascular events (0.24 (0.07; 0.42) p=0.01), 
a clinical history of stroke (0.22 (0.05; 0.39), p=0.01) or all these factors (0.25 (0.06; 
0.43) did not change this association. Importantly, in the patients with T2DM who 
also attended the follow up examination, the same relationship at baseline between 
CBF and composite cognition (0.25 (0.02; 0.45) and total relative brain volume (0.27 
(-0.02; 0.58) was found. It should be noted that rCBF was expressed in ml/min per 
100 ml brain tissue. Hence, in patients with relatively lower brain volume, perfusion 
per 100 ml brain tissue was even less. 
 No significant relationships between CVR and baseline composite z-score, 
relative total relative brain volume, lateral ventricular volume and WMH volume 
were observed. 
 Over four years, across the group of patients with T2DM cognitive decline was 
not accelerated compared to the reference group (composite score: RBI score ± SD 
-0.06 ± 0.73; mean change in z-score ± SD -0.11 ± 0.24; for details see 4). Within the 
T2DM patient group neither baseline CVR, nor rCBF, was significantly related to 
cognitive decline over the 4 years of the study (table 2). 
 Over the four years, total relative brain volume decreased (change over time (%) 
± SD: -1.46 ± 0.71) and lateral ventricular (0.36% ± 0.25) and WMH volume increased 
(0.14% ± 0.18) in the patients with T2DM. Only the increase of lateral ventricular 
volume was significantly accelerated relative to controls (adjusted difference between 
T2DM and control group (95%CI): 0.11% (0.00; 0.22)) (for details see 3) No significant 
associations between baseline rCBF or CVR and change of brain volumes over four 
years were found (table 3). 78
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Discussion

In this study sample of non-demented older patients with T2DM, rCBF was 
associated with impaired cognition and total brain volume in cross-sectional 
analyses. However, cerebral haemodynamics at baseline appeared to be no predictor 
for changes in cognition or brain volumes over time. 
 There is still uncertainty on the risk factors for cognitive decline and brain 
abnormalities in T2DM. Previous studies, mostly cross-sectional in design, point to 
chronic hyperglycaemia and microvascular complications as well as atherosclerosis 
as relevant factors.1 A recent study found a relationship between atherosclerosis 
(ankle-brachial index) and incident dementia after six years in older patients with 
T2DM.6 Likewise, in the general population, atherosclerosis, also in blood vessels 
not supplying the brain, is associated with cognitive impairments.17-19 In previous 
papers on the present study population, we reported that in patients with T2DM a 
history of cardiovascular events was associated with impaired information processing 
speed and memory, and more severe vascular lesions on MRI,2 but cardiovascular 
events did not predict cognitive decline over four years,4 or brain volume changes.3  
 The association between atherosclerosis and cognitive dysfunction and dementia 
might be mediated by alterations in cerebral haemodynamics. However, inter-
individual variation in haemodynamics can obviously also reflect processes other 
than atherosclerosis. Indeed, in the present study the relationship between rCBF 
and cognitive dysfunction at baseline was independent of IMT and a history of 
cardiovascular events. However, this association was not independent of a clinical 
history of stroke. To the best of our knowledge there are no other published 
studies on the relation between cerebral haemodynamics and cognition in patients 
with T2DM. In the general population, rCBF was found to be cross-sectionally 
associated with cognitive functioning (especially information processing speed 
and executive functioning). This association was mediated by brain atrophy20 and 
WMH.21 Furthermore, earlier cross-sectional studies found cerebral hypoperfusion 
to be associated with cognitive impairment and Alzheimer’s disease.22

 Regarding the relationship between cerebral haemodynamics and structural 
brain MRI markers, previous cross-sectional studies, not specifically addressing 
T2DM, found reduced rCBF in non-demented older individuals and older people 
with vascular risk factors to be associated with WMH severity.23,24 However, previous 
studies on the relation between rCBF and brain atrophy in elderly individuals 
with vascular risk factors show conflicting results. While one study observed no 
relationship between rCBF and atrophy,24 another study found rCBF to be associated 79
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with subcortical atrophy.10 In patients with T2DM, a cross-sectional relationship 
between lower regional rCBF and brain atrophy has previously been reported,25 in 
line with the cross-sectional analyses in the present dataset. 
 Remarkably, cerebral haemodynamics were unrelated to cognitive decline and 
progression of atrophy in this sample. This does not support a causal role for disturbed 
haemodynamics in cognitive dysfunction and atrophy as might be inferred from the 
cross-sectional studies. Reverse causality might even play a role. In other words, 
the demand for CBF may be relatively lower in abnormal atrophic brain tissue, thus 
giving rise to the observed associations in the cross-sectional studies. This does not 
imply, however, that the impact of T2DM on the brain is independent of vascular 
disease. In fact, white matter hyperintensities and lacunar infarcts on brain MRI 
are more common in patients with T2DM and these lesions are associated with 
cognitive decline and brain atrophy.26 Moreover, recent autopsy studies indicate 
that vascular brain damage is the key neuropathological determinant of increased 
dementia risk in T2DM.27 
 Strengths of the present study are the prospective design in combination with 
detailed assessment of cognitive status and precise brain volume measurements. 
A limitation is that the sample size was modest. Nevertheless, point estimates for 
the regression coefficients in the longitudinal data were close to 0, with relatively 
narrow 95% confidence intervals, indicating that variation in haemodynamics could 
explain, at most, 5% of the variation (coefficient of determination) in the changes in 
cognition and brain volumes over four years, and that our negative results are not 
due to lack of statistical power. Another limitation could be the possible selective 
loss to follow-up. However, participants and nonparticipants were comparable at 
baseline (demographics, brain volumes) and follow-up (cognitive status).3,4 Finally, 
our global measures of CBF and CVR may have missed regional abnormalities. 
 In summary, the present study showed that CBF was associated with impaired 
cognition and total brain volume in cross-sectional analyses but neither CBF, nor 
CVR predicted cognitive decline or change of brain volumes over time. Apparently 
alterations in cerebral haemodynamics play no major etiological role in cognitive 
decline or change in brain volumes in non-demented individuals with T2DM. 
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Chapter 5

abstract

Cerebral small vessel disease, including microvascular lesions, is considered to 
play an important role in the development of type 2 diabetes mellitus (T2DM) 
associated cognitive deficits. With ultra-high field MRI microvascular lesions (e.g. 
microinfarcts and microbleeds) can now be visualized in vivo. For the present study, 
48 nondemented older individuals with T2DM (mean age 70.3 ± 4.1 years) and 49 
age-, sex-, and education-matched control subjects underwent a 7 Tesla brain MRI 
scan and a detailed cognitive assessment. The occurrence of cortical microinfarcts 
and cerebral microbleeds was assessed on FLAIR and T1-weighted images and T2*-
weighted images respectively, compared between the groups and related to cognitive 
performance. Microinfarcts were found in 38% of controls and 48% of patients with 
T2DM. Microbleeds were present in 41% of control participants, and 33% of patients 
(all p>0.05). Presence and number of microinfarcts or microbleeds were unrelated 
to cognitive performance. This first study on microvascular brain lesions in people 
with T2DM at ultra-high field MRI showed no increased burden of cerebral 
microvascular damage compared to controls. 
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introDuction

Type 2 diabetes mellitus (T2DM) is associated with cognitive dysfunction and a 
twofold increased risk of dementia.1 The aetiology is incompletely known, but 
vascular disease is likely to play a role.1 In the general population vascular disease, 
in particular cerebral small vessel disease (SVD), is a major contributor to ageing 
related cognitive decline and dementia.2 On conventional magnetic resonance 
imaging (MRI) SVD can be visualized as white matter hyperintensities (WMH), 
lacunar infarcts, and microbleeds.3 However, these conventional markers of SVD do 
not capture the full burden of cerebral microvascular damage. Neuropathological 
studies have identified microinfarcts as another common microvascular pathology 
that is linked to ante-mortem cognitive decline and dementia.4 
 T2DM is a known risk factor for vascular disease, affecting both large and small 
vessels. Microvascular complications of T2DM appear in the retina, peripheral 
nervous system, kidney, and probably also the brain. Ultra-high resolution MRI 
now, for the first time, permits visualization of cortical microinfarcts in vivo5 and 
also greatly enhances the detection of cerebral microbleeds.6 We hypothesized that 
microinfarcts and microbleeds are more common in patients with T2DM than in 
controls and that these lesions are associated with cognitive dysfunction. The present 
study investigated the presence of cortical microinfarcts and cerebral microbleeds 
with 7 Tesla (7T) in patients with T2DM and in age-matched non-diabetic controls, 
and explored the relationship between these microvascular lesions and cognitive 
performance. 

methoDs

Study population 
Patients were recruited through six general practitioners as part of the second Utrecht 
Diabetic Encephalopathy Study (UDES2).7 Eight hundred sixty-four randomly 
selected persons between 65 and 80 years of age (416 patients and 453 controls) 
received a letter to which they could respond if they were willing to participate. 
Two hundred sixty-three persons responded that they refused to participate; 168 
responded that they were willing to participate, of which 63 patients with T2DM 
and 61 age-, sex- and education-matched controls met our inclusion criteria.
 For inclusion, participants had to be 65-80 years of age, functionally independent 
and Dutch speaking. The diagnosis of diabetes had to be established at least one 
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year prior to the study. Controls had to have a fasting blood glucose <7.0 mmol/l. 
Exclusion criteria were contraindications for 7T MRI, a psychiatric or neurological 
disorder that could influence cognitive functioning (including dementia), recent 
non-disabling stroke (<2 years) or any disabling stroke, major depression or alcohol 
abuse. All subjects underwent a standardized evaluation, including medical history, 
physical and neurological examination, neuropsychological assessment, laboratory 
testing and both a 3T and 7T MRI, all on the same day.
 In 26 participants (15 T2DM, 11 controls) no complete 7T MRI could be obtained 
due to patient related factors (e.g. contra-indications for 7T MRI or claustrophobia) 
or technical issues. One control participant proved to have a neurological disease 
that was not detected upon initial screening, leaving 97 subjects (48 T2DM, 49 
controls) for the present study. 
 The study was approved by the medical ethics committee of the University 
Medical Center Utrecht and all subjects gave written informed consent. 

Medical history and biometric measurements
Medical history and medication use were assessed with standardized questionnaires. 
Blood pressure was measured at three different time points during the day and 
averaged. BMI was calculated as weight in kilograms divided by the square of 
height in meters. Fasting glucose, HbA1c and cholesterol levels were measured with 
standard laboratory testing. Impaired fasting glucose (IFG) was defined as fasting 
glucose levels of 5.6-6.9 mmol/L, according to the ADA criteria. 
 Data on microvascular complications were recorded. Retinopathy was defined 
as self-report of a physician diagnosis. Neuropathy was rated with the Toronto 
Clinical Neuropathy Scoring System,8 but without a sensory test for temperature, 
so that the maximum score is 18 points. A score >6 was considered as indicative 
of neuropathy. A patient was considered to have macroalbuminuria in case of an 
albumin-to-creatinine ratio of >300 μg/mg (according to ADA criteria), based on 
laboratory testing of a first midstream urine sample in the morning. 
 A macrovascular event was defined as a clinical history of myocardial infarction, 
stroke (not including TIA) or endovascular or surgical treatment of carotid, coronal 
or peripheral arterial disease.

MRI scanning protocol 
Scans were acquired on a 7T MR system (Philips Healthcare, Cleveland, OH, 
USA) with a volume transmit and 16 or 32-channel receive head coil (Nova Medical, 
Wilmington, MA). The standardized protocol included a dual-echo gradient echo 88
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sequence (repetition time (TR)/echo time (TE) = 20/6.9;15.8 ms, reconstructed voxel 
size 0.39 x 0.39 x 0.35 mm3); a volumetric (3D) T1-weighted sequence (TR/inversion 
time (TI)/TE 4.8/1240/2.2 ms, reconstructed voxel size 0.66 x 0.66 x 0.50 mm3); 
and a 3D fluid-attenuated inversion recovery (FLAIR) sequence (TR/TI/TE: 
8000/2325/300 ms, reconstructed voxel size 0.49 x 0.49 x 0.40 mm3).
 Scans on the 3T MR system (Philips Medical Systems, Best, the Netherlands) were 
acquired with a standardized protocol including, among others, a FLAIR sequence 
(TR/TI/TE 11000/2800/125 ms, reconstructed voxel size 0.96 x 0.95 x 3 mm3), a 3D 
T1-weighted sequence (TR/TI/TE 7.9/955/4.5 ms, voxel size 1.00 x 1.00 x 1.00 mm3) 
and a dual-echo T2-weighted sequence (TR/TE 3198/19;140 ms, reconstructed voxel 
size 0.96 x 0.95 x 3.00 mm3). 3T MRI data were used for the detection of brain 
infarcts and the determination of brain volumes and WMH volumes.

Detection of microvascular lesions
Microvascular lesions were rated visually on 7T MRI scans by two independent 
raters, blinded to diabetes status and clinical information. In case of disagreement, 
consensus was obtained in a consensus meeting. 
 Cortical microinfarcts were defined as either small hyperintense (probably 
gliotic) lesions or hypointense with a hyperintense rim (probably cystic) lesions on 
the FLAIR image, corresponding with a hypointense lesion on the T1-weighted 
sequence (as previously described,9 but without use of a T2-weighted sequence) (Fig. 
1). Each lesion had to be detectable on sagittal, coronal, and transversal views, ≤3mm 
in length and restricted to the cortex to be classified as a microinfarct. Due to low 
signal-to-noise ratio on FLAIR images in the temporal lobes and cerebellum, these 
areas were not investigated. 
 Microbleeds were detected by the previously described semi-automatic method 
based on the radial symmetry transform (RST).10 A slightly modified adaptation to 
the method was made by incorporating minimum intensity projection images. This 
improves the sensitivity and reduces the number of suspected microbleed locations. 
The RST result was then censored visually to select true microbleeds. 
The inter-rater agreement was good for number of microbleeds (ICC (95% CI): 0.83 
(0.75; 0.88)) and moderate for number of microinfarcts (ICC=0.39 (0.21;0.55)). 

Other MRI measures
WMHs, cerebral infarcts and brain volumes were determined on 3T MRI scans. 
WMHs were outlined manually on the FLAIR images and their volumes were 
calculated. Brain infarcts were rated visually on FLAIR and T1-weighted images 89
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and classified as large vessel infarcts (>1.5 cm) or lacunar infarcts. Gray and white 
matter volumes were computed automatically on the T1-weighted image using the 
Freesurfer software (http://surfer.nmr.mgh.harvard.edu). Volumes were expressed 
as a percentage of intracranial volume, which was outlined manually on the T2-
weighted images. 

Cognitive testing 
All participants underwent a detailed standardized cognitive assessment as described 
earlier,7 including tests for memory, information-processing speed and attention and 
executive function. For each cognitive test, raw test scores were standardized into 
z-scores and averaged to obtain one composite z-score per cognitive domain. 
 IQ was estimated with the Dutch version of the National Adult Reading Test, 
which is generally accepted to reflect the premorbid level of intellectual functioning.

Statistical analyses
Between-group differences in subject characteristics were analysed with an 
independent- samples t-test for continuous variables, χ2 tests for proportions and 
Mann-Whitney U tests for non-parametric data. Relationships between the presence 

Figure 1 an example of a cortical microinfarct, which appears hyperintense on Flair 

(a) and hypointense on t1-weighted (b) 7 tesla mr images.
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of microvascular lesions and cognition were examined with linear regression 
analyses, adjusted for age, sex, estimated IQ , and group (control or T2DM). Because 
the numbers of microbleeds and microinfarcts showed a skewed distribution, three 
groups with 0, 1 or ≥1 lesion were distinguished. 

results

Subject characteristics are summarized in Table 1. Controls and patients with T2DM 
did not differ in age, sex, and estimated IQ. Patients with T2DM used significantly 
more often antihypertensive and cholesterol lowering drugs and had a higher BMI 
than controls. Patients with T2DM performed slightly worse than controls on 
all three cognitive domains (mean differences in standardized z-scores (95% CI) 
between patients and controls for information-processing speed: -0.24 (-0.58; 0.11); 
attention and executive functioning: -0.21 (-0.50; 0.09); memory -0.14 (-0.44; 0.17), 
all p>0.05), but differences were not statistically significant.
 MRI findings are described in Table 2. Cortical microinfarcts were found 
in 19 (38%) controls (5 subjects showed >1 microinfarcts) and in 23 (48%) patients 
with T2DM (7 subjects showed >1 microinfarcts), p>0.05 (Fig. 2). Microbleeds were 
present in 20 (41%) controls (10 subjects showed >1 microbleeds), and in 16 (33%) 
patients with T2DM (10 patients showed >1 microbleeds), p>0.05 (Fig. 2). Microbleed 
distribution (i.e. presence and number of lobar and deep/infratentorial microbleeds) 
was also similar between the groups. 
 Cerebral gray matter volumes were smaller and lateral ventricle volumes larger 
in the patients than in the controls, but WMH and white matter volumes and 
occurrence of brain infarcts did not differ between the groups (Table 2). 
 Across the two groups, cognitive performance on the three cognitive domains 
was not related to microvascular lesion load (Regression coefficient B (95% CI) 
information processing speed: microinfarcts 0.06 (-0.17; 0.29), microbleeds 0.11 
(-0.08; 0.31); attention and executive functioning: microinfarcts 0.04 (-0.16; 
0.23), microbleeds 0.02 (-0.14; 0.19); and memory: microinfarcts 0.10 (-0.11; 0.31), 
microbleeds 0.06 (-0.12; 0.24), all p>0.05). 
 When control participants with IFG (n=25; 51%) were excluded, microbleeds 
were present in 11 (46%) and microinfarcts in 10 (42%) of the remaining 24 controls. 
Between group comparisons on MRI markers and cognition for controls without 
IFG and patients with T2DM did not show results that were different from the 
main analyses (data not shown). 91
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Control 
participants

n=49

Patients 
with T2DM 

n=48

p-value

Age (years) 71.1 ± 4.5 70.3 ± 4.1 0.36
Sex (% male) 30 (61) 26 (54) 0.48
Estimated IQ a 103 ± 13 101 ± 12 0.29
Systolic blood pressure (mmHg) b 146 ± 22 148 ± 13 0.69
Diastolic blood pressure (mmHg) b 81 ± 9 80 ± 10 0.78
Antihypertensive medication (%) 25 (51) 36 (75) 0.02
Total cholesterol (mmol/L) 5.4 ± 1.0 4.7 ± 0.9 <0.01
Cholesterol lowering drugs (%) 21 (43) 34 (71) <0.01
Current smoking 8 (16) 5 (10) 0.62
BMI (kg/m2) 26.1 ± 3.2 29.5 ± 5.1 <0.01
Antithrombotic use (%) 12 (25) 18 (38) 0.17
Fasting glucose (mmol/L) 5.6 ± 0.7 8.0 ± 2.0 <0.01
HbA1c (%) 5.7 ± 0.4 6.8 ± 0.8 <0.01
Diabetes duration (years) 11.0 ± 9.3
Insulin/oral medication or diet (%) 15/33 (31/69)
Macrovascular event (%) c 3 (6) 7 (15) 0.17
Retinopathy (%) 0 (0) 5 (10) 0.02
Peripheral neuropathy (%) d 5 (10) 10 (21) 0.15
Macroalbuminuria e 0 (0) 1 (2) 0.31
Cognitive performance f

Information-processing speed 0.13 ± 0.57 -0.11 ± 1.07 0.18
Attention and executive functioning 0.09 ± 0.56 -0.11 ± 0.84 0.16
Memory 0.07 ± 0.73 -0.07 ± 0.76 0.37

Table 1 group characteristics

Data are presented as mean ± SD or n (%) unless otherwise specified.
a  estimated by the Dutch version of the national adult reading test.
b   mean values for three measurements; for one control subject blood pressure was not 

examined.
c   Defined as a clinical history of myocardial infarction, stroke (not including TIA) or 

endovascular or surgical treatment of carotid, coronal or peripheral arterial disease.
d   rated with the toronto clinical neuropathy scoring system8

e  Defined as an albumin-to-creatinine ratio of >300 μg/mg
f  Data are presented as mean standardized z-scores ± SD. 92
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Control 
participants

n=49

Patients 
with T2DM 

n=48

p-value

Microvascular lesions a

Cortical microinfarct presence (%) 19 (38) 23 (48) 0.36
Cortical microinfarct No. 0 (0-11) 0 (0-5) 0.35
Microbleed presence (%) 20 (41) 16 (33) 0.33
Microbleed No. 0 (0-5) 0 (0-13) 0.55
Strictly deep/infratentorial microbleeds (%) 3 (7) 1 (2) 0.32
Strictly lobar microbleeds (%) 11 (24) 12 (27) 0.76

Other MRI markers b

White matter hyperintensity volume (mL) 6.9 ± 10.2 5.4 ± 5.5 0.36
Lacunar infarction (%) 13 (27) 10 (21) 0.51
Large vessel infarction (%) 2 (4) 3 (6) 0.63
Gray matter volume (% ICV) 39.1 ± 2.0 38.0 ± 2.2 0.02
White matter volume (% ICV) 30.5 ± 3.1 29.9 ± 2.4 0.30
Lateral ventricle volume (% ICV) 2.0 ± 1.0 2.7 ± 1.5 0.02

Table 2 MRI findings 

Data are presented as mean ± sD, n (%), or median (range). icv = intracranial volume
a  Determined at 7 Tesla field strength 
b  Determined at 3 Tesla field strength

Figure 2 number of microinfarcts (a) and microbleeds (b) in controls and patients 

with t2Dm. the number of microvascular lesions did not differ between the 

groups (mann Whitney u test for number of microinfarcts: p=0.35; for number of 

microbleeds: p=0.55). 93
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Discussion

In this first study on microvascular brain lesions in people with T2DM at ultra-high 
field MRI we did not observe an increased occurrence of microinfarcts or microbleeds 
compared to controls. Presence and number of microinfarcts or microbleeds were 
unrelated to cognitive performance. 
 Previous estimates on the occurrence of cerebral microinfarcts are solely based 
on autopsy studies, which identified them in around 24% of nondemented older 
individuals, with no significant differences between patients with T2DM and 
controls.11 However, in autopsy studies that specifically addressed people with 
dementia, microinfarcts were more common in patients with T2DM than in those 
without.12,13 In autopsy studies not specifically focusing on T2DM, microinfarcts 
have been related to cognitive impairment and dementia diagnosis before death.14,15 
These results suggest that the relationship between microinfarcts and cognition only 
becomes evident in cognitively symptomatic individuals. This may explain why we 
did not find a relation between microinfarcts and cognition in the present study. 
 Studies on the prevalence of microbleeds specifically in patients with T2DM are 
scarce. A few population-based studies showed diabetes mellitus to be associated 
with microbleeds (OR 2.2, 95% CI 1.2-4.2).16 Two recent studies, including the 
AGES-Reykjavik study, specifically addressed patients with T2DM. They showed 
no difference in overall microbleed occurrence between patients with T2DM 
and controls.17,18 Although, an increased likelihood of ≥2 microbleeds in diabetic 
patients (7%) compared to controls (4%) was reported.18 Both studies used 1.5T MRI 
and have found much lower prevalences compared with our study. Microbleeds 
did not mediate the association of diabetes and worse cognitive performance.18 
In previous large population-based cohorts, not specifically addressing T2DM, 
only weak associations between microbleeds and cognitive deficits have been 
reported,19,20 for example 0.4 MMSE points, for people with ≥5 microbleeds relative 
to those without.20 These studies are in line with our results showing modest or no 
relationships with cognition, despite the high sensitivity of high field strength MRI 
to detect microbleeds.
 Strengths of our study include the advanced technique for the detection of 
microvascular lesions, with a substantial sample size for an ultra-high field MRI 
study. We also employed a comprehensive cognitive examination in a well-defined 
population-based cohort. Importantly, our scan protocol has the advantage over 
neuropathology that almost the complete supratentorial part of the brain can be 
assessed (except for the temporal lobes), while autopsy studies only sample a small 94
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portion of the brain microscopically. Moreover, in previous neuropathological 
studies, the temporal lobe has not been reported as a location of preference.11 There 
are also limitations. Our MRI protocol can only detect the largest microinfarcts.9 It 
is uncertain if detected lesions are a good representation of the complete lesion load in 
the brain. Moreover, particularly the assessment of microinfarcts is rater dependent. 
Nevertheless, because the raters were blinded we do not expect systematic errors in 
lesion counts for the groups. Finally, in the patient group glycaemia and vascular 
risk factors were relatively well controlled. Although this does reflect current clinical 
practice guidelines21 it may have attenuated the contrast between the groups and 
may limit generalizability of our findings. Moreover, controls with IFG were not 
excluded from the study which might add to this effect. Our findings may therefore 
underestimate the occurrence of microvascular lesions in less well controlled patient 
populations. Nevertheless, the patients in our cohort did have other brain MRI 
abnormalities that are typical for T2DM. They had a modest degree of brain atrophy, 
in line with the literature,22 and we previously reported that these patients had 
disturbed white matter connectivity relative to controls,7,23 despite the observation 
that WMH volumes and the occurrence of brain infarcts did not differ between 
the groups, which has also been reported before.24,25 Finally, the effect size of the 
difference in cognitive performance compared with controls of around 0.2, although 
not statistically significant, is in line with a recent meta-analysis of the literature, 
which reports effect sizes of 0.2-0.4.26

 To conclude, this study showed no increased burden of cerebral microvascular 
damage in this well-controlled group of patients with T2DM compared to controls. 
Further studies should assess whether cerebral microvascular lesions do occur 
in patients who are less well controlled or have a high burden of microvascular 
complications elsewhere in the body.

95

cerebral microvascular lesions on high-resolution 7t mri in patients with type 2 diabetes

5



reFerences

1.  Biessels GJ, Deary IJ, Ryan CM. Cognition and diabetes: a lifespan perspective. Lancet 
Neurol 2008;7:184-190.

2.   Gorelick PB, Scuteri A, Black SE, DeCarli C, Greenberg SM, Iadecola C, Launer LJ, 
Laurent S, Lopez OL, Nyenhuis D, Petersen RC, Schneider JA, Tzourio C, Arnett DK, 
Bennett DA, Chui HC, Higashida RT, Lindquist R, Nilsson PM, Roman GC, Sellke 
FW, Seshadri S; American Heart Association Stroke Council, Council on Epidemiology 
and Prevention, Council on Cardiovascular Nursing, Council on Cardiovascular 
Radiology and Intervention, and Council on Cardiovascular Surgery and Anesthesia. 
Vascular contributions to cognitive impairment and dementia: a statement for healthcare 
professionals from the american heart association/american stroke association. Stroke 
2011;42:2672-2713.

3.   Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, Frayne R, Lindley RI, 
O'Brien JT, Barkhof F, Benavente OR, Black SE, Brayne C, Breteler M, Chabriat H, 
Decarli C, de Leeuw FE, Doubal F, Duering M, Fox NC, Greenberg S, Hachinski V, 
Kilimann I, Mok V, Van Oostenbrugge R, Pantoni L, Speck O, Stephan BC, Teipel S, 
Viswanathan A, Werring D, Chen C, Smith C, van Buchem M, Norrving B, Gorelick 
PB, Dichgans M; STandards for ReportIng Vascular changes on nEuroimaging 
(STRIVE v1). Neuroimaging standards for research into small vessel disease and its 
contribution to ageing and neurodegeneration. Lancet Neurol 2013;12:822-838.

4.   Smith EE, Schneider JA, Wardlaw JM, Greenberg SM. Cerebral microinfarcts: the 
invisible lesions. Lancet Neurol 2012;11:272-282.

5.   Van Veluw SJ, Zwanenburg JJ, Engelen-Lee J, Spliet WG, Hendrikse J, Luijten PR, 
Biessels, GJ. In vivo detection of cerebral cortical microinfarcts with high-resolution 7T 
MRI. J Cereb Blood Flow Metab 2013;33:322-329.

6.   Conijn MM, Geerlings MI, Biessels GJ, Takahara T, Witkamp TD, Zwanenburg JJ, 
Luijten PR, Hendrikse J. Cerebral microbleeds on MR imaging: comparison between 
1.5 and 7T. AJNR Am J Neuroradiol 2011;32:1043-1049.

7.   Reijmer YD, Brundel M, de Bresser J, Kappelle LJ, Leemans A, Biessels GJ. 
Microstructural white matter abnormalities and cognitive functioning in type 2 diabetes: 
a diffusion tensor imaging study. Diabetes Care 2013;36:137-144.

8.   Bril V, Perkins BA. Validations of the Toronto Clinical Scoring System for diabetic 
polyneuropathy. Diabetes Care 2002;25:2048-2052.

9.   Van Veluw SJ, Heringa SM, Kuijf HJ, Koek HL, Luijten PR, Biessels GJ. Cerebral 
Cortical Microinfarcts at 7Tesla MRI in Patients with Early Alzheimer's Disease.  
J Alzheimers Dis 2014;39:163-167.96

Chapter 5

5



10.   Kuijf HJ, de Bresser J, Geerlings MI, Conijn MM, Viergever MA, Biessels GJ, Vincken 
KL. Efficient detection of cerebral microbleeds on 7.0 T MR images using the radial 
symmetry transform. Neuroimage 2012;59:2266-2273.

11.  Brundel M, de Bresser J, van Dillen JJ, Kappelle LJ, Biessels GJ. Cerebral microinfarcts: a 
systematic review of neuropathological studies. J Cereb Blood Flow Metab 2012;32:425-436.

12.   Sonnen JA, Larson EB, Brickell K, Crane PK, Woltjer R, Montine TJ, Craft S. 
Different Patterns of Cerebral Injury in Dementia With or Without Diabetes. Arch 
Neurol 2009;66:315-322.

13.   Alafuzoff I, Aho L, Helisalmi S, Mannermaa A, Soininen H. Beta-amyloid deposition 
in brains of subjects with diabetes. Neuropathol Appl Neurobiol 2009;35:60-68.

14.   Launer LJ, Hughes TM, White LR. Microinfarcts, brain atrophy, and cognitive 
function: the Honolulu Asia Aging Study Autopsy Study. Ann Neurol 2011;70:774-780.

15.   Arvanitakis Z, Leurgans SE, Barnes LL, Bennett DA, Schneider JA. Microinfarct 
pathology, dementia, and cognitive systems. Stroke 2011;42:722-727.

16.   Cordonnier C, Al-Shahi Salman R, Wardlaw J. Spontaneous brain microbleeds: 
systematic review, subgroup analyses and standards for study design and reporting. Brain 
2007;130:1988-2003.

17.   Moran C, Phan TG, Chen J, Blizzard L, Beare R, Venn A, Munch G, Wood AG, 
Forbes J, Greenaway TM, Pearson S, Srikanth V. Brain Atrophy in Type 2 Diabetes: 
Regional distribution and influence on cognition. Diabetes Care 2013;36:4036-4042.

18.   Qiu C, Sigurdsson S, Zhang Q , Jonsdottir MK, Kjartansson O, Eiriksdottir G,  
Garcia ME, Harris TB, van Buchem MA, Gudnason V, Launer LJ. Diabetes, markers 
of brain pathology, and cognitive cognition: The AGES-Reykjavik study. Ann Neurol 
2014;75:138-146.

19.   Qiu C, Cotch MF, Sigurdsson S, Jonsson PV, Jonsdottir MK, Sveinbjrnsdottir 
S, Eiriksdottir G, Klein R, Harris TB, van Buchem MA, Gudnason V, Launer LJ. 
Cerebral microbleeds, retinopathy, and dementia: the AGES-Reykjavik Study. Neurology 
2010;75:2221-2228.

20.   Poels MM, Ikram MA, van der Lugt A, Hofman A, Niessen WJ, Krestin GP, Breteler 
MM, Vernooij MW. Cerebral microbleeds are associated with worse cognitive function: 
The Rotterdam Scan Study. Neurology 2012;78:326-333.

21.   Buse JB, Ginsberg HN, Bakris GL, Clark NG, Costa F, Eckel R, Fonseca V, Gerstein 
HC, Grundy S, Nesto RW, Pignone MP, Plutzky J, Porte D, Redberg R, Stitzel KF, Stone 
NJ; American Heart Association; American Diabetes Association. Primary prevention 
of cardiovascular diseases in people with diabetes mellitus: a scientific statement from 
the American Heart Association and the American Diabetes Association. Circulation 
2007;115:114-126. 97

cerebral microvascular lesions on high-resolution 7t mri in patients with type 2 diabetes

5



22.   Espeland MA, Bryan RN, Goveas JS, Robinson JG, Siddiqui MS, Liu S, Hogan PE, 
Casanova R, Coker LH, Yaffe K, Masaki K, Rossom R, Resnick SM; WHIMS-MRI 
Study Group. Influence of type 2 diabetes on brain volumes and changes in brain 
volumes: results from the Women's Health Initiative Magnetic Resonance Imaging 
studies. Diabetes Care 2013;36:90-97.

23.   Reijmer YD, Leemans A, Brundel M, Kappelle LJ, Biessels GJ. Disruption of the 
cerebral white matter network is related to slowing of information processing speed in 
patients with type 2 diabetes. Diabetes 2013;62:2112-2115.

24.   Van Elderen SG, de Roos A, de Craen AJ, Westendorp RG, Blauw GJ, Jukema JW, 
Bollen EL, Middelkoop HA, van Buchem MA, van der Grond J. Progression of 
brain atrophy and cognitive decline in diabetes mellitus: a 3-year follow-up. Neurology 
2010;75:997-1002.

25.   Schmidt R, Launer LJ, Nilsson LG, Pajak A, Sans S, Berger K, Breteler MM, de 
Ridder M, Dufouil C, Fuhrer R, Giampaoli S, Hofman A. CASCADE Consortium. 
Magnetic resonance imaging of the brain in diabetes: the Cardiovascular Determinants 
of Dementia (CASCADE) Study. Diabetes 2004;53:687-692.

26.   Palta P, Schneider AL, Biessels GJ, Touradji P , Hill-Briggs F. Magnitude of cognitive 
dysfunction in adults with type 2 diabetes: a meta-analysis of six cognitive domains and 
the most frequently reported neuropsychological tests within domains. J Int Neuropsychol 
Soc 2014;20:1-14.

98

Chapter 5

5



99

cerebral microvascular lesions on high-resolution 7t mri in patients with type 2 diabetes

5





PART II

cerebal
microvascular 

lesions





cerebral microinFarcts: 
a sYstematic revieW 

oF neuropathological 
stuDies

6

m brundel

j de bresser

j van Dillen

lj kappelle

gj biessels

Published in: J Cereb Blood Flow Metab 2012;32:425-436.



104

Chapter 6

abstract

Vascular cognitive impairment (VCI) is an umbrella term for cognitive dysfunction 
associated with and presumed to be caused by vascular brain damage. Autopsy 
studies have identified microinfarcts as an important neuropathological correlate 
of VCI that escapes detection by conventional MRI. As a frame of reference for 
future high-resolution MRI studies, we systematically reviewed the literature on 
neuropathological studies on cerebral microinfarcts in the context of vascular disease, 
vascular risk factors and cognitive decline and dementia. We identified 32 original 
patient studies involving 10515 people. The overall picture is that microinfarcts are 
common, particularly in patients with vascular dementia (weighted average 62%), 
Alzheimer’s disease (43%) and demented patients with both Alzheimer-type and 
cerebrovascular pathology (33%) compared to non-demented older individuals (24%). 
In many patients multiple microinfarcts were detected. Microinfarcts are described 
as minute foci with neuronal loss, gliosis, pallor or more cystic lesions. They are 
found in all brain regions, possibly more so in the cerebral cortex, particularly in 
watershed areas. Reported sizes vary from 50 μm to a few mm, which is within the 
detection limit of current high resolution MRI. Detection of these lesions in vivo 
would have a high potential for future pathophysiological studies in VCI.
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introDuction

Cerebrovascular disease is a common cause of cognitive decline and dementia. 
Cognitive decline associated with and presumed to be caused by cerebrovascular 
disease is referred to as Vascular Cognitive Impairment (VCI).1 VCI is thus an 
umbrella term for various clinical syndromes (e.g. vascular dementia, post-stroke 
dementia) and dementia associated with vascular risk factors. It comprises heterogenic 
pathological processes that affect both the brain vessels and parenchyma. Damage 
to brain parenchyma is visible on brain Magnetic Resonance Imaging (MRI) as 
lacunar and non-lacunar infarcts, macro- and microhaemorrhages and white matter 
hyperintensities.2 
 Recent brain autopsy studies showed that microinfarcts are another type of 
vascular brain damage that is related to impaired cognition, also in patients with 
a clinical diagnosis of Alzheimer’s disease (AD) without apparent macroscopic 
vascular pathology.3-5 Because of their limited size, microinfarcts go undetected on 
conventional MRI. However, with the introduction of ultra-high field strength 
clinical MR scanners, which offer a higher spatial resolution, it may be possible to 
detect them in vivo. In the light of these new developments, it is important to collect 
the data that is already available on microinfarcts from neuropathological studies, 
to form a frame of reference for future MRI studies. The aim of this paper is to 
systematically review the literature on neuropathological studies on microinfarcts 
as a marker of brain injury related to vascular diseases, vascular risk factors and 
cognitive impairment. 

material anD methoDs

Literature search strategy
Studies were identified by a systematic search of MEDLINE and EMBASE (1966 
to July 11th 2011). In brief, we used the search term ‘microinfarct’ and synonyms, e.g. 
microinfarction, microischemia, microvascular infarct and microvascular ischemia 
(for search string see supplementary table 1). Because we expected a limited number 
of relevant studies, we used a broad array of search terms in full and truncated form to 
identify all available papers. The bibliographies of relevant original and review articles 
were screened. Relevant studies were then selected by screening of title and abstract 
against predefined in- and exclusion criteria. Inclusion criteria were: 1) original 
patient studies (no reviews) concerning cerebral microinfarcts, either in the general 
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population or related to vascular brain damage (e.g. stroke, small vessel disease), 
vascular risk factors (hypertension, diabetes mellitus), or cognitive impairment or 
dementia; 2) the characteristics, frequency or distribution of microinfarcts had to be 
described in the study. No restriction on design or pathological assessment method 
was made. Case reports, narrative reviews, letters, animal studies and articles in 
languages other than English were excluded. Moreover, studies regarding auto-
immune brain diseases (e.g. systemic lupus erythematosus, vasculitis) or acute 
encephalopathy (e.g. hypertensive or post-anoxic encephalopathy) were excluded. 
Studies that did not distinguish between microinfarcts and lacunar infarcts (i.e. 
studies that combined all small infarcts <1.5 cm in their reports) were also excluded.  

Data extraction
The following data were extracted from included papers: 1) Study design: pro/
retrospective cohort, population-based or hospital-based; 2) Diagnosis of the 
examined group and sample size per diagnosis; 3) Diagnostic procedure: primarily 
on clinical criteria, primarily on neuropathological criteria, or on both; 4) 
Demographics: mean age at death and gender; 5) Pathological assessment method: 
sampling sites and slice thickness (see supplementary table 2), staining methods and 
immunohistochemistry. To facilitate interpretation of data presented in tables, data 
are grouped according to the following diagnoses: reference groups, AD, vascular 
dementia (VaD), cerebrovascular disease, and mixed dementia groups. Within these 
groups, the frequency, size, characteristics and distribution of microinfarcts and the 
number of microinfarcts per patient were listed (table 2). 

results
The literature search of MEDLINE and EMBASE yielded 571 articles. Of these, 
516 articles were excluded for the following reasons: reports on microinfarcts 
in other organs than the brain (n=276), reports on conditions other than chronic 
cerebrovascular disease, e.g. acute encephalopathy, infection or epilepsy (n=119), 
animal studies (n=45), narrative reviews (n=33), case reports (n=27), letters/comments 
(n=5) or language other than English (n=11). Eight more articles were included after 
screening the reference lists of the included articles. The majority of these were not 
identified by the original search because cerebral vascular injury was described in 
more general terms in title and abstract. 
 Thirty-nine articles met the inclusion criteria. One paper concerned 3 different 
cohorts,6 from which we only used the data of the National Alzheimer’s Coordinating 106
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Center (NACC). For the other two cohorts in that paper (i.e. the Adult Changes 
in Thought (ACT) Study and the Honolulu Asia Aging Study (HAAS)) data were 
extracted from the original published articles.3,7,8 When more than one paper reported 
on the same population,5,7,9-18 the paper with the largest population sample and the 
most detailed information on microinfarcts was included. There were 2 exceptions. 
Two out of four papers concerning the ACT cohort7,9-11 were included, because they 
described different samples from this cohort.7,9 Three out of eight papers concerning 
a cohort of autopsied patients at the Geriatric and Psychiatric Hospitals of the 
University of Geneva were included.5,12-18 The paper by Gold et al.16 described the 
largest sample. Two additional papers5,18 were also included because they provided 
relevant detailed information on sub-samples of this cohort (AD Braak stage III and 
dementia respectively). Hence, a total of 32 articles were included (Figure 1). 
 The design of these studies and the population characteristics are summarized in 
table 1; data on the frequency, size and characteristics of microinfarcts in table 2 and 3. 

Characteristics of the included studies 
Most studies had a retrospective design (some of a prospectively selected cohort); 
only four studies were prospective.3,8,19,20 The greater part (63%) concerned hospital-
based cohorts, mostly patients admitted to geriatric hospitals or dementia clinics. 
Twelve studies (41%) described a population-based cohort,3,7-9,19,21-25,35,41,50 mostly of 

Figure 1 selection of included studies
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Study Design a Diagnosis  (sample size) b Diagnosis based on c Mean age at death (range) Male (%)

Arvanitakis 19 P Population-based 1. Dementia (192)
2. No dementia (233)

Clinical ( NINCDS-ADRDA ) 1. 89
2. 85

1. 35
2. 43

Ballard 20 R Population-based 1. VaD (19)
2. NDD + VaD (11)
3. AD (37)

Clinical (DSM), 
neuropathology 
(NINDS-AIREN)

77 (onset dementia) 57

Brayne 22 RP Population-based 1. Dementia (113)
2. No dementia (100)

Clinical (DSM) 91 (81-101) 30

De Reuck 40 RP Hospital-based 1. AD (45)
2. DLB (8)
3. FTD (12)
4. No dementia (10)

Neuropathology (Braak) 1. 81
2. 78
3. 69
4. 69

1. 51
2. 63
3. 50
4. 60

De Reuck 29 RP Hospital-based 1. AD – CAA (12)
2. AD – no CAA (28)

Neuropathology (Braak) 1. 79
2. 76

1. 50
2. 43

Erkinjuntti 33 RP Hospital-based 1. AD (5)
2. VaD (27)
3. Dementia due to other causes (5)

Clinical (DSM) 1. 74 (57-83)
2. 80 (61-92)
3. 79 (74-83)

1. 60
2. 37
3. 40

Esiri 26 RP Hospital-based 1.CVD  (19)
2. VaD (24)
3. No dementia (18)

Neuropathology 1. 83
2. 76
3. 80

1. 63
2. 38
3. 55

Ghebremedhin 34 R Hospital-based 1. DLB (13)
2. PD (102)
3. No dementia, no PD (53)

Clinical 1. 76
2. 75
3. 74

1. 38
2. 59
3. 58

Gold 16 RP Hospital-based Dementia and no dementia (156) Clinical (CDR) 87 (73-101) 41

Haglund 42 RP Hospital-based VaD without AD (26) Neuropathology 82 50

Isojima 39 R x 1. DLB (25)
2. AD  (63)

Neuropathology
 (AD: CERAD)

1. 81 (67-94)
2. 83 (67-94)

1. 48
2. 35

Kövari  5 RP Hospital-based AD Braak stage 3 (43) Neuropathology (Braak) (73-101) 28

Lee 20 P Hospital-based 1. AD + CVD (201)
2. AD (36) 

Neuropathology (NIA), 
clinical (DSM)

1. 79
2. 84

1. 30 
2. 48

Longstreth 6 R Hospital-based admitted to NACC (6189) Neuropathology 81 48

Okamoto 44 R Hospital-based 1. AD (8)
2. VaD (6)

Neuropathology (CERAD, Braak) 1. 79
2. 77

x

Olichney 28 R Hospital-based 1. AD – severe CAA (50)
2. AD – mild CAA  (198)

Neuropathology (CERAD) x 1. 66
2. 55

Rossi 41 RP Hospital- and 
population-based 

1. AD (49)
2. Non-AD dementia (17)
3. MCI  (3)
4. No dementia (18)

Neuropathology 73 (44-99) 48

Table 1. characteristics of included studies
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Study Design a Diagnosis  (sample size) b Diagnosis based on c Mean age at death (range) Male (%)
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De Reuck 40 RP Hospital-based 1. AD (45)
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Neuropathology (Braak) 1. 81
2. 78
3. 69
4. 69
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3. 50
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De Reuck 29 RP Hospital-based 1. AD – CAA (12)
2. AD – no CAA (28)

Neuropathology (Braak) 1. 79
2. 76

1. 50
2. 43

Erkinjuntti 33 RP Hospital-based 1. AD (5)
2. VaD (27)
3. Dementia due to other causes (5)

Clinical (DSM) 1. 74 (57-83)
2. 80 (61-92)
3. 79 (74-83)

1. 60
2. 37
3. 40

Esiri 26 RP Hospital-based 1.CVD  (19)
2. VaD (24)
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2. 76
3. 80
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3. 55

Ghebremedhin 34 R Hospital-based 1. DLB (13)
2. PD (102)
3. No dementia, no PD (53)

Clinical 1. 76
2. 75
3. 74

1. 38
2. 59
3. 58

Gold 16 RP Hospital-based Dementia and no dementia (156) Clinical (CDR) 87 (73-101) 41

Haglund 42 RP Hospital-based VaD without AD (26) Neuropathology 82 50

Isojima 39 R x 1. DLB (25)
2. AD  (63)

Neuropathology
 (AD: CERAD)

1. 81 (67-94)
2. 83 (67-94)

1. 48
2. 35

Kövari  5 RP Hospital-based AD Braak stage 3 (43) Neuropathology (Braak) (73-101) 28

Lee 20 P Hospital-based 1. AD + CVD (201)
2. AD (36) 

Neuropathology (NIA), 
clinical (DSM)

1. 79
2. 84

1. 30 
2. 48

Longstreth 6 R Hospital-based admitted to NACC (6189) Neuropathology 81 48

Okamoto 44 R Hospital-based 1. AD (8)
2. VaD (6)

Neuropathology (CERAD, Braak) 1. 79
2. 77

x

Olichney 28 R Hospital-based 1. AD – severe CAA (50)
2. AD – mild CAA  (198)

Neuropathology (CERAD) x 1. 66
2. 55

Rossi 41 RP Hospital- and 
population-based 

1. AD (49)
2. Non-AD dementia (17)
3. MCI  (3)
4. No dementia (18)

Neuropathology 73 (44-99) 48
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Study Designa Diagnosis  (sample size) b Diagnosis based on c Mean age at death (range) Male (%)

Santos 27 R Hospital-based 1. Post-stroke depression (20)
2. No post-stroke depression (21)

Neuropathology (stroke), 
DSM (post-stroke depression)

1. 77 (stroke)
2. 78 (stroke)

1. 45
2. 52

Schneider 50 RP Population-based No dementia (148) Clinical 88 43

Del Ser 43 RP Hospital-based 1. AD (35)
2. AD + CVD (22)

Neuropathology 1. 77
2. 83

1. 46
2. 14

Sinka 18 RP Hospital-based 1. Dementia (71)
2. No dementia (22)

Clinical (DSM) 1. 95
2. 95

1. 36
2. 32

Sonnen 9 RP Population-based 1. Dementia (75)
2. MCI (47)
3.No dementia (89) 

Clinical (CASI, DSM) 1. 89
2. 88
3. 84

1. 44 
2. 49 
3. 37

Soontornniyomkij 30 R Hospital-based 1. Dementia + severe CAA (18)
2. Dementia + mild CAA  (21)

Clinical (dementia), neuropathology 
(CAA)

1. 82 (62-97)
2. 84 (69-101)

1. 56
2. 52

Strozyk 35 RP Hospital- and 
population-based 

1. Dementia (131)
2. No dementia (59)

Clinical (DSM) 84 35

Suter 45 R x 1. AD (105)
2. No dementia (79)

Neuropathology 
(NIA, CERAD) 

1. 78 (54-98)
2. 72 (57-87)

x

Troncoso 24 RP Population-based Elderly +/- dementia (179) Clinical (DSM) 87 68

Vinters 36 RP Hospital-based 1.  +/- dementia/ CVD (20)
2. No dementia, no CVD (3)

Clinical, MRI 1. 80 (68-92)
2. 80 (74-87)

1. 65
2. 67

Wang 7 RP Population-based 1. Age 65-80 (148)
2. Age >80 (102)

Age 1. 82
2.92

1. 45
2. 39

White 3 P Population-based
(selected)

Elderly (285) Age 85 (74-97) 100

White 8 RP Population-based 1. Dementia (183)
2. MCI (I70)
3. No dementia (190) 

Clinical (CASI) x 100

Xuereb 25 P Population-based 1. Dementia (47)
2. No dementia (52)

Clinical (CAMDEX) x (>75) 1. 35
2. 30

Yip 46 R Hospital-based AD (99) Neuropathology (NIA) 75 96

Table 1. characteristics of included studies (extended)

Studies are listed in alphabetical order. X = unknown/not-specified. 
a   Design: p = prospective, r = retrospective, rp = retrospective from prospective cohort
b   Diagnosis: VaD = Vascular dementia, NDD = neurodegenerative disease, AD = Alzheimer’s 

disease, mD = mixed Dementia, Dlb = dementia with lewy bodies, FtD = frontotemporal 

dementia, CAA = cerebral amyloid angiopathy, PD = Parkinson’s Disease, CVD = 

cerebrovascular disease
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Study Designa Diagnosis  (sample size) b Diagnosis based on c Mean age at death (range) Male (%)

Santos 27 R Hospital-based 1. Post-stroke depression (20)
2. No post-stroke depression (21)

Neuropathology (stroke), 
DSM (post-stroke depression)

1. 77 (stroke)
2. 78 (stroke)

1. 45
2. 52

Schneider 50 RP Population-based No dementia (148) Clinical 88 43

Del Ser 43 RP Hospital-based 1. AD (35)
2. AD + CVD (22)

Neuropathology 1. 77
2. 83

1. 46
2. 14

Sinka 18 RP Hospital-based 1. Dementia (71)
2. No dementia (22)

Clinical (DSM) 1. 95
2. 95

1. 36
2. 32

Sonnen 9 RP Population-based 1. Dementia (75)
2. MCI (47)
3.No dementia (89) 

Clinical (CASI, DSM) 1. 89
2. 88
3. 84

1. 44 
2. 49 
3. 37

Soontornniyomkij 30 R Hospital-based 1. Dementia + severe CAA (18)
2. Dementia + mild CAA  (21)

Clinical (dementia), neuropathology 
(CAA)

1. 82 (62-97)
2. 84 (69-101)

1. 56
2. 52

Strozyk 35 RP Hospital- and 
population-based 

1. Dementia (131)
2. No dementia (59)

Clinical (DSM) 84 35

Suter 45 R x 1. AD (105)
2. No dementia (79)

Neuropathology 
(NIA, CERAD) 

1. 78 (54-98)
2. 72 (57-87)

x

Troncoso 24 RP Population-based Elderly +/- dementia (179) Clinical (DSM) 87 68

Vinters 36 RP Hospital-based 1.  +/- dementia/ CVD (20)
2. No dementia, no CVD (3)

Clinical, MRI 1. 80 (68-92)
2. 80 (74-87)

1. 65
2. 67

Wang 7 RP Population-based 1. Age 65-80 (148)
2. Age >80 (102)

Age 1. 82
2.92

1. 45
2. 39

White 3 P Population-based
(selected)

Elderly (285) Age 85 (74-97) 100

White 8 RP Population-based 1. Dementia (183)
2. MCI (I70)
3. No dementia (190) 

Clinical (CASI) x 100

Xuereb 25 P Population-based 1. Dementia (47)
2. No dementia (52)

Clinical (CAMDEX) x (>75) 1. 35
2. 30

Yip 46 R Hospital-based AD (99) Neuropathology (NIA) 75 96

c   Diagnosis based on: nincDs-aDrDa = national institute of neurological and communicative 

Disorders and Stroke – Alzheimer’s Disease and Related Disorders Association criteria for 

Alzheimer’s Disease, DSM = Diagnostic and Statistical Manual of Mental Disorders, NINDS-AIREN 

= national institute of neurological Disorders and stroke and the association internationale 

pour la recherche et l'enseignement en neurosciences  criteria for vascular dementia, cDr 

= Clinical Dementia Rating scale, CERAD = Consortium to Establish a Registry for Alzheimer’s 

Disease, nia = national institute on aging-reagan institute, casi = cognitive assessment 

screening instrument, camDeX = cambridge Diagnostic examination for the elderly 111
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Study Sample (size) a Frequency (%) Size Characteristics  b

Reference groups  

Arvanitakis 19 Controls (233) 25.3 Microscopic x

Brayne 22 Controls (100) 43 x x

De Reuck 40 Controls (10) 10 x x

Ghebremedhin 34 Controls (53) 5.7 <2 mm x

Schneider 50 Controls (148) 24 Microscopic Acute: 4, chronic: 1, 2 

Sinka 18 Controls (22) 18.2 <1 mm x

Sonnen 9 Controls (89) 29 Microscopic 1, 3, 5

Suter 45 Controls (79) 2.5 300 μm – 2 mm x

Vinters 36 Controls (3) 33 Microscopic 1, 4

Wang 7 1. age 65-80 (148)
2.  age >80 (102)

1. 20.4
2. 24.2

Microscopic x

White 8 Controls (190) x Microscopic 1, 3, 5

Xuereb 25 Controls (52) 33.3 x x

Total: 1229 Weighted average: 24

MCI

Sonnen 9 MCI (47) 56 Microscopic 1, 3, 5

White 8 MCI (I70) x Microscopic 1, 3, 5

Total: 217

AD

Brayne 22 AD (76) 44 x x

De Reuck 29 AD (45) 15.6 x x

Erkinjuntti 33 AD (5) 20 Microscopic 1, 3, 4

Isojima 39 AD (63) 68 Microscopic x

Kövari 5 AD (43) 27.9 Microscopic x

Okamoto 44 AD (8) 100 100-500 μm 1, 4

Suter 45 AD (105) 32.4 300 μm – 2 mm x

Yip 46 AD (99) x (rare) < 2 mm 1, 2 

Total: 409 Weighted average: 43

Table 2. Microinfarcts in specific diagnostic groups 
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Study Sample (size) a Frequency (%) Size Characteristics  b

Reference groups  

Arvanitakis 19 Controls (233) 25.3 Microscopic x

Brayne 22 Controls (100) 43 x x

De Reuck 40 Controls (10) 10 x x

Ghebremedhin 34 Controls (53) 5.7 <2 mm x

Schneider 50 Controls (148) 24 Microscopic Acute: 4, chronic: 1, 2 

Sinka 18 Controls (22) 18.2 <1 mm x

Sonnen 9 Controls (89) 29 Microscopic 1, 3, 5

Suter 45 Controls (79) 2.5 300 μm – 2 mm x

Vinters 36 Controls (3) 33 Microscopic 1, 4

Wang 7 1. age 65-80 (148)
2.  age >80 (102)

1. 20.4
2. 24.2

Microscopic x

White 8 Controls (190) x Microscopic 1, 3, 5

Xuereb 25 Controls (52) 33.3 x x

Total: 1229 Weighted average: 24

MCI

Sonnen 9 MCI (47) 56 Microscopic 1, 3, 5

White 8 MCI (I70) x Microscopic 1, 3, 5

Total: 217

AD

Brayne 22 AD (76) 44 x x

De Reuck 29 AD (45) 15.6 x x

Erkinjuntti 33 AD (5) 20 Microscopic 1, 3, 4

Isojima 39 AD (63) 68 Microscopic x

Kövari 5 AD (43) 27.9 Microscopic x

Okamoto 44 AD (8) 100 100-500 μm 1, 4

Suter 45 AD (105) 32.4 300 μm – 2 mm x

Yip 46 AD (99) x (rare) < 2 mm 1, 2 

Total: 409 Weighted average: 43
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Study Sample (size) a Frequency (%) Size Characteristics  b

VaD

Brayne 22 VaD (4) 100 x x

Erkinjuntti 33 VaD (27) 70.4 Microscopic 1, 3, 4 

Esiri 26 VaD (24) 63 Microscopic GM: 1, 2, 5; WM: 2

Haglund 42 VaD (26) 57.7 < 5 mm 3, 4

Okamoto 44 VaD (6) 16.7 100-500 μm 1, 4

Total: 87 Weighted average: 62

Mixed dementia

Ballard 20 VaD +/- NDD (67) 40 x GM: 1, 2, 5; WM: 2

Brayne 22 AD+VaD (25) 75 x x

Lee 20 AD + CVD (201) 50 x 5

Olichney 28 1. AD - severe CAA (50)
2. AD - mild CAA  (198)

1. 22
2. 9

x x

De Reuck 40 AD - CAA (12) 42 x x

Del Ser 43 AD (35), AD+CVD (22) x <0.5 mm 1, 2  

Total: 553  Weighted average: 33

Table 2. Microinfarcts in specific diagnostic groups (extended)

x = unknown, gm = grey matter, Wm = white matter
a   MCI = mild cognitive impairment, AD = Alzheimer’s disease, VaD = Vascular dementia,  NDD 

= neurodegenerative disease, cvD = cerebrovascular disease,  caa = cerebral amyloid 

angiopathy 
 b  grouped as following: 

1.   gliotic lesions, including non-cystic lesions, microglial nodules, astrocytosis and fibrous and 

gemistocytic astrocytes

2.   cystic lesions (some described with ragged edges)

3.   necrotic lesions and pallor, including focal leukoencephalopathy, foci of myelin loss and 

tissue devitalisation 

4.   inflammatory reaction, including histiocytosis, activated macrophages and microglial 

activation

5.  neuronal loss or granular cortical atrophy
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Study Sample (size) a Frequency (%) Size Characteristics  b

VaD

Brayne 22 VaD (4) 100 x x

Erkinjuntti 33 VaD (27) 70.4 Microscopic 1, 3, 4 

Esiri 26 VaD (24) 63 Microscopic GM: 1, 2, 5; WM: 2

Haglund 42 VaD (26) 57.7 < 5 mm 3, 4

Okamoto 44 VaD (6) 16.7 100-500 μm 1, 4

Total: 87 Weighted average: 62

Mixed dementia

Ballard 20 VaD +/- NDD (67) 40 x GM: 1, 2, 5; WM: 2

Brayne 22 AD+VaD (25) 75 x x

Lee 20 AD + CVD (201) 50 x 5

Olichney 28 1. AD - severe CAA (50)
2. AD - mild CAA  (198)

1. 22
2. 9

x x

De Reuck 40 AD - CAA (12) 42 x x

Del Ser 43 AD (35), AD+CVD (22) x <0.5 mm 1, 2  

Total: 553  Weighted average: 33
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Table 3. microinfarcts in other diagnostic groups

Study Sample (size) a Frequency (%) Size Characteristics  b

Dementia/ no dementia combined

Gold 16 Dementia /no dementia (156) 41.7 <1 mm x

Longstreth 6 Age>65(+/-dementia) (6189) 19.7 Microscopic x (macroscopically 5)

Rossi 41 AD, dementia, MCI, controls (87) 40 x GM: 1, 2, 5; WM: 2

Strozyk 35 Dementia (131), controls (59) 15.8 Microscopic 1, 2, 3

Troncoso 24 Dementia/no dementia (179) 21.8 Microscopic x

White 3 Elderly (285) 19.3
(80.7 negligible)

50-400 μm, cystic larger 1, 3, 5

Dementia not specified

Arvanitakis 19 Dementia (192) 36.5 Microscopic x

Sonnen 9 Dementia (75) 63 Microscopic 1, 3, 5

Xuereb 25 Dementia (47) 40.5 x x

White 8 Dementia (183) x Microscopic 1, 3, 5

Sinka 18 Dementia (71) 54.9 <1 mm x

DLB

Isojima 39 DLB (25) 40 Microscopic x

De Reuck 40 DLB (8) 17.5 x x

Ghebremedhin 34 DLB (13) 30.8 <2 mm x

Vascular brain damage

Esiri 26 CVD (19) 26 Microscopic GM: 1, 2, 5; WM: 2

Santos 27 1. Post-stroke depression (20)
2. No post-stroke depression (21)

1. LH 35, RH 55
2. LH 24, RH 52

Microscopic 3, 5 

Soontornniyomkij 30 1. Dementia + severe CAA (18)
2. Dementia + mild CAA  (21)

1. 77.8
2. 33.3

< 5 mm 4

Vinters 36 +/- dementia/subcortical CVD (20) 60 Microscopic 1, 4

x = unknown, gm = grey matter, Wm = white matter
a   AD = Alzheimer’s disease, MCI = mild cognitive impairment, DLB = dementia with Lewy 

bodies,  cvD = cerebrovascular disease, caa = cerebral amyloid angiopathy
b   grouped as following: 

1.  gliotic lesions, including non-cystic lesions, microglial nodules, astrocytosis and fibrous and 

gemistocytic astrocytes116
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Study Sample (size) a Frequency (%) Size Characteristics  b

Dementia/ no dementia combined

Gold 16 Dementia /no dementia (156) 41.7 <1 mm x

Longstreth 6 Age>65(+/-dementia) (6189) 19.7 Microscopic x (macroscopically 5)

Rossi 41 AD, dementia, MCI, controls (87) 40 x GM: 1, 2, 5; WM: 2

Strozyk 35 Dementia (131), controls (59) 15.8 Microscopic 1, 2, 3

Troncoso 24 Dementia/no dementia (179) 21.8 Microscopic x

White 3 Elderly (285) 19.3
(80.7 negligible)

50-400 μm, cystic larger 1, 3, 5

Dementia not specified

Arvanitakis 19 Dementia (192) 36.5 Microscopic x

Sonnen 9 Dementia (75) 63 Microscopic 1, 3, 5

Xuereb 25 Dementia (47) 40.5 x x

White 8 Dementia (183) x Microscopic 1, 3, 5

Sinka 18 Dementia (71) 54.9 <1 mm x

DLB

Isojima 39 DLB (25) 40 Microscopic x

De Reuck 40 DLB (8) 17.5 x x

Ghebremedhin 34 DLB (13) 30.8 <2 mm x

Vascular brain damage

Esiri 26 CVD (19) 26 Microscopic GM: 1, 2, 5; WM: 2

Santos 27 1. Post-stroke depression (20)
2. No post-stroke depression (21)

1. LH 35, RH 55
2. LH 24, RH 52

Microscopic 3, 5 

Soontornniyomkij 30 1. Dementia + severe CAA (18)
2. Dementia + mild CAA  (21)

1. 77.8
2. 33.3

< 5 mm 4

Vinters 36 +/- dementia/subcortical CVD (20) 60 Microscopic 1, 4

2.   cystic lesions (some described with ragged edges)

3.   necrotic lesions and pallor, including focal leukoencephalopathy, foci of myelin loss and 

tissue devitalisation 

4.   inflammatory reaction, including histiocytosis, activated macrophages and microglial 

activation

5.  neuronal loss or granular cortical atrophy 117
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elderly, i.e. the ACT Study7-9 or the Baltimore Longitudinal Study on Aging.24 Two 
of these population-based studies involved specific groups of individuals: i.e. only 
men (HAAS)3,8 or people from religious orders (Religious Orders Study19) (Table 1). 
 The majority of patient studies concerned patients with dementia (AD (n=8), 
VaD (n=5), Lewy Body Dementia (LBD) (n=3), or different types of dementia mixed 
(n=5)), with or without a non-demented reference group. Six studies reported on a 
combination of people with and without dementia described as a single group. Two 
studies assessed patients with stroke,26,27 one study elderly without describing their 
cognitive status.6 Three papers concerned patients with cerebral amyloid angiopathy 
(CAA).28-30

 Thirteen studies (41%) diagnosed the patients primarily on neuropathological 
criteria.5,6,21,26,28,29,39-46  The most commonly used neuropathological criteria for AD 
were the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD)31 
and the Braak criteria.32 Fifteen studies (41%) primarily classified the patients 
on clinical criteria.3,7-9,16,18,19,22-25,33-36 The Diagnostic and Statistical Manual of 
Mental Disorders (DSM)37 was used most frequently, followed by the Cognitive 
Assessment Screening Instrument (CASI).38 Four studies based their diagnosis on 
a combination of neuropathology (cerebrovascular disease, AD,  stroke, CAA) and 
clinical examination (dementia, depression)20,21,27,30 (Table 1).
 The number of included patients varied per study between 14 and 6189, with a 
mean of 332 and a median of 99 patients. Different definitions of age were used. Age 
at death was most often used, which varied between a mean of 69 and 95 years of 
age. One paper reported age at onset of dementia,21 another the age at which stroke 
occurred27 (Table 1). 

Pathological assessment method
The areas of the brain that were sampled varied across papers. Eleven studies (34%) 
investigated only one hemisphere,19,20,22,24,25,29,33,26,39-41 while 13 studies (41%) assessed 
both hemispheres.3,5,7,8,16,18,21,23,26,27,30,42,43 The remainder (25%) did not specify which 
hemispheres were investigated.6,9,28,34,36,44-46  Twenty papers (69%) specified a sampling 
protocol that covered the major parts of the brain, including the frontal, temporal, 
parietal and occipital lobes, deep white and grey matter, brainstem and sometimes 
also the cerebellum.3,7-9,20-22,26,30,33-36,39,41,43,46 The remaining studies had a more limited 
brain coverage, i.e. only the four lobes44 or the temporal, parietal and frontal 
lobes combined with deep grey matter.5,16,27,28 One study  focused on the watershed 
areas,45 another study only on one midtemporal and one midparietal section42 (See 
supplementary table 2).  118
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A brain slice thickness for macroscopic examination of 10 mm was most common (14 
studies, 44%). One study used a brain slice thickness of 5 mm.36 Brain slice thickness 
was not specified in 17 papers (53%). The thickness of microscopic slices was 6 μm in 
three studies, 7 μm or 8 μm in one study each, 10 μm and 20 μm in four studies each 
and. It was not specified in 19 studies (59 %) (See supplementary table 2). 
Three studies reported to have used immunohistochemistry to visualize astrocytes, 
microglia and macrophages, i.e. with primary antibodies to glial fibrillary acidic 
protein (GFAP)36,44 or to Cluster of Differentiation 68 (CD-68).30,44 

Histological characteristics of microinfarcts 
The description of the appearance of microinfarcts varied between the studies from 
slit-like, triangular, round, barrel-shaped, stellate, granular to wedge-shaped forms. 
Frequently used terms were foci with neuronal loss (5 studies), gliosis (10 studies), 
cystic lesions (8 studies) or foci with pallor (2 studies) (Table 2 and 3, Figure 2). 
Six studies described features of an inflammatory response, namely activated 
macrophages,23,30,33,42,44,50 microglial activation42 and histiocytosis.36 Two papers 
reported to have used immunohistochemistry to define this inflammatory response. 
Okamoto et al.44 used infiltration by both GFAP positive astrocytes and CD-68 
positive microglia/microphages as a marker of recent occurrence of microinfarcts. 
In contrast, Soontorniyomkij et al.30 considered microscopic foci of CD-68 positive 
macrophage-infiltrated tissue destruction to be old microinfarcts. A few studies only 
included temporally remote microinfarcts, which they described as cystic or gliotic 
lesions and foci of pallor.3,8,9 

Figure 2. photomicrographs showing cortical cystic microinfarcts (a, b) and a small 

focus of collapsed gliotic tissue (c). material was stained with globus silver staining 

(a) and hematoxylin and eosin staining (b, c). scale bar a: 1000 mm, b: 250 mm. 

(images from: gold et al.16 (a); okamoto et al.44 (b); Strozyk et al.35 (c)) 119
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 Four papers only focused on cortical microinfarcts, which some of them 
described as widespread multiple tiny infarcts.6,18,20,27 
A substantial number of studies (50%) did not specify the term ‘microinfarct’, other 
than naming them ‘ischemic lesions’. 
 Overall, it seems to be that there is no universally accepted histological definition 
of microinfarcts in neuropathological studies, but that lesions can vary in shape and 
can appear both cystic or as more gliotic, pale lesions. In the acute stage there can be 
an inflammatory response. 

Size of microinfarcts 
Fourteen papers (44%) defined the size of microinfarcts as “not visible with the naked 
eye” or “only visible upon light microscopy”.3,5-7,9,19,23,24,26,27,33,35,36,39 Some studies (31%) 
explicitly described sizes of microinfarcts: 50 – 400 μm (with cystic microinfarcts 
being somewhat larger than noncystic microinfarcts);3 100 – 500 μm ;44 300 μm – 2 
mm ;45 ≤0.5 mm ;43 <1 mm;16,18 ≤ 2 mm;34,46 ≤5 mm.30,42 The remaining studies (25%) 
did not define the size of the lesions that they considered microinfarcts20-22,25,28,29,40,41 
(Table 2 and 3). 

Distribution of microinfarcts 
The compiled data of the included studies indicate that microinfarcts can occur 
throughout the brain, both in cortical and subcortical grey matter and white matter. 
Several papers (34%) allowed comparison of lesion occurrence between the cortex 
and subcortical areas. Some of these studies showed microinfarcts in all cortical 
and subcortical regions which were assessed,3,21 or described them more globally 
in grey and white matter.7,24,30,36 Only two studies specifically mentioned that 
there was no difference in appearance of microinfarcts between the cortex and 
subcortical regions,21,30 while one study described them to be more common in the 
subcortical areas.19 However, most of these studies did not describe if microinfarcts 
preferentially occurred in cortical or subcortical regions. Regarding specific brain 
areas, two studies described them to appear most commonly in the parietal and 
occipital regions.30,44 Two studies found microinfarcts only in the watershed areas,35,45 
others only in the cortical grey matter.20,28 White et al.3 found cortical microinfarcts 
mostly located toward the base of the grey matter, while Okamoto et al.44 described 
them mostly in the superficial layers of the cortex.  
 Taken together, these results indicate that microinfarcts can appear in all brain areas. 
Most studies did not specifically compare lesion occurrence in different brain regions. 
Some found them to be more abundant in the watershed areas or cerebral cortex. 120
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Frequency
Frequencies of cerebral microinfarcts are described in table 2 and 3. Twelve 
studies included non-demented people, totaling 1229 individuals.7-9,18,19,22,23,25,34,36,40,45 
The frequency of microinfarcts ranged from 3 to 43% (weighted average 24%). 
Eight studies concerned patients with AD,5,22,33,39,40,44-46 with a total sample size of 
409 patients (range 5-105). Microinfarcts were detected in 20-100% of the patients, 
with a weighted average of 43%. One study on patients with AD only described 
microinfarcts to be ‘rare’.46  
 In five studies on vascular dementia, with a total sample size of 87 (range 4-27), 
the frequency of microinfarcts ranged from 16.7 to 100%, with a weighted average of 
62%.22,26,33,42,44 

 Six articles investigated pooled populations of patients with AD and VaD or 
cerebrovascular disease. In five of these papers, the frequency could be extracted. 
The summed sample size was 553, and the weighted frequency was 33%.20-22,28,29,43 
 One study reported that microinfarcts were detected in 27 (56%) of 47 patients 
with mild cognitive impairment (MCI).9 The frequency of microinfarcts was 
relatively high in patients with MCI compared to the other diagnostic groups, but 
this estimate was only based on a small number of patients.
 Three studies examined patient groups with vascular brain disease. Esiri et al.26 
identified microinfarcts in 26% of the cases with neuropathological determined 
cerebrovascular disease, Soontorniyomkij et al.30 in 78% of the demented patients 
with severe and in 33% of the patients with mild or absent amyloid angiopathy. 
Finally, Santos et al.27 identified similar prevalences in patients with and without 
post-stroke depression (left hemisphere 35-24% and right hemisphere 55-52%). 
 The frequency in mixed populations of patients with and without dementia 
ranged from 16-42% (weighted average 20%).3,6,16,24,35,41 

 One study observed that the mean age was significantly higher in those with 
microinfarcts.6

 Overall, the mean age at death of the different study populations was quite ho-
mogeneous. Therefore, based on our survey, no definite conclusions can be drawn on 
the relation between age and microinfarct occurrence. The extensiveness of pathologi-
cal assessment (i.e. the amount of examined brain regions and slice thickness) seemed 
to have no influence on the frequency, though it was difficult to compare the studies 
and frequencies because of the variety of assessment methods and study populations. 
 Overall, the frequency of microinfarcts varied across studies, but microinfarcts 
are particularly common in patients with other types of cerebrovascular brain 
damage and/or dementia. 121
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Number of microinfarcts per patient 
The majority of studies (72%) did not specify lesion numbers per individual patient. 
Haglund et al.42 mentioned a maximum of fifteen microinfarcts detected in one 
patient (only one midtemporal and one midparietal coronal section were examined). 
Arvanitakis et al.19 reported a mean number of microinfarcts of 1.6 ± 0.9, 62% of the 
129 persons had a single microinfarct and 38% had multiple microinfarcts. 
 Some studies used a semiquantitative scale, for example 0, 1-2 and >2 microinfarcts 
(with corresponding prevalence, that ranged from 6% with multiple microinfarcts in non-
demented individuals to 31% in patients with dementia);9 <3; 3; ≥4 in the basal ganglia and 
thalamus and <3; 3-4; ≥5 in the neocortex (81% of the patients had <3 microinfarcts in both 
categories, 1% the highest category);3 or ‘multiple’.20,36 The remaining studies mentioned 
the number of microinfarcts per patient more precisely: 0-4 in patients with different 
types of dementia;33 a mean of 6 microinfarcts (range 1-37) in 14 patients with severe 
CAA and 3 (range 1-6) in 7 patients with mild CAA;30 1-4 per watershed zone area.45 

Figure 3 example of cortical ischemic lesions on mr images obtained at 7tesla. Flair 

images from a 57 year old woman with a history of atrial fibrillation who presented 

with aphasia and left-sided hemiparesis based on cortical ischemia in the right middle 

cerebral artery territory. note the small cortical hyperintensities (arrows), which 

represent minute acute ischemic lesions.
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 In summary, in studies that mentioned the number of microinfarcts per patient, 
the majority of patients had multiple infarcts. Importantly, it should be noted that 
it is impossible to examine the whole brain neuropathologically and quite a number 
of studies investigated only limited sampling sites. Therefore, the actual number of 
microinfarcts per individual could be up to several hundredfold higher than has been 
described in these studies. 

Clinical correlates of microinfarcts 
Because papers examined different study populations, microinfarcts were reported 
to be associated with various conditions. Several studies reported microinfarcts to be 
associated with a clinical diagnosis of “dementia”,9,16,18,19,24 neuropathologically confir-
med AD,39,44,45 a clinical diagnosis of VaD22,26 or “cognitive dysfunction”.3,5,8 However, 
others found no relationship between microinfarcts and dementia,22,35 AD pathology25 
or pathologically determined VaD.44 There were no differences in sample size or pa-
thological assessment method between papers that have or have not found an asso-
ciation with different forms of dementia. Overall, the group of investigated patients 
with VaD was small. The occurrence of cavitated microinfarcts in the basal ganglia in 
patients with AD may be modulated by APOE4 genotype.46

 A number of studies found an association between microinfarcts and other 
cerebrovascular disease: lacunar infarcts,36,41 small (<15 ml) macroscopic infarcts,21 
macroinfarcts6,19,23,24 and leukoencephalopathy.6,41 There may be an association 
between microinfarcts and CAA, but reported frequencies are not consistent.28-30,42

 Finally, a few studies described a relationship between microinfarcts and vascular 
risk factors (systolic blood pressure, diabetes mellitus, myocardial ischemia).6,7,47  

Discussion
This systematic review includes 32 papers concerning neuropathological studies on 
cerebral microinfarcts in patients with cognitive dysfunction or cerebrovascular 
disease. Microinfarcts are described as gliotic or cystic lesions, sometimes with 
neuronal loss, and may occur in all brain regions, although the cerebral cortex may 
be a preferential location. Microinfarcts are commonly described in the elderly, 
particularly in patients with VaD, AD and cerebrovascular disease. In the majority 
of cases multiple microinfarcts are observed.
 The studies described in this review differed in several aspects. Study populations 
did not only consist of groups of patients with different types of dementia, but 
also involved demented and non-demented people together and groups with 123
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different types of cerebrovascular disease. The frequency of microinfarcts seems to 
increase in patients with dementia (VaD as well as AD) and dementia combined 
with cerebrovascular disease compared to controls. However, because pathology 
studies cannot achieve full brain coverage, these numbers are unlikely to be precise 
estimates of the true prevalence of microinfarcts. For the same reason, it is difficult 
to draw conclusions on the number of microinfarcts per patient. In the papers that 
did report microinfarct numbers in their samples, the majority of patients had 
multiple microinfarcts. Therefore the actual number for the whole brain could be 
up to hundreds or thousands. About half of the studies used a population-based 
cohort, the others a hospital-based cohort. In both types of cohorts, sampling bias is 
inevitable. A limitation of population-based studies is selection bias, due to a limited 
number of participants. In hospital-based studies, especially from tertiary reference 
centres, atypical types of dementia could be overrepresented. However, we have not 
found systematic differences in frequency of microinfarcts between these two types 
of cohorts. 
 Finally, we used a broad array of search terms to find as many neuropathological 
studies on cerebral microinfarcts as possible, and did not use inclusion/exclusion 
criteria with respect to specific features or definitions of the microinfarcts. This is 
reflected in the large variability in the characteristics of microinfarcts reported in the 
different studies, such as size and appearance, but may also be a source of differences 
in microinfarct frequencies and numbers between studies. As such, this review 
demonstrates that there is an obvious need for standardisation of neuropathological 
criteria for microinfarcts, in order to achieve better correspondence of findings from 
different laboratories in future studies. 
 The presence of microinfarcts was often correlated to small vessel disease, 
represented by lacunar infarcts36,41 and leukoencephalopathy on both neuropathological 
examination and brain CT or MRI prior to death.6,41 Furthermore, a few studies assessed 
patients with CAA and found an association with the occurrence of microinfarcts.28-30 
Others found cortical vessels in immediate proximity to microinfarcts often to be 
engorged with amyloid.42 Small vessel disease, as well as amyloid angiopathy, can 
cause marginal local brain perfusion.2 Moreover, cortical microinfarcts may be more 
common in the watershed areas.35,45

 Microinfarcts and other vascular damage of the cerebral parenchyma with which 
they are associated, can result in lower cognitive performance. Indeed, microinfarcts 
seem to be associated with cognitive dysfunction and dementia. An explanation 
could be that microinfarcts themselves, because of neuronal loss, lead to intellectual 
decline. Disturbances in neuronal connectivity throughout the brain could also be 124
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the cause of cognitive dysfunction. 
 Because microinfarcts are correlated to vascular brain damage and 
dementia, detection of these lesions in vivo may have a high potential for future 
pathophysiological studies in VCI. Detection in vivo would make it possible to 
investigate their evolution over time and their relationship with the development 
of cognitive impairment and dementia. Based on the neuropathological findings 
on microinfarcts, i.e. their widespread appearance, differences in shape and the 
fact that they can appear as both gliotic and cystic lesions, it will be a challenge 
to recognize them on MR imaging. Nevertheless, with ultra-high field (7 Tesla) 
MRI, we have already been able to visualize cortical hyperintense lesions which may 
represent small ischemic lesions (figure 2). To visualize microinfarcts on brain MRI, 
one should focus on all brain regions, probably with particular attention for the 
watershed areas and cerebral cortex. Cystic microinfarcts would be hypointense on 
FLAIR images and hyperintense on T2-weighted images. The more gliotic lesions 
will result in a hyperintense signal on both T2-weighted and FLAIR images. With 
the current resolution that can be achieved by a 7 Tesla MRI scanner, microinfarcts 
are expected to give focal signal intensity changes in only one or a few voxels. 
Therefore, typical characteristics that can be seen in a histological biopsy will be 
difficult to recognise. Furthermore, up to the present, an inflammatory response can 
only be visualised on brain MRI in experimental studies.48,49 Future research should 
focus on radiological-pathological correlates in human as well.
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Pubmed search string
(‘microinfarct’[tiab] OR ‘microinfarction’[tiab] OR ‘microinfarcted’[tiab] OR 
‘microinfarctions’[tiab] OR ‘microinfarcts’[tiab] OR ‘microischemia’[tiab] OR 
‘microischemic’[tiab] OR ‘micro infarct’[tiab] OR ‘micro infarcted’[tiab] OR 
‘micro infarction’[tiab] OR ‘micro infarctions’[tiab] OR ‘micro infarcts’[tiab] 
OR ‘micro ischaemia’[tiab] OR ‘micro ischaemic’[tiab] OR ‘microvascular 
infarcts’[tiab] OR ‘microvascular infarction’[tiab] OR ‘microvascular 
ischemia’[tiab] OR ‘microvascular ischaemia’[tiab])

Embase search string
(‘microinfarct’:ti,ab OR ‘microinfarction’:ti,ab OR ‘microinfarcted’:ti,ab OR 
‘microinfarctions’:ti,ab OR ‘microinfarcts’:ti,ab OR ‘micro infarct’:ti,ab OR 
‘micro infarcted’:ti,ab OR ‘micro infarction’:ti,ab OR ‘micro infarctions’:ti,ab OR 
‘micro infarcts’:ti,ab OR ‘ micro ischaemia’:ti,ab OR ‘micro ischaemic’:ti,ab OR 
‘microischemia’:ti,ab OR ‘microischemic’:ti,ab OR ‘microvascular infarcts’:ti,ab 
OR ‘microvascular infarction’:ti,ab OR ‘microvascular ischemia’:ti,ab OR 
‘microvascular ischaemia’:ti,ab)

Supplementary table 1. search strings
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Study Sampling site a Slice thickness 

Brain 
slices 
(mm)

Microscopic 
slices 
(μm)

Arvanitakis 19 F(c), T(c), P(c), hippocampus,  
cingulate cortex, BG, midbrain

10 6

Ballard 20 F, T, P, O, DWM, BG, brainstem,  
hippocampus

x x

Brayne 22 F, T, P, O, BG, hippocampus, ‘other’ x 10

De Reuck 40 F, T, BG, brainstem, cerebellum x x

De Reuck 29 F, T, BG, brainstem, cerebellum x x

Erkinjuntti 33 F, P, T, O, DGM, brainstem, cerebellum 10 10

Esiri 26 F, P, T, DWM, DGM 10 x

Ghebremedhin 34 F, P, T, O, hippocampus, cingulate cortex, 
BG, DWM, brainstem, cerebellum

x 10

Gold 16 T(c), F(c), P(c), hippocampus 10 20

Haglund 42 Mid T, mid P coronal x x

Isojima 39 each area 10 7

Kövari  5 F, P, T, hippocampus 10 20

Lee 20 F, P, T, cingulate cortex, DGM, 
brainstem, cerebellum

10 x

Longstreth 6 x x x

Okamoto 44 T(c), F(c), P(c), O(c) x x

Olichney 28 T, F, P, hippocampus, cingulate cortex, 
midbrain

x x

Rossi 41 T, F, P, O, DWM, DGM, brainstem x x

Santos 27 T, F, P, hippocampus 10 20

Schneider 50 F(c), T(c), P(c), hippocampus, DGM, 
midbrain

10 6

Del Ser 43 F(c), P(c), T(c), O(c), hippocampus, WM 10 x

Sinka 18 T(c), F(c), P(c), O(c), hippocampus 10 20

Sonnen 9 GM, WM x x

Supplementary table 2. pathological assessment method of included studies
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Studies are listed in alphabetical order. X = unknown/not-specified. 
a    F(c) = frontal (cortical), t = temporal, p = parietal, o = occipital, bg = basal ganglia, (D)Wm = 

(deep) white matter, (D)gm = (deep) grey matter 

Study Sampling site a Slice thickness 

Brain 
slices 
(mm)

Microscopic 
slices 
(μm)

Soontornniyomkij 30 F, P, T, O, hippocampus, 
cingulate cortex, cerebellum

x 6

Strozyk 35 F, P, T, motor cortex, cingulate cortex, calca-
rine cortex, DGM, brainstem, cerebellum

x x

Suter 45 F and P watershed areas x x

Troncoso 24 F, P, T, O, cingulate cortex, DGM, 
brainstem, cerebellum

x x

Vinters 36 All grossly identifiable lesions, cortex, 
DWM, DGM

5 x

Wang 7 F, P, T, O, capsula interna, BG, thalamus x x

White 3 38 brain regions  10 8

White 8 36 brain regions 10 x

Xuereb 25 F, P, T, O, DGM, brainstem, cerebellum x x

Yip 46 P, T, calcarine cortex, WM,  
hippocampus, DGM, brainstem

x 10
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abstract

Background Cerebral small vessel disease (SVD) is a common feature of brain ageing 
and can be visualized with magnetic resonance imaging (MRI). Microvascular lesions, 
i.e. microinfarcts and microbleeds, receive increasing attention as MRI markers of 
SVD. With ultra-high field MRI microinfarcts can now be visualized in vivo, and the 
detection of microbleeds is also greatly enhanced. The present study investigated the 
prevalence of microinfarcts and microbleeds at 7T MRI in persons aged 40-80, and 
their relationship with vascular risk factors and other markers of SVD. 
Methods 103 functionally independent subjects (48% male, mean age 66.6±8.4 
years) without major neurological conditions were recruited trough their general 
practitioners and underwent brain MRI at 7T and conventional field strength (1.5 or 
3T). The occurrence of cortical microinfarcts and cerebral microbleeds, determined 
at 7T FLAIR and T1-weighted images and T2*-weighted images respectively, 
were related to age, vascular risk factors and to lacunar infarcts, white matter 
hyperintensity (WMH) volumes and brain volumes on conventional MRI.  
Results  38% of the persons had cortical microinfarcts; 38% had microbleeds. The 
number of microbleeds was related to age (r=0.245, p=0.017), but the number of 
microinfarcts was not (r= -0.014, p=0.892). Neither the presence of  microinfarcts nor 
that of  microbleeds was related to vascular risk factors or lacunar infarcts, WMH 
volumes or total brain volume.  
Conclusions This first study on microvascular brain lesions at ultra-high field MRI 
in persons without major neurological conditions, shows that they are common and 
already present from middle-aged onwards. Microinfarcts in particular are less 
clearly related to age than conventional markers of SVD. 
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introDuction

Cerebral small vessel disease (SVD) is a common feature of brain ageing and a key 
contributor to cognitive decline and dementia.1 On magnetic resonance imaging 
(MRI), SVD can be visualized as recent small subcortical infarcts, white matter 
hyperintensities (WMH), lacunes, prominent perivascular spaces, microbleeds and 
brain atrophy.1 The occurrence and degree of WMH, lacunar infarcts and brain 
atrophy increases with age2-4  and has been related to vascular risk factors, such 
as hypertension.5 Importantly, these conventional markers of SVD do not capture 
the full burden of cerebral microvascular damage. Neuropathological studies have 
identified microinfarcts as another important feature of SVD.6,7 These cerebral 
microinfarcts have been related to cognitive dysfunction and dementia before death.8 
However, their relation to age and vascular risk factors is incompletely known, since 
only post-mortem data are available. Ultra-high resolution 7T MRI now, for the 
first time, permits visualization of cortical microinfarcts in vivo9 and also greatly 
enhances the detection of cerebral microbleeds.10 This provides the opportunity to 
characterize these MRI markers of microvascular brain damage in vivo. 
 The present study investigated the prevalence of microinfarcts and microbleeds in 
a sample of subjects without major neurological conditions aged 40-80, and assessed 
the relationship with age, vascular risk factors and other MRI markers of SVD. 

methoDs

Subjects were selected from two related cohorts with similar work-up: 1. The second 
Utrecht Diabetic Encephalopathy Study (UDES2), a study on MRI-correlates of 
type 2 diabetes mellitus (T2DM) that included both participants with and without 
diabetes between 65-80 years of age;11 and 2. the PREDICT-MR study, a prospective 
cohort MR study of individuals attending their general practitioner, not selected 
for the presence of specific medical conditions.12 Both UDES2 and PREDICT-MR 
recruited functionally independent subjects from general practices in Utrecht and 
surrounding areas. Participants were eligible for the present 7T study if they met the 
following criteria: 1) age above 40; 2) no dementia or other known major neurological 
conditions; 3) no recent non-disabling stroke (<2 years) or any disabling stroke; 4) 
no contra-indications for 7T MRI; 5) the 7T MRI scan included a fluid attenuated 
inversion recovery (FLAIR) and T1-weighted sequence, or a T2*-weighted sequence, 
needed for detection of microvascular lesions. 137
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 The UDES2 included 61 participants without DM. In addition, a random 
sample of patients with DM (n=9) were selected for the present study to ensure that 
the prevalence of DM was in accordance with the prevalence of DM in the Dutch 
population (14-21%).13 Of these 70 participants, 13 had no (complete) 7T MRI scan 
(1 with and 12 without T2DM). Therefore, 57 participants were included.
 From the 50 participants of the PREDICT-MR study with a 7T MRI, 46 had 
a FLAIR and T1-weighted sequence, or a T2*-weighted sequence  and  met our 
inclusion criteria. Hence, the total study sample consisted of 103 subjects (see Figure 1).  
  On the day of the 7T scan all subjects underwent a standardized evaluation, 
including medical history, physical and neurological examination and laboratory 
testing. On the same day, they also underwent regular 3T (UDES2) or 1.5T 
(PREDICT-MR) MRI.  The 7T MRI was used for the detection of microvascular 
lesions. The 1.5/3T MRIs were used for the detection of WMHs, brain infarcts and 
the determination of brain volumes and intracranial volumes. 
 Both studies were approved by the medical ethics committee of the University 
Medical Center Utrecht and all subjects gave written informed consent. 

Figure 1. Flow chart of study participants138
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MRI scanning protocol 
Scans for both cohorts were acquired on a 7T MR system (Philips Healthcare, 
Cleveland, OH, USA) with a volume transmit and 16 or 32-channel receive head coil 
(Nova Medical, Wilmington, MA, USA), with a standardized protocol including:  
1. dual-echo T2*-weighted sequence (repetition time (TR)/first echo time (TE)/
second TE = 20/6.9/15.8 ms, reconstructed voxel size 0.39 x 0.39 x 0.35 mm3; 
2. volumetric (3D) T1-weighted sequence (TR/TE 4.8/2.2 ms, reconstructed voxel size 
0.66 x 0.66 x 0.50 mm3);3. 3D FLAIR (TR/inversion time (TI)/TE: 8000/2325/300 
ms, reconstructed voxel size 0.49 x 0.49 x 0.40 mm3). 
 In the UDES2 the 3T MRI (Philips Medical Systems, Best, the Netherlands) 
protocol included, among others, a FLAIR sequence (TR/TI/TE 11000/2800/125 
ms, reconstructed voxel size 0.96 x 0.95 x 3.00 mm3), a 3D T1-weighted sequence 
(TR/TE 7.9/4.5 ms, voxel size 1.00 mm3 isotropic) and a dual-echo T2-weighted 
sequence (TR/TE 3198/19;140 ms, reconstructed voxel size 0.96 x 0.95 x 3.00 mm3). 
 In the PREDICT-MR the 1.5T MRI (Philips Medical Systems, Best, the 
Netherlands) protocol included, among others, a FLAIR sequence (TR/TI/TE 
4800/1600/317 ms, reconstructed voxel size 0.98 x 0.98 x 0.55 mm3), a 3D T1-weighted 
sequence (TR/TE 6.8/3.1 ms, reconstructed voxel size 0.98 x 0.98 x 0.55 mm3) and a 
dual-echo T2-weighted sequence (TR/TE 2200/11;100 ms, reconstructed voxel size 
0.90 x 0.90 x 4.00 mm3).

Detection of microvascular lesions
Microvascular lesions were rated visually on 7T MRI scans by two independent 
raters, blinded to clinical information. In case of disagreement, consensus was 
obtained in a consensus meeting. 
 Cortical microinfarcts were defined as either small hyperintense (probably 
gliotic) lesions or hypointense lesions with a hyperintense rim (probably cystic) on the 
FLAIR image, corresponding with a hypointense lesion on the T1-weighted sequence 
(as previously described,8  but without use of a T2-weighted sequence, because that 
was not available for all subjects). Each lesion had to be detectable on at least two 
views (sagittal, coronal and transversal), had to be ≤3mm in size, and restricted to the 
cortex to be classified as a microinfarct. Due to low signal-to-noise ratio on the 7T 
FLAIR images in the temporal lobes and cerebellum, these areas were not evaluated. 
Two raters marked all possible and probable microinfarcts. In a consensus meeting it 
was decided which lesions eventually were classified as microinfarcts. 
 Microbleeds were detected on the T2*-weighted images by the previously 
described semi-automatic method based on the radial symmetry transform (RST).14 139
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The method was slightly modified by incorporating minimum intensity projection 
images. This improves the sensitivity and reduces the number of suspected microbleed 
locations.15 The RST result was then censored visually to select true microbleeds. 
 The inter-rater agreement was excellent for number of microbleeds (ICC (95% 
CI): 0.88 (0.83; 0.92)) and fair for number of microinfarcts (ICC=0.43 (0.25; 0.58)) The 
lower ICC for microinfarcts can be explained partially by the fact that all possible 
microinfarcts were also marked by each rater. 

Other MRI measures
WMHs were outlined manually on the 1.5T or 3T FLAIR images and their volumes 
were calculated. Brain infarcts were rated visually on FLAIR and T1-weighted 
images and classified as large vessel infarcts (>1.5 cm) or lacunar infarcts.1 Total 
brain volumes were determined using the Statistical Parametric Mapping software 
package (SPM12, www.fil.ion.ucl.ac.uk/spm), executed in Matlab (MathWorks, 
Natick, MA, USA) and visually checked. Volumes were expressed as a percentage 
of intracranial volume (ICV), which was outlined manually on the T2-weighted 
images. 

Cardiovascular risk factors
Cardiovascular risk factors were assessed by questionnaires, a standardized interview, 
physical examination and laboratory testing. Risk factors included in our analyses 
were systolic and diastolic blood pressure (mean of three measurements), current 
smoking, diabetes mellitus, serum total cholesterol and a history of a cardiovascular 
events (defined as a clinical history of myocardial infarction, stroke (not including 
TIA) or endovascular or surgical treatment of carotid, coronal or peripheral arterial 
disease).

Statistical analyses
The relationships between number of (microvascular) lesions and WHM volumes 
and age were measured with Spearman’s rank correlation coefficient, because of 
non-normal distribution of the data. The relationships between total brain volumes 
and age were examined with linear regression analyses. The relationships between 
the presence of microinfarcts or microbleeds (as dependent variable) and age, sex, 
cardiovascular risk factors and other markers of SVD (lacunes, WMH volumes 
and total brain volume), were assessed with logistic regression analyses, adjusted for 
age and sex. WMH volume was naturally log transformed because of non-normal 
distribution.   140
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results

Table 1 shows the characteristics of all 103 participants. Mean age was 66.6 ± 8.4 
years and 48% were male. As expected, considering the different inclusion criteria 
with respect to age, the two cohorts differed significantly in mean age (UDES2: 
71 ± 4 years; PREDICT-MR: 61 ± 9 years), mean systolic blood pressure (UDES2: 
147 ± 21 mm Hg; PREDICT-MR: 135 ± 15 mm Hg) and use of cholesterol lowering 
drugs (UDES2: 44%; PREDICT-MR: 24%) (all p<0.05). Furthermore, the groups 
differed significantly in sex distribution (UDES2: 58% male; PREDICT-MR: 35% 
male, p=0.020). 
 Ninety-seven persons had FLAIR and T1-weighted sequence, required  to 
rate cortical microinfarcts. Cortical microinfarcts were present in 37 persons (38%). 
Microinfarcts were found in all age categories, varying from 24-50%. The number of 
microinfarcts in one person ranged from 0-5; most subjects with microinfarcts had 
a single lesion (27 persons) (table 2). The number of microinfarcts was not related to 
age (correlation coefficient: -0.014, p=0.892) (figure 2). Logistic regression analyses 
did not show a relationship between the presence of microinfarcts and blood 
pressure, cholesterol levels, diabetes mellitus and current smoking, or with other 
MRI markers of SVD (table 3). 
 Ninety-four persons had a T2*-weighted MR sequence, required  to rate 
microbleeds. Cerebral microbleeds were present in 36 persons (38%). The prevalence 
ranged from 30-51% across age categories. Number of microbleeds ranged from 0-6. 
Most subjects with microbleeds had a single lesion (20 persons) (table 2). Of those 
with microbleeds, twenty-four subjects (67%) showed strictly lobar microbleeds; 
4 (11%) showed strictly infratentorial/deep microbleeds. There was a significant 
correlation between number of microbleeds and age (correlation coefficient: 0.245, 
p=0.017) (figure 2). The presence of microbleeds was not related to vascular risk factors 
or other MRI markers of SVD either (table 4). There was no correlation between 
number of microbleeds and number of microinfarcts (correlation coefficient: -0.043, 
p=0.688).
 Regarding conventional markers of small vessel disease, the presence of lacunar 
infarcts at 1.5T / 3T MR field strength increased clearly with age (correlation 
coefficient for number of lacunes: 0.297, p=0.002), as expected. Large vessel infarcts 
were relatively uncommon (3 persons). WMH and total brain volumes were also 
related to age (correlation coefficient for WMH: 0.558; unadjusted regression 
coefficient B for total brain volume (95% CI): -0.45       (-0.57; -0.32), both p<0.01) 
(figure 2). 141
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Figure 2. number of microinfarcts, microbleeds and lacunes and white matter 

hyperintensity (Wmh) volumes and total brain volumes (tbv; expressed as percentage 

of intracranial volume (icv)) related to age. Data are expressed for participants of 

the uDes () and the preDict-mr study (). the number of microinfarcts was not 

related to age (correlation coefficient: -0.014, p=0.892) The other MRI markers were 

significantly related to age: number of microbleeds (correlation coefficient: 0.245, 

p=0.017), the number of lacunar infarcts (correlation coefficient: 0.297, p=0.002), WMH 

volumes (correlation coefficient 0.558; p=0.000) and TBV (regression coefficient B 

(95% ci): -0.45 (-0.57; -0.32), p<0.01).142
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Subjects (n=103)

Age (years) 66.6 ± 8.4

Sex (% male)  49 (48)

Systolic blood pressure (mm Hg) 142 ± 19

Diastolic blood pressure (mm Hg) 81 ± 9

Antihypertensive medication 53 (52)

Total cholesterol (mmol/L) 5.5 ± 1.0

Cholesterol lowering drugs 36 (35)

Current smoking 13 (13)

BMI (kg/m2) 26.5 ± 3.8

Antithrombotic medication 28 (27)

Fasting glucose (mmol/L) 5.8 ± 1.0

Diabetes mellitus  12 (12)

Cardiovascular event a 7 (7)

Table 1 subject characteristics

Data are presented as mean ± sD or n (%) 
a    A history of a cardiovascular event was defined as a clinical history of myocardial infarction, 

stroke (not including tia) or endovascular or surgical treatment of carotid, coronal or 

peripheral arterial disease
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40-50 y
n=5

50-60 y
n=14

60-70 y
n=45

70-80 y
n=39

Microvascular lesions (7T MRI)

Cortical microinfarcts

No. of MR scans rated  3 13 42 39 

Presence 1 (33) 4 (31) 18 (43) 14 (36)

No. 0 (0-1) 0 (0-1) 0 (0-5) 0 (0-2)

Microbleeds

No. of MR scans rated 5 12 40 37

Presence 0 (0) 5 (42) 12 (30) 19 (51)

No. 0 (0-0) 0 (0-3) 0 (0-5) 1 (0-6)

Other MRI markers (1.5/3T MRI)

Lacunar infarcts (n=103) 0 (0) 0 (0) 9 (20) 12 (32)

Large vessel infarcts (n=103) 0 (0) 1 (7) 2 (4) 0 (0)

WMH volumes, mL 
(median  (IQR)) (n=94)

0.09 
(0.01;2.14)

0.30 
(0.09; 0.84)

1.15 
(0.56; 4.35)

4.03 
(0.95; 7.18)

Total brain volume (%ICV) (n=90) 78.1 ± 3.8 80.4 ± 3.1 75.5 ± 5.3 70.0 ± 5.3

Table 2 mri characteristics in different age categories

Data are presented as mean ± SD, n (%), or median (range) unless otherwise specified. 

Wmh = white matter hyperintensity;  icv = intracranial volume
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No microinfarcts a

n=60
1 microinfarct a >1 microinfarct a Risk of ≥1 microinfarct b 

Age (years) 66.9 ± 8.5 67.7 ± 8.3 67.4 ± 4.6 1.00 (0.95-1.06)

Sex (male) 24 (40) 15 (56) 6 (60) 1.95 (0.83-4.57)

Vascular risk factors 

Systolic blood pressure, mm Hg (% Tx) 143 ± 19 (57) 144 ± 19 (48) 133 ± 19 (50) 0.90 (0.71-1.13)

Diastolic blood pressure, mm Hg (% Tx) 81 ± 9 (57) 82 ± 9 (48) 79 ± 15 (50) 1.01 (0.64-1.59)

Cholesterol mmol/L (% Tx) 5.4 ± 1.0 (38) 5.7 ± 1.0 (30) 5.6 ± 0.8 (30) 1.27 (0.83-1.95)

Diabetes mellitus 7 (12) 2 (7) 1 (10) 0.77 (0.18-3.30)

Current smoking 7 (12) 2 (7) 3 (30) 1.00 (0.28-3.60)

MRI markers

Microbleeds (%; range) 40; 0-5 46; 0-6 22; 0-3 0.90 (0.36-2.23)

Lacunar infarcts (%, range) 20; 0-3 30; 0-1 10; 0-2 1.15 (0.41-3.23)

WMH volumes (mL)  (median, IQR) c 1.31 (0.47; 5.00) 2.31 (0.63; 5.26) 1.84 (0.27; 6.59) 1.28 (0.75-2.19) c

Total brain volume (%ICV) 74.0 ± 6.3 73.9 ± 5.9 73.3 ± 5.2 0.99 (0.56-1.74)

Table 3 relationship between microinfarcts and vascular risk factors 

and other mri characteristics

iQr = interquartile range; icv = intracranial volume; tx = treatment, with either antihypertensive 

drugs or lipid lowering drugs
a  Data are presented as mean ± SD or n (%), unless otherwise specified.
b   OR (95% CI) for having ≥1 microinfarct, adjusted for age and sex (systolic and diastolic blood 

pressure per 10 mm Hg increase; BMI per 5 kg/m2;  cholesterol, WMH volumes and TBV per 

sD increase)
c  Wmh volumes were natural log-transformed
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No microinfarcts a

n=60
1 microinfarct a >1 microinfarct a Risk of ≥1 microinfarct b 

Age (years) 66.9 ± 8.5 67.7 ± 8.3 67.4 ± 4.6 1.00 (0.95-1.06)

Sex (male) 24 (40) 15 (56) 6 (60) 1.95 (0.83-4.57)

Vascular risk factors 

Systolic blood pressure, mm Hg (% Tx) 143 ± 19 (57) 144 ± 19 (48) 133 ± 19 (50) 0.90 (0.71-1.13)

Diastolic blood pressure, mm Hg (% Tx) 81 ± 9 (57) 82 ± 9 (48) 79 ± 15 (50) 1.01 (0.64-1.59)

Cholesterol mmol/L (% Tx) 5.4 ± 1.0 (38) 5.7 ± 1.0 (30) 5.6 ± 0.8 (30) 1.27 (0.83-1.95)

Diabetes mellitus 7 (12) 2 (7) 1 (10) 0.77 (0.18-3.30)

Current smoking 7 (12) 2 (7) 3 (30) 1.00 (0.28-3.60)

MRI markers

Microbleeds (%; range) 40; 0-5 46; 0-6 22; 0-3 0.90 (0.36-2.23)

Lacunar infarcts (%, range) 20; 0-3 30; 0-1 10; 0-2 1.15 (0.41-3.23)

WMH volumes (mL)  (median, IQR) c 1.31 (0.47; 5.00) 2.31 (0.63; 5.26) 1.84 (0.27; 6.59) 1.28 (0.75-2.19) c

Total brain volume (%ICV) 74.0 ± 6.3 73.9 ± 5.9 73.3 ± 5.2 0.99 (0.56-1.74)

147

cerebral microvascular lesions on 7t mri

7



No microbleeds a

n=58
1 microbleed a

n=20
>1 microbleed a

n=16
Risk of ≥1 microbleed b

Age (years) 65.3 ± 9.1 67.4 ± 7.9 71.0 ± 5.5 1.06 (1.00-1.12)

Sex (male) 25 (43) 10 (50) 10 (63) 1.48 (0.63-3.48)

Vascular risk factors 

Systolic blood pressure, mm Hg (% Tx) 141 ± 19 (53) 146 ± 43 (45) 138 ± 19 (44) 0.94 (0.74-1.19)

Diastolic blood pressure, mm Hg (% Tx) 81 ± 9 (53) 82 ± 9 (45) 78 ± 7 (44) 0.83 (0.50-1.38)

Cholesterol mmol/L (% Tx) 5.5 ± 1.0 (35) 5.6 ± 1.3 (50) 5.5 ± 0.8 (25) 1.04 (0.69-1.57)

Diabetes mellitus 5 (9) 6 (30) 1 (6) 2.63 (0.74-9.34)

Current smoking 6 (10) 3 (15) 3 (19) 1.40 (0.40-4.93)

MRI markers

Microinfarcts (%; range) 38; 0-5 42; 0-3 31; 0-2 0.90 (0.36-2.24)

Lacunar infarcts (%; range) 17; 0-3 25; 0-2 19; 0-1 1.00 (0.34-3.01)

WMH volumes (mL)  (median (IQR)) c 1.23 (0.44; 4.81) 3.57 (0.81; 5.31) 3.85 (0.49; 6.75) 1.08 (0.63-1.84) c

Total brain volume (%ICV) 74.2 ± 5.9 73.0 ± 6.7 73.3 ± 5.1 1.14 (0.64-2.03)

Table 4 relationship between microbleeds and vascular risk factors 

and other mri characteristics 

iQr = interquartile range; icv = intracranial volume; tx = treatment, with either antihypertensive 

drugs or lipid lowering drugs
a  Data are presented as mean ± SD or n (%), unless otherwise specified.
b   OR (95% CI) for having ≥1 microbleed, adjusted for age and sex (systolic and diastolic blood 

pressure per 10 mm Hg increase; BMI per 5 kg/m2;  cholesterol, WMH volumes and TBV per 

sD increase).
c  Wmh volumes were natural log-transformed.
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No microbleeds a

n=58
1 microbleed a

n=20
>1 microbleed a

n=16
Risk of ≥1 microbleed b

Age (years) 65.3 ± 9.1 67.4 ± 7.9 71.0 ± 5.5 1.06 (1.00-1.12)

Sex (male) 25 (43) 10 (50) 10 (63) 1.48 (0.63-3.48)

Vascular risk factors 

Systolic blood pressure, mm Hg (% Tx) 141 ± 19 (53) 146 ± 43 (45) 138 ± 19 (44) 0.94 (0.74-1.19)

Diastolic blood pressure, mm Hg (% Tx) 81 ± 9 (53) 82 ± 9 (45) 78 ± 7 (44) 0.83 (0.50-1.38)

Cholesterol mmol/L (% Tx) 5.5 ± 1.0 (35) 5.6 ± 1.3 (50) 5.5 ± 0.8 (25) 1.04 (0.69-1.57)

Diabetes mellitus 5 (9) 6 (30) 1 (6) 2.63 (0.74-9.34)

Current smoking 6 (10) 3 (15) 3 (19) 1.40 (0.40-4.93)

MRI markers

Microinfarcts (%; range) 38; 0-5 42; 0-3 31; 0-2 0.90 (0.36-2.24)

Lacunar infarcts (%; range) 17; 0-3 25; 0-2 19; 0-1 1.00 (0.34-3.01)

WMH volumes (mL)  (median (IQR)) c 1.23 (0.44; 4.81) 3.57 (0.81; 5.31) 3.85 (0.49; 6.75) 1.08 (0.63-1.84) c

Total brain volume (%ICV) 74.2 ± 5.9 73.0 ± 6.7 73.3 ± 5.1 1.14 (0.64-2.03)
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Discussion

Ultra-high field MRI in functionally independent older adults without major 
neurological conditions, shows that microinfarcts and microbleeds are very common 
and already present in middle-aged individuals. Microinfarcts in particular are less 
clearly related to age than microbleeds and conventional markers of SVD. 
 To the best of our knowledge, this is the first in vivo study on microinfarcts 
in relation to age in non-demented persons. Previous estimates on the occurrence 
of microinfarcts in the general population are solely based on autopsy studies. A 
systematic review of these studies reported frequencies of 24% in non-demented 
older individuals.16  In addition, important clinical correlates of microinfarcts have 
been reported, such as lower cognition,17 dementia,17 and lacunar infarcts and white 
matter lesions on CT prior to death.7 These autopsy studies, however, provide limited 
data on the relationship between microinfarcts and age or vascular risk factors. We 
showed that microinfarcts can now be visualized in vivo, and previously validated 
these MR lesions with histopathological examination of postmortem tissue.9 In our 
study, microinfarcts at 7T MRI appear to be very common, even in younger persons 
without dementia. Notably, they were unrelated to age. In neuropathological 
studies, it is obviously only possible to investigate a relationship with age at death. 
Although a relationship between the presence of microinfarcts at autopsy and a 
higher age at death has been reported, the mean difference in age between persons 
with and without microinfarcts was only 3 years (with a mean age above 80) in more 
than 6000 examined brains.6  Furthermore, we observed no significant associations  
with other MR markers of SVD, while in autopsy studies an association between 
microinfarcts and other signs of cerebrovascular disease has been reported.6,18 The 
apparent discrepancy between the links between microinfarcts and age and other 
SVD markers in our study and in these earlier neuropathological studies may be 
that the latter investigated much older patients (mean age at death mostly above 
80), with a high probability of ageing related abnormalities and end-stage disease, 
including both Alzheimer’s pathology and cerebrovascular disease. Along these 
lines, in recent in vivo 7T MRI studies, one study reported no increased occurrence 
of microinfarcts in patients with early Alzheimer’s disease (AD) compared to 
controls,19 while in another study  in patients with more advanced AD microinfarcts 
were more prevalent compared to controls.20 It seems to be a paradox that on 
the one hand microinfarcts are frequently seen, also in younger persons without 
cerebrovascular disease or cognitive disturbances, but on the other hand that they 
are associated with dementia and cerebrovascular disease. One explanation could 150
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be that at the population level, microinfarcts are not a manifestation of disease, but 
rather a marker for future risk of stroke or dementia. In other words, they could 
be a marker of other pathophysiological processes which causally lead to cognitive 
decline or stroke. Another explanation could be that they lead to dementia through 
synergistic  or additive effects together with other disease processes. Hence, the 
relation with dementia would only become evident when these other processes also 
occur. Finally, the relation between microinfarcts and disease could be not-linear, 
i.e. persons with a mild lesion load will not develop cognitive symptoms, but patients 
with a higher lesion load do. Longitudinal studies have the possibility to unravel the 
natural course of microinfarcts and their clinical implications also in earlier stages 
of disease. 
 Previous studies on microbleeds are mainly based on regular field strength 
(1-3 T MRI). Higher field strength significantly improves the detection of cerebral 
microbleeds and has been found to identify more individuals with microbleeds as well 
as a higher number of microbleeds in these individuals.10,21 Indeed, the prevalence 
we found (38%) is higher than previously reported at regular field strength in the 
general population.22,23 Furthermore, the microbleeds we detected with our sensitive 
imaging method, were related to age, in line with the literature.23-25 However, in 
previous studies reported odds ratios were 1.06 (1.05-1.07) per 1 year23 and 1.39 (1.17-
1.66) per 5-year increase of age,24  i.e. higher than in our study (OR 1.06 (1.00-1.12) per 
5-year increase of age). This difference could be the result of the higher sensitivity of 
our imaging method. Possibly, we detected smaller lesions, also in younger persons. 
Previous studies at regular field strengths have linked the presence of microbleeds 
to vascular risk factors, but not invariably. A meta-analysis that included the earliest 
studies showed that microbleeds appear to be associated with hypertension (OR 
3.9 (2.4-6.4)) and diabetes mellitus (OR 2.2 (1.2-4.2)) in the general population.22 
However, in more recent population-based cohorts, no or weak relationships were 
found, in line with our study. In the Framingham study, for example, no relation 
between microbleeds and smoking, and weak relations between microbleeds and 
hypertension and diabetes have been reported;25  in the Rotterdam Study, only 
deep and infratentorial microbleeds were associated with hypertension, systolic 
blood pressure, and smoking.23 Studies in the general population yielded conflicting 
results regarding possible relationships with other imaging markers of SVD as 
well. Some reported an association between microbleeds and lacunes26,27 or higher 
WMH scores,26 but others found only a relationship with deep or infratentorial 
microbleeds23 or no relationship at all,24  in line with our results. Thus, microbleeds 
are observed in healthy individuals, but are not strongly related to other markers of 151

cerebral microvascular lesions on 7t mri

7



SVD in these persons. However, they have been related to cognitive performance in 
population-based samples.28,29 On the other hand, they are more common in persons 
with dementia or stroke, but in these patient groups microbleeds are not clearly 
related to cognitive performance.30,31 It appears that at the population-level, similarly 
to microinfarcts, microbleeds could be a marker of future risk for stroke and cognitive 
decline. At the same time, in a subgroup, they could be an early manifestation of a 
pathophysiological process, e.g. amyloid angiopathy in the context of AD. In patients 
with stroke or dementia, the overall burden of other vascular and neurodegenerative 
pathologies will be higher, which may mask the relatively subtle relation between 
microbleeds and cognition. 
 A major strength of this study is the use of advanced techniques to assess 
microvascular lesions at 7T MRI. Another strength is the large sample size for a 
7T MRI study and the wide age range of the study population. MRI scans have 
the advantage over neuropathology that the whole brain, except for the temporal 
lobes, can be evaluated in a single examination. There are also limitations. The 
scoring of microvascular lesions is rater dependent, and the results of both raters on 
microinfarcts showed moderate agreement. However, raters were blinded to clinical 
information and therefore we do not expect systematic errors. Moreover, our MRI 
protocol can only detect the largest microinfarcts (≥1 mm),9 while neuropathology 
detects much smaller lesions (≥50 μm). It still needs to be established if the lesions 
that are detectable by MRI are a good representation of the complete lesion load in 
the brain. Finally, potential selection bias may have arisen because of the stringent 
contra-indications for 7T MRI, although relationships between other MRI markers 
of SVD and age were in line with the literature, which supports the validity of our 
observations. 
 In conclusion, neuropathological studies point to the relevance of microvascular 
lesions, in particular microinfarcts, in ageing related cognitive decline and dementia. 
Our study shows that these lesions are common and already present in middle-aged 
persons, and that their occurrence is independent of other signs of SVD. SVD is 
an umbrella term for different types of vascular brain damage, and probably the 
microvascular lesions we detected reflect pathophysiological processes that are 
different from other markers of SVD. 
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abstract

The prevalence of microbleeds on MRI in patients with Alzheimer’s disease (AD) is 
lower than that of its presumed pathological correlate, cerebral amyloid angiopathy. 
We examined 18 patients with early AD or mild cognitive impairment (MCI) and 
18 non-demented controls with ultra-high field strength 7 Tesla MRI, to assess if the 
actual prevalence of microbleeds could be higher than is currently reported. One or 
more microbleeds were visualized in 78% of the MCI/AD patients and in 44% of the 
controls (p=0.04). 7 Tesla MRI shows that presence of microbleeds may be the rule, 
rather than exception in patients with MCI/AD. 
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introDuction

Cerebral microbleeds are small foci of signal attenuation on  T2*-weighted gradient 
echo  magnetic resonance imaging (MRI), due to iron deposits thought to reflect 
chronic haemosiderin deposits, that are associated with cerebrovascular disease 
and dementia.1 Recently, microbleeds have attracted attention in amyloid-β 
immunization therapy trials in Alzheimer’s disease (AD), because presence of 
multiple microbleeds prior to therapy is considered to reflect an increased risk of 
treatment-related complications.2 
 Cerebral amyloid angiopathy (CAA) is presumed to be the main neuropathological 
correlate of microbleeds in AD. However, there is a marked discrepancy between the 
prevalence of CAA in AD in autopsy studies (82-98%) and that of microbleeds on 
MRI (16-32%).2,3 The number of microbleeds detected on MRI is highly dependent 
of scan protocol and field strength. Higher field strength provides higher spatial 
resolution, improves signal-to-noise ratio and shows a higher susceptibility effect. 
Previous studies at 7 Tesla MRI showed that even small microbleeds were visible and 
that the number of detected microbleeds was three times higher as at 1.5 Tesla MRI.4,5

 The present study addressed the question whether the actual prevalence of 
microbleeds is much higher than previously reported, by examining patients with 
AD or pre-AD stages with ultra-high field 7 Tesla MRI. 

methoDs

Study population 
From a consecutive series of patients referred to the memory clinic of our center 
we included all patients who met the following criteria: diagnosis early AD or mild 
cognitive impairment (MCI; considered to represent a transition state between 
normal ageing and dementia); no contra-indications for 7 Tesla MRI; Mini-Mental 
State Examination (MMSE)6 score ≥20; Clinical Dementia Rating (CDR)7 ≤1; 
signed informed consent. Of 19 eligible patients one was excluded because of severe 
motion artefacts on the MRI. This left 18 patients (with MCI (n=9), possible AD 
(n=2) or probable AD (n=7)). Diagnoses were established at a multidisciplinary 
meeting, without consideration of the 7 Tesla MRI scan, according to internationally 
accepted criteria and were verified by two investigators (M.B. and H.L.K.).8,9 All 
participants underwent a standardized evaluation, including medical history, physical 
and neurological examination, laboratory testing, 3 Tesla MRI and 7 Tesla MRI.  159
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Eighteen age-matched functionally independent non-demented controls with a 
MMSE score of ≥28, recruited through general practitioners in the region, served as 
a reference group. 
The study was approved by the local medical ethics committee. 

MRI scanning protocol 
Scans were acquired on a 7 Tesla MR system (Philips Healthcare, Cleveland, OH, 
USA) with a volume transmit and 16-channel receive head coil (Nova Medical, 
Wilmington, MA). Dual-echo 3D T2*-weighted images (repetition time (TR)/first 
echo time (TE)/second TE = 20/6.9/15.8 ms, non-interpolated resolution 0.5 x 0.5 
x 0.7 mm3) were acquired. Minimum intensity projection (MinIP) processing was 
performed to enhance the hypointense microbleeds and reduce the large number of 
slices (slice thickness/overlap = 4/2 mm).
 On the same day, participants also underwent 3 Tesla MRI (Philips Medical Sys-
tems, Best, the Netherlands), including a T2*-weighted sequence (TR/TE = 1653/20 ms, 
non-interpolated resolution 0.99 x 0.99 x 3.00 mm3), to provide a frame of reference. 

Microbleed rating 
Microbleeds were rated visually by two observers, blinded to clinical information, 
according to the MARS criteria.10 On 7 Tesla MRI, no lower size limit was applied 
and lesions visible on the first echo image had to be larger on the second echo 
image (so-called blooming), to be classified as microbleeds. Mimics like symmetric 
calcifications in the basal ganglia and choroid plexus were disregarded. Only definite 
microbleeds were included in analyses. 
 For seven randomly selected lesions identified as microbleeds on 7 Tesla MRI, 
the phase images were examined to verify that the lesions were indeed due to iron 
deposition, rather than calcifications. All lesions appeared to be paramagnetic, 
indicating increased concentration of paramagnetic iron. 
 Ratings of the two observers (M.B. and S.M.H.)  were compared and in case 
of discordance they performed a consensus rating. Remaining disagreements were 
resolved by a third observer (J.B.)  (this was the case in seven microbleeds in six 
patients). The inter-rater agreement of the observers for number of microbleeds at  
7 Tesla MRI was excellent (ICC=0.93).
 White matter hyperintensities (WMH, using the Age-Related White Matter 
Changes (ARWMC) rating scale11) and lacunes (defined as lesions < 1.5 cm in 
diameter, with a hypointense core on T1 and FLAIR images and with an appearance 
unlike a perivascular space) were scored on 3 Tesla MRI. 160
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Statistical analysis
Between-group differences were analyzed with analysis of variance for continuous 
variables, Mann-Whitney U tests for non-parametric data and χ2 tests for proportions. 
Inter-rater agreement on the number of rated microbleeds was calculated as Intraclass 
Correlation Coefficient (ICC). The relationship between the number of microbleeds and 
age, MMSE and WMH were measured with Spearman’s rank correlation coefficients. 

results

Participant characteristics are shown in Table 1. The groups were similar in age, gender, 
vascular risk factor profile and medication use (p>0.05). As expected, MMSE score 
differed significantly between groups (MCI/AD patients median (range): 26 (20-29), 

MCI/AD patients
n=18

Controls
n=18

p-value

Age (years) 74.3 ± 8.6 72.0 ± 4.5 0.334

Male sex 8 (44) 12 (67) 0.180

Hypertension a 9 (50) 9 (50) 1.000

Hypercholesterolemia a 8 (44) 8 (44) 1.000

Diabetes mellitus a 3 (17) 3 (17) 1.000

Current smoking 3 (17) 2 (11) 0.630

Antithrombotic use 9 (50) 6 (33) 0.298

Systolic blood pressure (mmHg) 148±22 154±26 0.467

Diastolic blood pressure (mmHg) 80±12 82±9 0.499

MMSE score (median, range) 26 (20-29) 30 (28-30) 0.000

Lacunar infarcts b 6 (33) 6 (33) 1.000

White matter hyperintensities b 
(median, range)

4.25 (1.5-17.5) 4.75 (0.5-17) 0.434

Table 1. participant characteristics

Data are mean ±SD or n(%) unless otherwise specified
a   patients were considered having arterial hypertension, hypercholesterolemia or diabetes 

mellitus, if they had a known history of the disease or were receiving drug treatment for these 

conditions. 
b  scored at 3tesla mri, for white matter hyperintensities the total arWmc score is shown 161
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Any microbleeds Deep/infratentorial microbleeds Lobar microbleeds

MCI/AD Controls p-value MCI/AD Controls p-value MCI/AD Controls p-value

7Tesla MRI 

MB prevalence (%) 14 (78) 8 (44)    0.040 * 10 (56) 3 (17)    0.015 * 11 (61) 7 (39) 0.182

MB No. total group 1.5 (0-80) 0 (0-5) 0.065 1 (0-5) 0 (0-3)    0.026 * 1 (0-75) 0 (0-4) 0.321

MB No. of MB+ group a 2 (1-80) 2 (1-5) 0.887 1 (1-5) 2 (1-3) 0.562 1 (1-75) 2 (1-4) 0.485

3Tesla  MRI 

MB prevalence (%) 6 (33) 3 (17) 0.248 5 (28) 2 (11) 0.206 5 (28) 1 (6) 0.074

MB No. total group 0 (0-10) 0 (0-1) 0.151 0 (0-1) 0 (0-1) 0.213 0 (0-9) 0 (0-1) 0.071

MB No. of MB+ group a 2 (1-10) 1 (1-1)    0.039 * 1 (1-1) 1 (1-1) 1.000 1 (1-9) 1 (1-1) 0.488

Table 2. microbleed prevalence 

Data are presented as n(%) or median (range). mb = microbleed
a   mb+ group: microbleed numbers only among participants with microbleeds  

* p<0.05

Figure 1. Total number of microbleeds at 7Tesla MRI in patients with MCI/AD and 

controls (box represents median with interquartile range) (a) and an example of a 

single slice t2*-weighted mr image at 3tesla mri (b) and 7tesla mri (second echo) 

(b), showing four extra microbleeds at 7tesla mri (arrows).162
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Any microbleeds Deep/infratentorial microbleeds Lobar microbleeds

MCI/AD Controls p-value MCI/AD Controls p-value MCI/AD Controls p-value

7Tesla MRI 

MB prevalence (%) 14 (78) 8 (44)    0.040 * 10 (56) 3 (17)    0.015 * 11 (61) 7 (39) 0.182

MB No. total group 1.5 (0-80) 0 (0-5) 0.065 1 (0-5) 0 (0-3)    0.026 * 1 (0-75) 0 (0-4) 0.321

MB No. of MB+ group a 2 (1-80) 2 (1-5) 0.887 1 (1-5) 2 (1-3) 0.562 1 (1-75) 2 (1-4) 0.485

3Tesla  MRI 

MB prevalence (%) 6 (33) 3 (17) 0.248 5 (28) 2 (11) 0.206 5 (28) 1 (6) 0.074

MB No. total group 0 (0-10) 0 (0-1) 0.151 0 (0-1) 0 (0-1) 0.213 0 (0-9) 0 (0-1) 0.071

MB No. of MB+ group a 2 (1-10) 1 (1-1)    0.039 * 1 (1-1) 1 (1-1) 1.000 1 (1-9) 1 (1-1) 0.488

controls: 30 (28-30), p<0.01). 
 On 7Tesla MRI, microbleed prevalence differed significantly between patients 
and controls: 14 (78%) of the MCI/AD patients and eight (44%) of the controls 
showed ≥1 microbleed (p=0.040) (Table 2, Fig. 1). The proportion of subjects with 
microbleeds was similar in those with AD and those with MCI (seven out of nine 
each). MCI/AD patients had a higher total microbleed number (maximum of 80 
in a single subject) than controls (maximum of five, p=0.065). The proportion of 
participants with deep/infratentorial microbleeds was also higher in patients with 
MCI/AD (56%) than in controls (17%) (p=0.015), however, the proportion of patients 
with strictly deep/infratentorial or strictly lobar microbleeds did not differ between 
MCI/AD patients and controls (strictly deep/infratentorial microbleeds: 17% and 6%; 
strictly lobar microbleeds: 22% and 28% respectively, p>0.05).  Among participants 
with strictly deep/infratentorial or strictly lobar microbleeds, microbleed numbers 
did not differ significantly between the MCI/AD patients and controls (strictly 
deep/infratentorial microbleeds (median(range): 1 (1-3)/ 1 (1-1), p=0.564; strictly lobar 
microbleeds: 1 (1-2)/ 1 (1-4), p=0.467). 
 We found no statistically significant relationship between number of microbleeds 
at 7 Tesla MRI and age (correlation coefficient MCI/AD patients: 0.308, p=0.214; 
controls 0.224, p=0.372); MMSE (MCI/AD patients: 0.390, p=0.110; controls: -0.226, 
p=0.368); or WMH (MCI/AD patients: 0.399, p=0.101; controls: 0.027, p=0.916). 
By comparison to 7 Tesla MRI, on 3 Tesla MRI, microbleeds were detected in 
only six (33%) of the MCI/AD patients and three (17%) of the control participants 163
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(p=0.248) (Table 2). The highest number of microbleeds in a single subject was ten. 
One hundred thirteen microbleeds identified at 7 Tesla MRI, were not identified at  
3 Tesla MRI. Four microbleeds identified at 3 Tesla MRI, were not identified at 7 Tesla 
MRI. Two of these were located in the basal ganglia, and were obscured by low signal 
intensity in this area at 7 Tesla MRI, probably due to local iron depositions; two other 
microbleeds (both lobar) were not identified at 7 Tesla MRI due to motion artefacts. 

Discussion

This study demonstrates that with optimized MR scan techniques at ultra-high field 
strength, the majority of MCI/AD patients exhibit cerebral microbleeds. 
 Microbleed prevalences in patients (78%) and controls (44%) are much higher 
than those in the literature. Previous studies in AD patients at lower field strength 
(1.0-2.3 Tesla), including large cohorts and a recent meta-analysis by Cordonnier et 
al., reported prevalences around 25%.2 At 3 Tesla field strength, a previous study in 
AD patients described a slightly higher microbleed prevalence of 31 %.12 For non-
demented individuals around the age of 70 (like our controls) reported prevalences 
vary between 5-28% at lower field strength (1.0-1.5 Tesla)12,13 and are 19% at 3 Tesla 
MRI.12  
 Observations from an increasing number of studies at regular field strength point 
to the potential clinical relevance of microbleeds. Prevalence, number and localization 
of cerebral microbleeds have been suggested to convey important prognostic and 
etiological information. Microbleeds have been linked to worse cognitive functioning14 
and an increased risk of cognitive decline and dementia in patients with MCI.16,17 
Microbleeds are also starting to influence treatment decisions.2 Recently, presence of 
microbleeds has been introduced as an exclusion criterion in clinical trials of amyloid 
β immunization therapy. The rationale behind this is that multiple microbleeds are 
considered to be a marker of advanced CAA, which has been linked to immunization-
related complications, such as vasogenic edema.2,18 Moreover, because people with 
microbleeds, with or without a previous clinically manifest stroke, appear to be at 
increased risk of future haemorrhagic stroke., the question has been raised if presence 
of microbleeds should influence the prescription of antithrombotic agents.1 It is still 
unknown, however, if these agents  increase the risk of future hemorrhages in patients 
with microbleeds.19

 Importantly, current knowledge is based on studies using 1.0-3.0 Tesla MRI. 
The present exploratory study indicates that these studies underestimated the 164

Chapter 8

8



actual prevalence of microbleeds, and that microbleeds might be considered almost 
generic to AD. This would also fit with the high prevalence of CAA in AD in 
neuropathological studies.3 Furthermore, based on studies at regular field strength, 
it has been suggested that the location of cerebral microbleeds is related to aetiology, 
with deep and infratentorial microbleeds related to hypertensive vasculopathy and 
lobar microbleeds to CAA.20,21  We did not find differences in the proportions of 
patients with strictly deep/infratentorial or lobar microbleeds. Possibly, the relation of 
microbleed location to specific aetiologies may not be as clear as has previously been 
suggested. It is also possible that the microbleeds that are only visible at higher field 
strength reflect other vascular pathologies than those that are also observed at lower 
field strength. Larger prospective studies, also at high field strength, will be needed to 
unravel the true prognostic and etiologic relevance of microbleeds in AD. 
 A limitation of our study is the modest sample size. This may also explain the 
absence of statistically significant correlations between the presence of microbleeds 
and age. Moreover, the stringent contra-indications for 7 Tesla MRI might have 
caused selection bias. However, the prevalence of microbleeds at 3 Tesla MRI in 
the present study is well in line with previous reports, indicating that we recruited 
representative participants. Finally, we combined data from patients with early 
AD and MCI. Although MCI is a pre-AD stage in a proportion of patients, MCI 
may have different aetiologies and cognition can even return to normal.8 We have 
nevertheless chosen to include patients with MCI because the earliest stages of AD 
pathology can be observed among them. 
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abstract

Background Cerebral microbleeds have been related to cerebrovascular disease and 
dementia. They occur more frequently in patients with ischemic stroke than in the 
general population, but their relation with cognition in these patients is uncertain, 
particularly in the long run. We examined the relationship between microbleeds in 
patients with TIA or minor ischemic stroke, and cognitive performance 4 years later. 
Methods Participants were recruited from a prospective multicentre cohort of patients 
with a TIA or minor ischemic stroke (n=397). They underwent Magnetic Resonance 
Imaging (MRI), including a T2*-weighted sequence, within 3 months after their 
ischemic event. Microbleeds, atrophy, lacunae and white matter hyperintensities 
(WHM) were rated visually. Cognitive status was examined in 94% of all patients who 
were still alive after a mean interval of 3.8 years by the Dutch version of the Telephone 
Interview for Cognitive Status (TICS; n=280) or by an Informant Questionnaire on 
Cognitive Decline in the Elderly (IQCODE) obtained from a close relative if a TICS 
could not be obtained (n=48). The relationship between presence of microbleeds and 
TICS or IQCODE was assessed with linear regression analyses adjusted for age, sex, 
educational level and time-interval between MRI and cognitive evaluation. 
Results The mean age was 65 ± 12 years at inclusion. The vascular event at inclusion 
was a TIA in 170 patients (52%) and a minor ischemic stroke in 155 patients (47%). 
Microbleeds were present in 11.6% of the patients. Patients with microbleeds were 
significantly older than patients without microbleeds (70 ± 9 versus 64 ± 12 years), 
more often had hypertension, and had more cerebral atrophy, WMH and lacunae on 
MRI (all p < 0.05). The mean TICS score was 35.3 ± 5.9 for patients with microbleeds 
(n=29) and 34.6 ± 5.2 for patients without microbleeds (n=251); the adjusted mean 
difference (95% CI) was 1.69 (-0.01 to 3.38). The total IQCODE score was 66.0 
± 10.8 for patients with microbleeds (n= 9) and 63.1 ± 12.9 for patients without 
microbleeds (n=39), the adjusted mean difference was 2.43 (-7.55 to 12.41). The relative 
risk (adjusted for age) for abnormal cognitive performance when having microbleeds 
was 1.19 (95% CI: 0.63-2.26). Subcortical atrophy was associated with lower TICS 
score (standardized regression coefficient β: -0.12 (-0.23 to 0.00), p=0.04) and with 
lower IQCODE score (0.51 (0.19 to 0.83), p=0.00). The adjusted mean difference of 
IQCODE scores between patients with and those without a lacunar infarct was 0.39 
(0.12-0.65, p=0.01). 
Conclusions In this sample of patients with a recent TIA or minor ischemic stroke, 
microbleeds were not associated with cognitive performance 4 years later. Apparently, 
this association is different from other markers of small vessel disease. 170
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introDuction

Lacunar infarcts and white matter hyperintensities (WMH) are common 
manifestations of cerebral small vessel disease that are linked to cognitive decline and 
dementia.1 Cerebral microbleeds are another manifestation of small vessel disease 
that receives increasing attention. Microbleeds are visible on T2*-weighted gradient 
echo magnetic resonance imaging (MRI) and are primarily a radiological construct, 
indicative of  haemosiderin deposits that are foci of past hemorrhages.2,3 Microbleeds 
on MRI are common in the general population, with varying numbers reported. A 
systematic review including published studies from 1999 to 2004 reported a combined 
prevalence of 5%.4 Microbleeds appear to be up to 4-6 times more prevalent in ischemic 
stroke patients4 and patients with dementia5 than in reference groups. Studies on the 
general population show a relationship between the presence of multiple microbleeds 
and modest cognitive deficits, mostly in the cognitive domains of executive functioning 
and information processing speed.6-8 In patients who had experienced an ischemic 
stroke or transient ischemic attack (TIA), however, previous studies on the relation 
between presence of microbleeds and cognition showed inconsistent results.9-11

 We therefore examined the relationship between the presence of microbleeds in 
patients with TIA or minor ischemic stroke and cognitive performance 4 years later. 

methoDs

Participants 
From June 2000 to January 2010 patients were prospectively included in the 
Microbleeds on MRI as predictors of IntraCerebral haemorrhage in patients 
Receiving Oral antithrombotic drugs after TIA or minor ischaemic stroke 
(MICRO) study, a multicentre Dutch cohort study, designed to investigate the 
prognostic value of microbleeds in patients using antithrombotic medication.12 This 
observational study included patients presenting with a TIA or minor ischemic 
stroke (modified Rankin score 3 or less13) of presumably atherosclerotic origin, who 
used anticoagulants or antiplatelet agents as secondary prophylaxis. Patients with an 
intracranial bleed, a cerebral tumour or a history of severe head injury, or patients 
with a TIA or minor stroke caused by vasculitis, could not participate. Patients who 
were expected to die within months, with a low ability to understand or express 
themselves in Dutch language, or pregnancy were also excluded. Age and cognitive 
performance were no selection criteria. 171
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 At inclusion, information about medical history, physical and neurological 
examination and medication use was collected from medical records. Medical 
history and medication use were verified in a standardized interview by telephone. 
Hypertension, hypercholesterolemia and diabetes mellitus were defined as a history 
of this condition at baseline. A cardiovascular event was defined as a myocardial 
infarction or stroke, and a vascular intervention as carotid endarterectomy, coronary 
surgery or surgery of other arteries. 
 All patients underwent a brain MRI within 3 months after the ischemic event. 
Patients were followed up every six months by telephone, to determine whether new 
possible vascular events had occurred. Between September 2010 and May 2011, a 
cognitive screening was added to these regular telephone interviews. 
The study was approved by the Institutional Review Board of all participating 
centres and all subjects gave written informed consent. 

Brain MRI 
Brain MRI was performed with 0.5- to 1.5-tesla MR scanners at the participating 
centers throughout the Netherlands. All MRI protocols included a T2*-weighted 
fast field echo (FFE) gradient echo sequence. The MRI sequence parameters that 
were used are provided in online supplementary table 1. Scans were evaluated by 
standardized visual rating scales at one investigational center. 
 Microbleeds were visually scored according to the Microbleed Anatomical 
Rating Scale (MARS), an instrument with good intra- and interrater reliability 
for the presence of definite microbleeds.14 Microbleeds were scored separately for 
different brain regions (i.e. infratentorial, deep and lobar). 
 Brain infarcts were scored as large vessel infarcts (>1.5 cm) or lacunar infarcts. 
Lacunar infarcts were defined as a focal lesion <1.5 cm in diameter, with a hypointense 
core on T1 and FLAIR images and with an appearance unlike a perivascular space. 
 Cortical atrophy was measured semi-quantitatively with two ratios: the frontal 
interhemispheric fissure ratio and the Sylvian fissure ratio.15 Subcortical atrophy was 
evaluated by the bicaudate ratio.15 The raw scores were standardised into z scores 
based on the mean score of all subjects (the z score of cortical atrophy was derived 
by calculating the mean of de frontal interhemispheric ratio and the Sylvian fissure 
ratio). WMH were scored according to the Age-Related White Matter Changes 
(ARWMC) scale.16 
 Each MRI scan was independently rated by 2 observers who were blinded to 
clinical information. In case of disagreement for microbleed or cerebral infarct 
ratings, consensus was obtained in a consensus meeting (intraclass correlation 172

Chapter 9

9



coefficient for number of microbleeds: 0.70 (0.64-0.75)). For WMH and atrophy 
ratios, the mean score of both observers was used. 

Cognitive assessment
The cognitive status of all patients who were alive and could be contacted was 
examined with the Dutch version of the Telephone Interview for Cognitive Status 
(TICS),17 a 12-item screening instrument designed to identify persons with dementia.18 
A TICS score of 26 or lower was considered abnormal.17 Depressive symptoms were 
assessed by the Dutch version of the Mini International Neuropsychiatric Interview, 
a brief screening instrument for the presence of major depression.19

 For 48 patients who could be traced and were still alive at follow-up, a TICS 
could not be obtained due to deafness (n=9), communication problems (aphasia, 
severe dysarthria, or not native Dutch speaker (n=11)), admission to a hospital or 
nursing home (n=10), dementia (n=7), refusing TICS (n=3), absence of the patient 
(n=4) or severe fatigue or illness (n=4). In these 48 cases, the short version of the 
Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE, Dutch 
version) was obtained from a close relative (mostly a partner). The IQCODE is 
a 16-item screening test which assesses cognitive change in everyday activities of 
patients; a higher score means greater cognitive decline from a previous level. A 
mean IQCODE of 3.6 or higher was considered abnormal.20

Statistical analysis 
Between-group differences in subject characteristics were analyzed by analysis of 
variance for continuous variables, Mann-Whitney U tests for nonparametric data and 
χ2 tests for proportions. The relationships between the presence of microbleeds and 
cognitive performance (groups with a TICS and an IQCODE score separately) were 
examined by linear regression analyses, adjusted for age, sex, time interval between MRI 
and cognitive screening, and depression. For the association between microbleeds and 
TICS score, analyses were also adjusted for educational level (because the IQCODE 
assesses change in cognition, no adjustment for education level is needed). Poisson 
regression analyses were used to assess the risk of abnormal cognition (i.e. TICS score 
≤26 or mean IQCODE ≥3.6), both unadjusted and adjusted for age, sex, time interval 
between MRI and cognitive screening, education level and depression. 
 We performed a power calculation, under the assumption of a microbleed 
prevalence of 16% in this patient group (α = 0.05 and β = 0.2). Based on these 
assumptions, we needed 154 patients with, and 26 patients without microbleeds to 
detect a difference of 3 points on the TICS (95% CI 0.9-5.1). 173

microbleeds and cognition in patients with tia or minor stroke

9



results

In total, 397 patients with a brain MRI were included in the MICRO study. By the 
time of cognitive follow up, 47 patients had died. At inclusion these latter patients 
were significantly older than the 350 survivors (75.1 ± 9.7 vs. 64.6 ± 11.9 years), 
had a higher modified Rankin Scale score (median of 2 vs. 1) and more often had 
microbleeds on MRI (21% vs. 11%). Of the surviving 350 patients, cognitive follow up 
was obtained for 328 patients (94%); 15 patients were not willing to participate and 7 
patients could not be contacted (Figure 1). Patients alive without cognitive follow up 
(n=22) did not differ from patients with cognitive follow up (n=328) with regard to 
baseline sex, age, vascular event at inclusion and modified Rankin Scale score. None 
of them showed microbleeds on MRI. 
 The baseline characteristics of the study population are shown in table 1. The 
mean age of the patients was 65 ± 12 years (range 28-88 years), and 138 patients (42%) 
were male. The vascular event at inclusion was a TIA in 170 patients (52%), a minor 
ischemic stroke in 155 patients (47%), and unknown in 3 patients. One or more 
microbleeds were found in 38 patients (11.6%): in 19 patients with a minor ischemic 
stroke (12.3%) and in 18 patients with a TIA (10.6%). Patients with microbleeds did 
not differ from patients without microbleeds in sex (40% vs. 42% male; p > 0.05), 
but they were significantly older (70 ± 9 vs. 64 ± 12 years; p < 0.01). The vascular risk 
factor profile was comparable between the two groups, except for a higher systolic 
blood pressure and more patients with a history of hypertension in the group with 
microbleeds (both p < 0.05; table 1).
 Brain MRI findings of patients with and those without cerebral microbleeds are 
shown in table 2. Of the 38 patients with microbleeds, 12 patients (32%) had multiple 
microbleeds, with a maximum of 33 microbleeds in 1 patient. Deep microbleeds were 
found in 17 patients (45%), infratentorial microbleeds in 12 patients (32%) and lobar 
microbleeds in 21 patients (55%), of which most frequently in the parietal lobe (n=9; 
24%), followed by the frontal lobe (n=7; 18%), occipital lobe (n=6; 16%) and temporal 
lobe (n=3; 8%). Strictly deep/infratentorial and strictly lobar microbleeds occurred in 
45% and 40% of the patients, respectively. Both cortical and subcortical atrophy were 
relatively more pronounced in patients with microbleeds (p < 0.05). Furthermore, 
presence of microbleeds was clearly associated with other markers of small vessel 
disease (lacunar infarcts and WMH; both p < 0.05). 
 On average, cognition was measured 3.8 ± 2.5 years after MRI. Patients assessed 
by the IQCODE were significantly older than those assessed by the TICS (72 ± 11 
years for the IQCODE group vs. 64 ± 12 for the TICS group). A total of 14% of patients 174
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Figure 1. Flow chart of the study

Figure 2. total tics and mean iQcoDe scores for patients without () and with () 

microbleeds. The line represents the cut-off for abnormal cognition: for TICS a score ≤ 

26 is considered abnormal, for IQCODE a mean score ≥ 3.6. 175
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No microbleeds
n =  290

≥1 Microbleed
n =  38

p-value

Sex (male) 122 (42) 15 (41) 0.85

Age (years, mean ± SD) 64 ± 12 70 ± 9    0.00 *

Education level 4.8 ± 1.4 4.7 ± 1.5 0.70

TIA at inclusion 152 (52) 18 (47) 0.45

Ischemic stroke at inclusion 136 (47) 19 (50) 0.60

Modified Rankin scale (median; IQR) 1; 0-1 1; 0-1 0.38

Modified Rankin scale 0 135 (47) 14 (37)

Modified Rankin scale 1 90 (31) 15 (40)

Modified Rankin scale  ≥ 2                 61 (21) 9 (24)

Time interval MRI – cognitive screening 3.8 ± 2.5 3.9 ± 2.5 0.74

Mean systolic blood pressure, mm Hg 
(n=256)

153 ± 28 161 ± 30    0.05 *

Mean diastolic blood pressure, mm Hg 87 ±16 88 ± 14 0.78

Hypertension a 156 (54) 29 (76)    0.02 *

Hypercholesterolemia a 126 (43) 18 (47) 0.53

Diabetes mellitus a 36 (12) 4 (11) 0.82

Current smoking 78 (27) 8 (21) 0.56

History of cardiovascular event b 36 (12) 5 (13) 0.86

Antiplatelet use 59 (20) 11 (29) 0.23

Anticoagulant use 5 (2) 0 (0) 0.42

Table 1. patient characteristics at inclusion

Data presented as n (%) unless otherwise specified
a   Hypertension, hypercholesterolemia and diabetes mellitus were defined as a history of this 

condition at baseline. 
b  Cardiovascular event was defined as a myocardial infarction or stroke

*  p < 0.05
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No 
microbleeds

n =  290

≥1 
Microbleed

n =  38

p-value

Microbleeds

Microbleed No. total (median, range) - 1 (1-33) -

Microbleed No. deep/infratentorial  (median, range) - 1 (0-7) -

Microbleed No. lobar (median, range) - 1 (0-26) -

Multiple microbleeds - 12 (32) -

Strictly deep/infratentorial microbleeds - 17 (45) -

Strictly lobar microbleeds - 15 (40) -

Other MRI measures

Cortical atrophy z score a -0.08 ± 0.97 0.48 ± 1.10    0.00 *

Subcortical atrophy z score b -0.11 ± 0.96 0.38 ± 1.13    0.00 *

Lacunar infarct 92 (32) 23 (61)    0.00 *

Large vessel infarct 86 (30) 11 (29) 0.10

ARWMC total score c 4.7 ± 4.3 10.5 ± 6.8    0.00 *

Table 2. mri characteristics 

Data presented as mean ± standard deviation or proportions (%) unless otherwise specified
a  Cortical atrophy: z score of the mean of the frontal fissure ratio and the Sylvian fissure ratio
b  Subcortical atrophy: z score of the bicaudate ratio
c  age-related White matter changes score15 

*  p < 0.05

scored below the cut off value for either test. The mean TICS score was 35.3 ± 5.9 
for patients with microbleeds (n=29) and 34.6 ± 5.2 for patients without microbleeds 
(n=251); the adjusted mean difference (95% CI) was 1.69 (-0.01; 3.38; p=0.05; a higher 
TICS score reflects better cognitive performance). The total IQCODE score was 
66.0 ± 10.8 for patients with microbleeds (n= 9) and 63.1 ± 12.9 for patients without 
microbleeds (n=39); the adjusted mean difference was 2.43 (-7.55; 12.41; p=0.62; a 
higher IQCODE score reflects worse cognitive performance; figure 2). Comparable 
results were found when patients with multiple (≥2) microbleeds were compared 
with patients without microbleeds (adjusted mean difference in TICS score: -0.87 
(-3.79; 2.04), p=0.56; adjusted mean difference in IQCODE score 5.31 (-9.58; 20.19; 
p=0.48). The unadjusted risk ratio for abnormal cognitive performance when 
having microbleeds was 1.57 (95% CI 0.79-3.09). The relative risk adjusted for age 177
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Authors Patient group No. of 
patients

No. of patients 
with MBs 
(prevalence)

Cognition Time-interval 
CVA and NPA

Association between microbleeds and cogni-
tion

Werring et al. (2004) 10 Neurovascular clinic 55 25 a Extensive NPA 0 months Presence of MBs - executive impairment
(no relation with general cognitive functioning 
or 4 other cognitive domains) 

Gregoire et al. (2012) 27 Neurovascular  clinic 26 9 a Extensive NPA 5.7 years Presence of MBs – executive impairment (no 
relation with general cognitive functioning or 
other cognitive domains)

Gregoire et al. (2013) 9 TIA or ischemic stroke 320 72 (23) Extensive NPA <3 months Presence/number of strictly lobar MBs – execu-
tive impairment (no relation with global cogni-
tive performance or 5 other cognitive domains; 
no relation between other MB locations and 
cognitive performance)

Patel et al. (2013) 11 Lacunar infarct and 
WMH

116 46 (40) 4 cognitive domains >3 months 
(mean: 2.9 years)

≥9 MBs – executive impairment (no relation 
between presence/number of MBs and 4 cogni-
tive domains)

Zhang et al. (2013) 26 Lacunar infarct 85 35 (41) MoCA b x Presence of MBs – global cognitive impairment

Table 3. list of publications reporting the relationship between microbleeds and 

cognitive functioning in patients with cerebrovascular disease

mb = microbleed; cva = cerebrovascular accident, i.e. tia or ischemic stroke; npa = 

neuropsychological assessment; x = unknown
a  no microbleed prevalence is given because this was a case-control study
b  montreal cognitive assessment (moca) questionnaire

was 1.19 (0.63-2.26). Moreover, the presence of microbleeds was not associated with 
an indication of depression according to the Mini International Neuropsychiatric 
Interview (standardized regression coefficient β: -0.05 (-0.15; 0.07; p=0.43).
 In contrast to the findings for microbleeds, other MRI measures of small vessel 
disease and atrophy were found to be associated with cognition 4 years later. Subcor-
tical atrophy was associated with TICS score (standardized regression coefficient β 
(adjusted for age, sex, educational level and time-interval between MRI and cogni-
tive assessment): -0.12 (-0.23; 0.00); p=0.04) and  IQCODE score (0.51 (0.19; 0.83); 
p=0.00). Presence of lacunar infarcts was associated with IQCODE score (adjusted mean 
difference of IQCODE score between patients with and those without a lacunar infarct: 
0.39 (0.12; 0.65); p=0.01). For cortical atrophy, these associations did not reach statistical 
significance (standardized β for TICS score: -0.11 (-0.23; 0.00); p=0.06; standardized β for 
IQCODE score: 0.07 (-0.01; 0.15); p=0.07. WMH were not associated with cognition.  178
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Authors Patient group No. of 
patients

No. of patients 
with MBs 
(prevalence)

Cognition Time-interval 
CVA and NPA

Association between microbleeds and cogni-
tion

Werring et al. (2004) 10 Neurovascular clinic 55 25 a Extensive NPA 0 months Presence of MBs - executive impairment
(no relation with general cognitive functioning 
or 4 other cognitive domains) 

Gregoire et al. (2012) 27 Neurovascular  clinic 26 9 a Extensive NPA 5.7 years Presence of MBs – executive impairment (no 
relation with general cognitive functioning or 
other cognitive domains)

Gregoire et al. (2013) 9 TIA or ischemic stroke 320 72 (23) Extensive NPA <3 months Presence/number of strictly lobar MBs – execu-
tive impairment (no relation with global cogni-
tive performance or 5 other cognitive domains; 
no relation between other MB locations and 
cognitive performance)

Patel et al. (2013) 11 Lacunar infarct and 
WMH

116 46 (40) 4 cognitive domains >3 months 
(mean: 2.9 years)

≥9 MBs – executive impairment (no relation 
between presence/number of MBs and 4 cogni-
tive domains)

Zhang et al. (2013) 26 Lacunar infarct 85 35 (41) MoCA b x Presence of MBs – global cognitive impairment

Discussion

In this cohort of 328 patients with a TIA or minor ischemic stroke, global cognitive 
performance after 4 years did not differ between patients with and those without 
microbleeds. 
 Strengths of our study include its sample size and the fact that cognitive follow-
up was obtained from 94% of the survivors after multiple years. The cohort entailed 
patients with a recent TIA or minor ischemic stroke who underwent brain MRI and 
to whom antithrombotic medication was prescribed from multiple centers throughout 
the Netherlands. This patient group is representative of patients with a TIA or 
minor ischemic stroke in a regular vascular outpatient clinic. We chose to assess 
cognition by telephone to ensure a high follow-up rate, thus limiting attrition. The 
downside of this approach is that a full face-to-face cognitive assessment by a trained 
neuropsychologist obviously provides more details on cognition than the TICS or 
the IQCODE. Nevertheless, the TICS has previously been shown to correlate 
fairly well with multiple cognitive domains on a comprehensive neuropsychological 
assessment.21 Because we addressed global cognitive performance, a relationship 179
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with specific cognitive domains could have been overlooked. Though, the fact that 
brain atrophy and lacunae were associated with worse cognitive performance in 
our cohort, supports the validity of our approach and is in line with earlier studies 
showing similar associations in patients with ischemic stroke22 or subcortical 
ischemic vascular disease.23 Since the 47 patients who had died at the time of 
cognitive follow-up significantly more often showed microbleeds on MRI, our 
results might be influenced by selection bias. However, in post-hoc analysis, with the 
combination of death or abnormal cognition as the endpoint, the risk ratio did not 
change significantly (data not shown). Furthermore, we did not intend to study the 
prediction of cognitive impairment in the long run, but specifically addressed the 
question whether microbleeds are a long-term determinant of cognitive performance, 
i.e. in the survivors. 
 A limitation of our study is that different MR scanners were used. Still, field 
strength was  1.5 T in 77% of the patients, and in only 4.8% of the patients, 0.5 T 
was used; 1.5 T MRI is still widely used in current daily practice. Nevertheless, 
field strength and older scan acquisition protocols may explain the relatively low 
microbleed prevalence of 11.6% in our study compared with that in previously 
published papers (a mean prevalence of 21.5% was reported in a meta-analysis).4 
However, we did not find any indication of a relationship between the presence of 
microbleeds and cognition in our study sample. Therefore, we do not expect that the 
use of a more sensitive MRI technique would essentially change our results. 
 Increasing numbers of papers point to the potential clinical relevance of 
microbleeds. In patients with a past ischemic event, the presence of cerebral 
microbleeds has been associated with future cerebrovascular accidents.4,12,24 This topic 
is especially important to address in the light of antithrombotic therapy.25 Cognition 
has been identified as another potential clinical correlate of microbleeds. Five other 
studies have investigated microbleeds as risk factor for cognitive impairment in 
patient with TIA or ischemic stroke (overview in table 3).9-11,26,27 Associations between 
the presence of microbleeds and cognitive performance were noted, but this was 
mostly restricted to decrements in executive functioning and did not extend to other 
domains. Moreover, associations with cognition were mainly observed for specific 
subgroups of patients with microbleeds, particularly those with lobar or multiple 
microbleeds. Most of these earlier studies assessed cognition within the first months 
after stroke. However, cognitive performance deficits can improve during the first 
months after stroke and in a significant proportion of patients cognitive deficits 
are temporary.28 One study found a relation between microbleeds and cognition 
only in a small subgroup of patients (n=12) with multiple microbleeds after a mean 180
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follow up of 2.9 years, whereas there was no relationship for the whole population 
of 116 patients.11 Another study reported an association between the presence of 
microbleeds at baseline and executive impairment after a mean follow up of 5.7 years 
in only nine patients, but the analyses were not adjusted.27

 Previous studies on large population-based cohorts reported associations 
between cerebral microbleeds and cognitive performance.6,8 Nevertheless, the 
magnitude of the microbleed-associated cognitive decrements is small, for example 
0.4 MMSE points, or z-scores on cognitive domains ranging from 0 to 0.4, for 
people with 5 or more microbleeds compared to those without microbleeds in fully 
adjusted models.8 The difference to the results for patients with a TIA or ischemic 
stroke may partly be explained by the fact that microbleeds are markers of different 
pathological processes, e.g. arteriolosclerosis or amyloid angiopathy. In different 
study populations, different pathologies will dominate. In stroke populations, many 
people will have arteriolosclerosis and related forms of small vessel disease, also 
patients without microbleeds. By comparison, in a population based setting the 
overall burden of vascular pathology, both related to arteriolosclerosis and amyloid 
angiopathy, will be lower, which may increase the contrast between people with and 
without MRI markers of small vessel disease such as microbleeds.
 Although it can be argued that we did not use the most sensitive techniques to 
assess the presence of microbleeds and cognitive performance, it should be noted 
that we did not find any indication of a relationship with cognitive performance in 
our microbleed-positive subjects. The point estimates for differences between the 
groups were close to zero or even tended to favour the microbleed-positive group. 
Therefore we can conclude that there does not appear to be a clinically meaningful 
relationship between microbleeds and cognition in the long run in a general stroke 
population. Apparently, this association is different from other markers of small 
vessel disease.
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UMCU UMCU Slotervaart MST Antonius Meander

magnet field strength 0.5T 1.5T 1.0T 1.5T 1.5T 1.0T

number of slices 19 20 22 20 22 20

slice thickness (mm) 6.0 6.0 5.0 6.0 5.0 6.0

slice gap (mm) 1.2 1.2 1.0 1.2 1.0 0.6

echoes 1 1 1 1 1 1

TE (ms) 27 23 21 27 23 18

flip angle 15 20 15 15 - 20

TR (ms) 848 663 680 847 668 612

Supplementary table 1. t2*W FFe transversal mri parameters used in 

the different centers

- = unknown
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abstract

Background Cognitive impairment frequently occurs after stroke. This can be the 
result of the stroke itself, but it can also be caused by concomitant cerebrovascular 
disease, in particular small vessel disease (SVD). Microbleeds are one of the 
MRI features of SVD. It is uncertain if microbleeds are related to the cognitive 
performance of patients who have suffered from an ischemic stroke. We investigated 
the association between microbleeds at 7T MRI and cognitive performance in 
patients with ischemic stroke or transient ischemic attack (TIA). 
Methods Patients with partial or total anterior circulation infarction or TIA were 
eligible for this study. Forty-four patients (mean age 60.2 ± 14.3 years, 61% male) 
were included. They all underwent 7T MRI, including a T2*-weighted and a FLAIR 
sequence, and a detailed neuropsychological assessment. Microbleeds, brain atrophy, 
brain infarcts and white matter hyperintensities (WMH) were rated visually. The 
relationship between the presence of microbleeds and cognitive performance was 
examined with linear regression analyses.
Results Twenty-four (55%) patients had an ischemic stroke and 20 (46%) patients 
had a TIA. Microbleeds were found in 15 patients (34%). Patients with and without 
microbleeds did not differ in age, sex, type of the vascular event, or vascular risk factor 
profile. Patients with microbleeds more often had lacunar infarcts (47% vs 7%, p<0.05); 
WMH and brain atrophy did not differ between the groups. Patients with microbleeds 
performed slightly worse on all four cognitive domains compared with those without, 
but differences were not statistically significant (adjusted mean difference for composite 
cognition in standardized z-scores (95% CI): -0.16 (-0.67; 0.36)).
Conclusion In patients with ischemic stroke or TIA of the anterior circulation, 
microbleeds as detected on 7T MRI did not contribute to cognitive impairment. 
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introDuction

Stroke is a major cause of death and disability. It often leads to cognitive dysfunction,1 
and doubles the risk of developing dementia,2 independent of its aetiology.1,3 Cognitive 
dysfunction can be caused by the stroke itself, but it can also be caused by concomitant 
cerebrovascular disease, in particular small vessel disease (SVD). SVD is a disorder 
affecting the small perforating vessels in the brain.4 Lacunar infarcts and white matter 
hyperintensities (WMH) are frequently observed markers of SVD on magnetic 
resonance imaging (MRI).5 Cerebral microbleeds, visible as small black dots on T2*-
weighted MR sequences, receive increasing attention as an additional imaging marker 
of SVD.5 They are common in the general population,6,7 and seem to be up to 4-6 times 
more prevalent in patients with ischemic stroke6 and in patients with dementia.8  
 In community-dwelling elderly, the presence of microbleeds has been related to 
mild cognitive deficits, mostly in the domains attention and executive functioning, 
and information processing speed.9,10 In patients with transient ischemic attack 
(TIA) or ischemic stroke, however, studies report inconsistent results.11-13 Noticeably, 
in these patients, the association between microbleeds and cognitive performances in 
patients suffering from stroke or TIA has thus far only been investigated at regular 
(1-3 tesla (T)) MR field strength. It is known that the detection of microbleeds is 
highly dependent on scan protocol and magnetic field strength. At ultra-high field 7T 
MRI, the higher attainable spatial resolution, increased contrast-to-noise-ratio, and 
increased susceptibility effect, have resulted in a three times higher number of detected 
microbleeds compared with 1.5T MRI.14,15 Associations with clinical outcomes, such 
as cognitive performance, could differ with a better detection of microbleeds. 
 Therefore, the present study examined in patients with partial or total anterior 
circulation infarction or TIA, whether additional microbleeds at 7T MRI as a 
marker of concomitant SVD, is related to  cognitive performance.  

methoDs

Study population and procedures 
Patients were included as part of a study on intracranial vessel wall imaging.16 
Between December 2009 and October 2012, patients who presented at the neurology 
ward of our institution with arterial ischemic stroke or TIA in the anterior cerebral 
circulation, were screened. Patients with an acute ischemic stroke were included in 
case of a Total Anterior Circulation Infarct (TACI) or Partial Anterior Circulation 

microbleeds at 7t mri and cognition in patients with tia or ischemic stroke

189

10



Infarct (PACI).17 In patients with a TIA it can be more difficult to distinguish 
between a lacunar syndrome or partial or total anterior circulation syndrome, because 
the symptoms have often disappeared at presentation in the hospital. Therefore, all 
TIA patients with symptoms that were attributable to the anterior circulation were 
eligible. Exclusion criteria were: 1. inability to undergo the MRI exam within one week 
due to clinical condition;  2. contraindications for 7T MRI (claustrophobia, metallic 
objects in or on the body); 3. a known allergic reaction to gadolinium contrast media 
or impaired renal function (a gadolinium-based contrast agent was used for the vessel 
wall sequence). 7T MR scanning was performed within one week of symptom onset 
and repeated approximately one month after symptom onset. A neuropsychological 
assessment was performed, generally on the day of the second MRI scan. 
 Inclusion criteria for the present study were availability of 1. a T2*-weighted 
MRI sequence (either at the first or second MR exam) and 2. a neuropsychological 
examination. Patients with a pre-existent psychiatric or neurological disorder that 
could affect cognitive functioning were excluded. A prior stroke or TIA was no 
exclusion criterion. Of 58 included patients who underwent 7T MRI, 3 had insufficient 
quality of the T2*-weighted sequence, and from 11 patients no neuropsychological 
assessment data were available. Thus, for the present study, 44 patients were eligible. 
 The study was approved by the institutional review board of our institution, and 
all subjects gave written informed consent. 

MRI protocol 
Imaging was performed on a 7T whole-body MR system (Philips Healthcare, 
Cleveland, OH, USA) with a 16- or 32-channel receive coil and a volume transmit/
receive coil for transmission (Nova Medical, Wilmington, MA). The standardized 
protocol included a triple-echo T2*-weighted sequence (repetition time (TR)/echo 
time (TE) = 22/2.5;9.8;17.1 ms, acquired voxel size 0.40 x 0.50 x 0.60 mm3) and a 
fluid-attenuated inversion recovery (FLAIR) sequence (TR/inversion time (TI)/
TE: 8107/2415/294 ms, acquired voxel size 0.99 x 1.00 x 1.10 mm3).
 Analyses were done on the MRI scan that was performed within one week  
after the vascular event. If this scan was of insufficient quality the follow-up MR 
scan was used. 

Detection of microbleeds 
Microbleeds were detected on the T2*-weighted images with the previously described 
semi-automatic method based on the radial symmetry transform (RST).18 For the 
RST the second and third echo of the T2*-weighted sequence were used. The method 

Chapter 10

190

10



was slightly modified by incorporating minimum intensity projection images. This 
improves sensitivity and reduces the number of suspected microbleed locations.19 
The RST result was censored visually to select true microbleeds by two independent 
raters, blinded to clinical information. In case of disagreement, consensus was 
obtained in a consensus meeting. 
 The inter-rater agreement was good for the number of microbleeds (intra-class 
coefficient (ICC) (95% CI): 0.84 (0.73-0.91)).

Other MRI markers 
WMH, cerebral infarcts and brain atrophy were rated visually on FLAIR images. 
WMH load was scored according to the Age-Related White Matter Changes 
(ARWMC) scale.20 Only supratentorial WMH were assessed because inhomogeneity 
in the applied transmit field at 7T, which is most prominent infratentorially, can lead 
to contrast deviation. Consequently, the maximum ARWMC score was 24. The 
presence and number of both lacunar (<1.5 cm) and large vessel infarcts were rated. 
Cortical and subcortical atrophy were measured semi quantitatively with a scale (0-
3) based on the width of the Sylvian and interhemispheric fissure, and the size of the 
frontal horns and lateral ventricles, respectively. 
 All scans were independently rated by two observers blinded to clinical 
information. In case of disagreement regarding infarct ratings, consensus was 
obtained in a consensus meeting. For WMH and atrophy scores, the mean score of 
both observers was used. 

Cognitive testing 
All participants underwent a detailed standardized cognitive assessment at least one 
month after the vascular event. In four patients, cognitive testing was performed 
within one week after the symptom onset, for practical reasons. Global cognitive 
functioning was assessed by the Mini Mental State Examination (MMSE). In 
addition, ten tasks were administered, divided into four cognitive domains to reduce 
the amount of neuropsychological variables. The domain memory was assessed by 
the immediate and delayed task of the Rey Auditory Verbal Learning Test, the 
Rey Complex Figure Test (delayed) and the forward and backward digit span of 
the Wechsler Adult Intelligence Scale-III (WAIS-III). The domain language was 
assessed by the Boston Naming Task and the Token test. The domain attention and 
executive functioning was assessed by the Rule Shift Test, the Ruff figural fluency 
test and a letter fluency test using the ‘N’ and ‘A’; and category fluency (animal 
naming). The domain visuoconstruction and –perception was assessed by the 
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Rey Complex Figure Test, the Face Recognition Test and the Judgement of Line 
Orientation test. 
 For each cognitive test, raw test scores were standardized into z-scores, by 
using the pooled mean of the whole group, and averaged to obtain one composite 
z-score per cognitive domain. These z-scores per domain were averaged to obtain 
one composite z-score. 

Statistical analyses
Patient characteristics were analysed with analysis of variance for continuous 
variables, Mann-Whitney U tests for non-parametric data and χ2 tests for 
proportions. Comparisons were made between patients with versus patients without 
microbleeds. After post-hoc inspection of the microbleed frequency distribution, we 
enhanced contrast by comparing patients with no versus patients with three or more 
microbleeds. The relationship between the presence of microbleeds and cognitive 
performance was examined with linear regression analyses, adjusted for age and 
sex, and in the case of a significant association additionally for education level (no 
adjustment for other variables was made, because of the modest sample size and 
because they did not differ between patients with and without microbleeds). 

results

Patient characteristics are shown in table 1. Forty-four patients were included. 
Mean age was 60.2 ± 14.3 years (range 27-85 years), and 61% were male. The 
vascular event was an ischemic stroke in 24 patients (55%) and a TIA in 20 patients 
(45%). The vascular event was caused by large artery atherosclerosis in 26 patients 
(59%), by cardioembolism in 10 patients (23%), by other determined aetiology, 
e.g. arterial dissection, in six patients (14%), and in two  patients (5%) the cause 
was undetermined (according to the TOAST (Trial of Org 10172 in Acute Stroke 
Treatment) classification21). Microbleeds were found in 15 patients (34%) (6 (30%) 
of the TIA patients and 9 (38%) of the ischemic stroke patients). Of the patients 
with microbleeds, 7 (47%) showed 3 or more microbleeds. Patients with and without 
microbleeds did not differ in age, sex, type or aetiology of the vascular event, or 
vascular risk factor profile (table 1). In 36 patients the first MRI-scan was used for the 
analyses and in 8 patients the second MRI-scan. The presence of microbleeds was 
independent of which MRI scan (the first or the second) was analysed.
 MRI findings are provided in table 2. Median time between the vascular event 
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No 
microbleeds

n =  29

≥1 
Microbleeds

n = 15

≥3 
Microbleeds

n = 7

Sex (male) 18 (62%) 9 (60%) 3 (43%)

Age (years) 59.6 ± 14.8 61.3 ± 13.5 54.7 ± 12.2

Education level (1-7) (median (IQR)) 5 (3; 6) 5 (4; 6) 5 (4; 6)

Clinical classification 

Ischemic stroke diagnosis 15 (52%) 9 (60%) 4 (57%)

TIA diagnosis 14 (48%) 6 (40%) 3 (43%)

Ischemic stroke/TIA mechanism a

Atherothrombotic 18 (62%) 8 (53%) 2 (29%)

Cardioembolic 5 (17%) 5 (33%) 3 (43%)

Other determined aetiology 5 (17%) 1 (7%) 1 (14%)

Undetermined 1 (3%) 1 (7%) 1 (14%)

Systolic blood pressure (mm Hg) 147 ± 25 149 ± 27 133 ± 23

Hypertension 15 (52%) 10 (67%) 4 (57%)

Hypercholesterolemia 10 (34%) 4 (27%) 1 (14%)

Diabetes mellitus 6 (21%) 3 (20%) 2 (29%)

Current smoking 12 (41%) 5 (33%) 3 (43%)

Table 1. patient characteristics (n = 44)

iQr = interquartile range

Data are presented as mean ± standard deviations or n (%) unless otherwise specified
a  According to the TOAST (Trial of Org 10172 in Acute Stroke Treatment) classification21 

and the MRI scan was 7 days (range 1-93 days). A total of 75 microbleeds were 
detected in 15 patients. They were equally found in lobar regions (n=38; 51%) and 
in deep or infratentorial regions (n=37; 49%). More patients showed strictly lobar 
microbleeds (n=10; 23%) than strictly infratentorial or deep microbleeds (n=2; 5%), 
p=0.095. Lacunar infarcts were found significantly more often in patients with 
than in patients without microbleeds (47% vs 7%, p<0.05). Other MRI markers (i.e. 
WMH scores, large vessel infarcts, atrophy) did not differ between patients with 
and without microbleeds (all p>0.05). 
 Median time between the vascular event and neuropsychological assessment 
was 50 days (range 4-210 days). Timing of neuropsychological assessment did not 
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No microbleeds
n =  29

≥1 Microbleeds
n = 15

≥3 Microbleeds
n = 7

Time interval vascular event – MRI scan (days) (median (range)) 6.5 (1-93) 6.5 (3-79) 6 (3-53)

Microbleeds

     Total number of microbleeds (median (range)) - 2 (1-33) 4 (3-33)

     Number of deep or infratentorial microbleeds (median (range)) - 0 (0-31) 0 (0-31)

     Number of lobar microbleeds (median (range)) - 2 (0-12) 3 (1-12)

     Strictly deep or infratentorial microbleeds - 2 (13%) 0

     Strictly lobar microbleeds - 10 (67%) 4 (57%)

Other MRI measures 

     Lacunar infarcts (present; median (range)) 2 (7%); 0 (0-3) 4 (47%); 0 (0-2) * 3 (43%); 0 (0-2) *

     Large vessel infarct 17 (63%) 10 (67%) 5 (71%)

     No infarct 9 (33) 2 (13) 1 (14)

     WMH load (0-24) (median (IQR)) a 3 (1; 6) 4 (3; 5) 3 (2; 5)

     Cortical atrophy (0-3) b 1.3 ± 0.7 1.6 ± 0.7 1.7 ± 0.8

     Subcortical atrophy (0-3) c 1.6 ± 0.8 1.7 ± 0.8 1.5 ± 0.9

Table 2. MRI findings 

Wmh = white matter hyperintensity 

Data are presented as mean ± standard deviations or n (%) unless otherwise specified
a  Wmh were scored according to the age-related White matter changes (arWmc) scale20 
b   measured semi quantitatively with a scale (0-3) based on the width of the sylvian and 

interhemispheric fissure
c   Measured semi quantitatively with a scale (0-3) based on the size of the frontal horns and 

lateral ventricles 
* significantly different from group without microbleeds 
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No microbleeds
n =  29

≥1 Microbleeds
n = 15

≥3 Microbleeds
n = 7

Time interval vascular event – MRI scan (days) (median (range)) 6.5 (1-93) 6.5 (3-79) 6 (3-53)

Microbleeds

     Total number of microbleeds (median (range)) - 2 (1-33) 4 (3-33)

     Number of deep or infratentorial microbleeds (median (range)) - 0 (0-31) 0 (0-31)

     Number of lobar microbleeds (median (range)) - 2 (0-12) 3 (1-12)

     Strictly deep or infratentorial microbleeds - 2 (13%) 0

     Strictly lobar microbleeds - 10 (67%) 4 (57%)

Other MRI measures 

     Lacunar infarcts (present; median (range)) 2 (7%); 0 (0-3) 4 (47%); 0 (0-2) * 3 (43%); 0 (0-2) *

     Large vessel infarct 17 (63%) 10 (67%) 5 (71%)

     No infarct 9 (33) 2 (13) 1 (14)

     WMH load (0-24) (median (IQR)) a 3 (1; 6) 4 (3; 5) 3 (2; 5)

     Cortical atrophy (0-3) b 1.3 ± 0.7 1.6 ± 0.7 1.7 ± 0.8

     Subcortical atrophy (0-3) c 1.6 ± 0.8 1.7 ± 0.8 1.5 ± 0.9

differ between patients with and without microbleeds. Mean MMSE score was 28.5 
± 1.9 (range 22-30); 28.6 ± 2.2 for patients without and 28.4 ± 2.2 for patients with 
microbleeds (p=0.144). Patients with microbleeds performed slightly worse on all 
four cognitive domains than those without (age and sex adjusted mean differences 
in z-scores (95% CI) between patients with and without microbleeds for memory: 
-0.08 (-0.52; 0.36); for language: -0.14 (-0.60; 0.31); for executive functioning: -0.15 
(-0.57; 0.27); for visuoconstruction and -perception: -0.16 (-0.67; 0.35); for composite 
cognition: -0.16 (-0.67; 0.36)), but differences were not statistically significant. 
Similar results were found in patients with multiple microbleeds (table 3).
 In contrast to the findings for microbleeds, other markers of SVD on MRI 
were related to cognition. Atrophy was associated with lower composite cognition 
(standardized regression coefficient β (adjusted for age, sex, and additionally for 
educational level) for cortical atrophy: -0.39 (-0.69; -0.08), p=0.014; for subcortical 
atrophy: -0.57 (-0.91; -0.23), p=0.002) and also a higher total WMH score was 
related with lower composite cognition (-0.45 (-0.80; -0.10), p=0.013). The presence 
of lacunar or large vessel infarcts on MRI was not related to cognition.
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No 
microbleeds

n =  29

≥1 
Microbleeds

n = 15

≥3 
Microbleeds

n = 7

MMSE (0-30) (mean ± SD) 28.6 ± 2.2 28.4 ± 1.2 29 ± 1.0

Time interval event – NPA (median days (range)) 45 (4-210) 51 (6-79) 53 (6-75)

Cognitive performance a

Memory 0.03 ± 0.66 -0.06 ± 0.86 -0.04 ± 0.57

Language 0.08 ± 0.83 -0.11 ± 0.69 -0.11 ± 0.73

Executive functioning 0.05 ± 0.70 -0.11 ± 0.61 -0.02 ± 0.80

Visuoconstruction and –perception 0.06 ± 0.69 -0.09 ± 0.90 -0.28 ± 0.92

Composite score 0.06 ± 0.59 -0.09 ± 0.54 -0.11 ± 0.50

Table 3. cognitive performance  

npa = neuropsychological assessment
a  Data are presented as mean standardized z-scores ± SD. 

None of the variables differed statistically significant between the groups. 

Discussion

In patients with a TIA or ischemic stroke in the anterior circulation, we found 
no association between the presence of microbleeds at 7T MRI and cognitive 
performance in four cognitive domains. 
 To the best of our knowledge, this is the first study on microbleeds at ultra-
high field strength MRI in patients who have suffered from a recent TIA or 
ischemic stroke. As the detectability of microbleeds increases with increasing field 
strength, this might influence associations with other clinical characteristics. We 
found a prevalence of microbleeds of 34%, which is indeed higher than in previously 
published studies that used regular field strength (1.0-3.0 T) MRI. In a meta-analyses 
including published studies from 1999-2004, a combined prevalence of  21.5% in 
patients with ischemic stroke was reported.6 In subsequent studies, prevalences up 
to 32% are mentioned (e.g. 22-25), comparable with our prevalence. The latter studies 
included patients with large vessel as well as lacunar ischemic stroke.22,23,25 In our 
study the prevalence of microbleeds has probably been influenced by the selection of 
patients with large vessel infarcts, since microbleeds are more common in patients 
with a lacunar stroke than in patients with a large vessel stroke.6  Furthermore, we 
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assessed relatively young patients and included also patients with a TIA, which 
could partly explain a relatively lower microbleed prevalence as well.6 
 Previous studies on the relationship between microbleeds and cognitive 
performance in patients with a TIA or stroke reported inconsistent results. In the 
general population, microbleeds have been related to cognitive impairment (mostly 
in the cognitive domains of executive functioning and information processing 
speed), although observed cognitive decrements in persons with microbleeds 
compared to persons without microbleeds were relatively small.9,10 In patients 
with a TIA or ischemic stroke, however, these associations were less clear.11-13,26-28 
Some studies reported relationships between the presence of microbleeds and 
cognitive performance, but this was mostly restricted to decrements in executive 
functioning, and did not extend to other domains.11-13,26 Moreover, associations with 
cognition were mainly observed for specific subgroups of patients with microbleeds, 
particularly those with lobar26 or multiple13 microbleeds. Other studies found no 
relation between microbleeds and cognitive performance, such as recently  in 
patients with a lacunar stroke.29 Moreover, we previously reported no association 
between microbleeds at regular field strength and global cognitive performance in 
328 patients with a TIA or minor ischemic stroke.28 In spite of the great variability 
in MRI techniques, investigated populations, and cognitive rating instruments 
used, these findings show that the relationship between microbleeds and cognitive 
dysfunction in patients with an ischemic stroke or TIA is at least not very strong. 
A possible explanation is that in these patient groups many persons will have SVD, 
including patients without microbleeds. In contrast, in the general population, the 
overall burden of vascular pathology will be lower, increasing the contrast between 
persons with and those without MRI markers of SVD, such as microbleeds.   
 Strengths of our study include the precise assessment of microbleeds with a 
dedicated protocol at 7T MRI, and the detailed neuropsychological examination. 
An important limitation is that we investigated a subgroup of patients with 
ischemic stroke or TIA, i.e. only patients with a TIA or ischemic stroke of the 
anterior circulation. Therefore, conclusions cannot simply be extrapolated to all 
patients with a TIA or ischemic stroke. Furthermore, the aetiology of these strokes 
was heterogeneous (table 1). This could have influenced our results, since different 
aetiologies may have different concomitant SVD and a differential impact on 
cognition. Lastly, some patients showed no infarct on brain MRI, while others did, 
and present ischemic brain lesions differed in size and localization, which will have 
different effects on cognition as well. Further limitations are the variation in timing 
of the neuropsychological assessment, and the modest sample size. The stringent 
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contra-indications for 7T MRI and the poor clinical condition of some patients in 
the first week after their stroke, prevented a number of inclusions, which might have 
caused selection bias. However, the fact that brain atrophy and WMH scores were 
related to cognitive performance in our cohort is well in line with previous studies 
showing similar associations in patients with ischemic stroke.30,31 This indicates that 
low statistical power cannot completely explain the absence of a relationship between 
microbleeds and cognition. Finally, due to the limited number of patients with 
multiple microbleeds, we could not reliably investigate whether high microbleed 
counts were related to cognitive impairment, as has been suggested before.13 
 In conclusion, also when microbleeds are assessed at 7T MRI, they did not 
contribute to cognitive impairment in patients with large vessel ischemic stroke  
or TIA. 

Chapter 10

198

10



reFerences

1.  Ihle-Hansen H, Thommessen B, Wyller TB, et al. Incidence and subtypes of MCI 
and dementia 1 year after first-ever stroke in patients without pre-existing cognitive 
impairment. Dement Geriatr Cogn Disord. 2011;32:401–407.

2.  Savva GM, Stephan BC. Epidemiological studies of the effect of stroke on incident 
dementia: a systematic review. Stroke 2010;41:e41–e46.

3.  Mok VCT, Wong A, Lam WWM, Fan YH, Tang WK, Kwok T, Hui ACF, Wong KS. 
Cognitive impairment and functional outcome after stroke associated with small vessel 
disease. J Neurol Neurosurg Psychiatry 2004;75:560–566.

4.  Pantoni,L. Cerebral small vessel disease:from pathogenesis and clinical characteristics 
to therapeutic challenges. Lancet Neurol. 2010;9:689–701.

5.  Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, Frayne R, Barkhof 
F, Benavente OR, Black SE, Brayne C, Breteler M, Chabriat H, Decarli C, de Leeuw 
FE, Doubal F, Duering M, Fox NC, Greenberg S, Hachinski V, Kilimann I, Mok V, 
Van Oostenbrugge R, Pantoni L, Speck O, Stephan BC, Teipel S, Viswanathan A, 
Werring D, Chen C, Smith C, van Buchem M, Norrving B, Gorelick PB, Dichgans 
M; STandards for ReportIng Vascular changes on nEuroimaging (STRIVE v1). 
Neuroimaging standards for research into small vessel disease and its contribution to 
ageing and neurodegeneration. Lancet Neurol 2013;12:822-838.

6.  Cordonnier C, Al-Shahi Salman R, Wardlaw J. Spontaneous brain microbleeds: 
systematic review, subgroup analyses and standards for study design and reporting. Brain 
2007;130:1988-2003.

7.  Poels MMF, Vernooij MW, Ikram MA, Hofman A, Krestin GP, van der Lugt A, 
Breteler MMB. Prevalence and Risk Facotrs of Cerebral Microbleeds: An Update of the 
Rotterdam Scan Study. Stroke 2010;41:S103-S106. 

8.  Cordonnier C, van der Flier WM. Brain microbleeds and Alzheimer's disease: innocent 
observation or key player? Brain 2011;134:335-344.

9.  Poels MMF, Ikram MA, van der Lugt A, Hofman A, Niessen WJ, Krestin GP, Breteler 
MMB, Vernooij MW. Cerebral microbleeds are associated with worse cognitive 
function. Neurology 2012;78:326-333. 

10.  Qiu C, Cotch MF, Sigurdsson S, Jonsson PV, Jonsdottir MK, Sveinbjrnsdottir 
S, Eiriksdottir G, Klein R, Harris TB, van Buchem MA, Gudnason V, Launer LJ. 
Cerebral microbleeds, retinopathy, and dementia: the AGES-Reykjavik Study. Neurology 
2010;75:2221-2228.

11.  Gregoire SM, Scheffler G, Jager HR, Yousry TA, Brown MM, Kallis C, Cipolotti L, 
Werring DJ. Strictly lobar microbleeds are associated with executive impairment in 

microbleeds at 7t mri and cognition in patients with tia or ischemic stroke

199

10



patients with ischemic stroke or transient ischemic attack. Stroke 2013;44:1267-1272.
12.  Werring DJ, Frazer DW, Coward LJ, Losseff NA, Watt H, Cipolotti L, Brown MM, 

Jager HR. Cognitive dysfunction in patients with cerebral microbleeds on T2*-weighted 
gradient-echo MRI. Brain 2004;127:2265-2275.

13.  Patel B, Lawrence AJ, Chung AW, Rich P, Mackinnon AD, Morris RG, Barrick TR, 
Markus HS. Cerebral microbleeds and cognition in patients with symptomatic small 
vessel disease. Stroke 2013;44:356-361.

14.  Conijn MM, Geerlings MI, Biessels GJ, Takahara T, Witkamp TD, Zwanenburg JJ, 
Luijten PR, Hendrikse J. Cerebral microbleeds on MR imaging: comparison between 
1.5 and 7T. AJNR Am J Neuroradiol 2011;32:1043-1049. 

15.  Greenberg SM, Vernooij MW, Cordonnier C, Viswanathan A, Al-Shahi Salman R, 
Warach S, Launer LJ, Van Buchem MA, Breteler MM. Cerebral microbleeds: a guide 
to detection and interpretation. Lancet Neurol 2009;8:165-174.

16.  Van der Kolk AG, Zwanenburg JJ, Brundel M, Biessels GJ, Visser F, Luijten PR, 
Hendrikse J. Intracranial vessel wall imaging at 7.0-T MRI. Stroke 2011;42:2478-84. 

17.  Bamford J, Sandercock P, Dennis M, Burn J, Warlow C. Classification and natural 
history of clinically identifiable subtypes of cerebral infarction. Lancet 1991;337:1521-1526.

18.  Kuijf HJ, de Bresser J, Geerlings MI, Conijn MM, Viergever MA, Biessels GJ, Vincken 
KL. Efficient detection of cerebral microbleeds on 7.0 T MR images using the radial 
symmetry transform. Neuroimage 2012;59:2266-2273.

19.  Kuijf HJ, Brundel M, de Bresser J, van Veluw SJ, Heringa SM, Viergever MA, Biessels 
GJ, Vincken KL. Semi-Automated Detection of Cerebral Microbleeds on 3.0 T MR 
Images. PLoS One. 2013;8:e66610.

20.  Wahlund LO, Barkhof F, Fazekas F, Bronge L, Augustin M, Sjogren M, Wallin A, 
Ader H, Leys D, Pantoni L, Pasquier F, Erkinjuntti T, Scheltens P, European Task 
Force on Age-Related White Matter Changes. A new rating scale for age-related white 
matter changes applicable to MRI and CT. Stroke 2001;32:1318-1322.

21.  Adams HP Jr., Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordon DL, Marsh EE 
3rd. Classification of subtype of acute ischemic stroke. Definitions for use in a multicenter 
clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment. Stroke 1993;24:35-41.

22.  Cho AH, Lee SB, Shon YM, Yang DW, Kim BS. Impaired kidney function and cerebral 
microbleeds in patients with acute ischemic stroke. Neurology 2009;73:1645-1648. 

23.  Seo WK, Lee JM, Park MH, Park KW, Lee DH. Cerebral microbleeds are independently 
associated with arterial stiffness in stroke patients. Cerebrovasc Dis 2008;26:618-623.

24.  Ovbiagele B, Liebeskind DS, Pineda S, Saver JL. Strong independent correlation of 
proteinuria with cerebral microbleeds in patients with stroke and transient ischemic 
attack. Arch Neurol 2010;67:45-50. 

Chapter 10

200

10



25.  Jeon SB, Kwon SU, Cho AH, Yun SC, Kim JS, Kang DW. Rapid appearance of new 
cerebral microbleeds after acute ischemic stroke. Neurology. 2009;73:1638-44. 

26.  Gregoire SM, Smith K, Jager HR, Benjamin M, Kallis C, Brown MM, Cipolotti L, 
Werring DJ. Cerebral microbleeds and long-term cogntive outcome: longitudinal cohort 
study of stroke clinic patients. Cerebrovasc Dis 2012;33:430-435.

27.  Zhang M, Chen M, Wang Q , Yun W, Zhang Z, Yin Q , Huang Q , Zhu W. Relationship 
between cerebral microbleeds and cognitive function in lacunar infarct. J Int Med Res 
2013;41:347-355.

28.  Brundel M, Kwa VI, Bouvy WH, Algra A, Kappelle LJ, Biessels GJ. Cerebral 
Microbleeds Are Not Associated with Long-Term Cognitive Outcome in Patients with 
Transient Ischemic Attack or Minor Stroke. Cerebrovasc Dis 2014;37:195-202. 

29.  Lawrence AJ, Patel B, Morris RG, MacKinnon AD, Rich PM, Barick TR, Markus HS. 
Mechanisms of cognitive impairment in cerebral small vessel disease: multimodal MRI 
results from the St George’s Cognition and Neuroimaging in Stroke (SCANS) Study. 
PloS One 2013;8:61014.

30.  Tang WK, Chan SS, Chiu HF, Ungvari GS, Wong KS, Kwok TC, Mok V, Wong 
KT, Richards PS, Ahuja AT. Frequency and determinants of poststroke dementia in 
Chinese. Stroke 2004;35:930–935.

31.  Stebbins GT, Nyenhuis DL, Wang C, Cox JL, Freels S, Bangen K, de Toledo-Morrell L, 
Sripathirathan K, Moseley M, Turner DA, Gabrieli JD, Gorelick PB. Gray matter atrophy 
in patients with ischemic stroke with cognitive impairment. Stroke 2008;39:785-793.

microbleeds at 7t mri and cognition in patients with tia or ischemic stroke

201

10





general Discussion11



Chapter 11

204

11



This thesis focuses on brain imaging markers of vascular cognitive impairment 
(VCI). The term VCI refers to the entire spectrum of cognitive disorders associated 
with and presumed to be caused by any form of cerebrovascular disease. 
The main aims of this thesis were 1) to assess different brain imaging markers of 
type 2 diabetes mellitus, as a vascular risk factor for cognitive decline; and 2) to 
explore cerebral microvascular lesions (microinfarcts and microbleeds) on MRI as 
an etiological and prognostic marker of VCI. 
 The main findings of this thesis and implications for clinical care and future 
research are discussed in this chapter. Part II of this thesis, focusing on microvascular 
lesions, will be discussed first, as it also has implications for part I. 

microvascular lesions

Cerebral small vessel disease (SVD), an important underlying pathophysiological 
process of VCI, can be studied with MRI, although the small vessels themselves 
cannot directly be visualized with conventional MRI techniques. Instead, the 
lesions that develop in the brain tissue as a consequence of abnormalities in the 
small vessels are used as markers to detect SVD. Traditionally these include white 
matter hyperintensities (WMH) and lacunar infarcts. Over the last decades, other 
MRI markers of SVD have been introduced, such as microbleeds. Furthermore, 
from autopsy studies it became clear that microinfarcts are another feature of SVD 
that are likely to play an important role in cognitive impairment and dementia. 

Microinfarcts 
Detection of microinfarcts at 7T MRI  
In autopsy studies, microinfarcts are defined as ischemic lesions “not visible with 
the naked eye” or “only visible upon light microscopy”. Because of their limited size, 
microinfarcts could until recently not be detected on conventional MRI. However, 
the past decade, ultra-high field strength MRI has been introduced, which offers 
higher spatial resolution. When I started my research project in 2009, we wanted 
to explore the possibility to visualize microinfarcts in vivo, with the new 7T MRI 
scanner, in order to investigate the meaning of these lesions in VCI. 
 The difficulty at that moment was that we did not know what microinfarcts 
on MRI would look like. Therefore, we systematically reviewed available 
neuropathological studies on cerebral microinfarcts, as a frame of reference for our 
MRI studies (chapter 6). These revealed that microinfarcts are relatively common 
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at older age (24%). Microinfarcts are even more common among older individuals 
with vascular dementia (62%), Alzheimer’s Disease (AD) (43%) and mixed forms of 
dementia (33%). They are described as minute foci with neuronal loss, gliosis, pallor 
or more cystic lesions. Microinfarcts are found in all brain regions, possibly more 
so in the cerebral cortex, particularly in watershed areas. Reported sizes vary from  
50 μm to a few mm. Microinfarcts have been associated with cognitive performance 
or a clinical diagnosis of dementia before death and with other forms of SVD-related 
brain damage. 
 Based on these histopathological characteristics of microinfarcts, i.e. sharply de-
lineated microscopic ischemic lesions, often associated with gliosis and cavitation, 
and on knowledge of the MR appearance of other ischemic lesions, we developed a 
scan protocol, to visualize cortical microinfarcts in vivo. We hypothesized that mi-
croinfarcts would appear as small hyperintense circumscript (with or without a hypo-
intense center) lesions on FLAIR images, hyperintense on T2-weighted images, and 
hypointense or isointense on T1-weighted images. We focused on microinfarcts in 
the cerebral cortex, because we expected that in the subcortical gray and white matter 
it would be more difficult to differentiate microinfarcts from other focal lesions, e.g. 
WMH and perivascular spaces. After intensive evaluation of the 7T MRI scans, we 
came across lesions with features that matched our assumptions. Next, we performed 
MRI scans of post-mortem brain material, which contained the same lesions. These 
lesions were examined histologically, and we could indeed confirm that they were mi-
croinfarcts.1 Based on these findings, we defined criteria for possible microinfarcts on 
in vivo 7T MRI (as described above; furthermore microinfarcts had to be detectable 
on sagittal, coronal, and transversal views of the brain and restricted to the cortex).1 
 The above mentioned MR sequences were already incorporated in research scan 
protocols of different clinical studies. Because we were among the first in the world 
scanning large numbers of patients on 7T MRI, we were faced a number of practical 
issues. Because of the limited experience with  7T MRI - at least initially - very 
stringent contra-indications with respect to metal objects were applied, much more 
stringent than for regular clinical MR scanners. These rules, although appropriate 
from a safety perspective, prevented inclusion of a substantial number of people, 
especially elderly. Fortunately, over the past years our knowledge on safety aspects 
of the scanner have increased considerably, leading to a marked shortening of the 
list of contra-indications for 7T MR scanning. This important work should be 
continued, since it is essential for patient safety, but will also reduce selection bias 
when contraindications that prove to be unnecessary from a safety perspective can 
be dropped. Furthermore, experimental scan protocols at 7T MRI are often long, 
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which can be a problem in older or diseased persons. The focus should therefore 
be on dedicated scan protocols to detect microvascular lesions accurately, but with 
the shortest scan times to minimize scan artefacts. Finally, the availability of 7T 
scanners is limited. The accessibility of 7T scanners should be increased, to make 
future research and also clinical implementation more feasible. On the other hand, 
optimization of detection of microinfarcts at lower field strength (3T), as has been 
demonstrated recently,1,2 will also increase the dissemination of this marker in 
research and possibly clinic.

Rating of microinfarcts 
After we succeeded in visualizing cortical microinfarcts at 7T MRI, we experienced 
a number of difficulties in rating these lesions. Inter-rater agreement is moderate 
(intraclass correlation coefficient on the order of 0.40). Defining lesions as 
microinfarcts is rater dependent and remains a challenge, despite stringent criteria. 
Because lesions are small, they are susceptible for movement artefacts. Secondly, 
with our MRI scan protocol, we cannot detect lesions of ≤1 mm in size, in contrast to 
neuropathology studies where lesions of 50 μm in size can be detected. It is therefore 
uncertain whether MRI detected lesions are a good representation of the complete 
lesion load in the brain. Finally, rating microinfarcts at MRI is time consuming. 
The use of semi-automated detection tools offers practical benefits and can increase 
both detection of microinfarcts and inter-rater agreement. This has also been shown 
for microbleeds,3 and have already been used in chapters 5, 7, and 10 of this thesis.

Microinfarcts in different study populations 
Thus, it became possible to study cortical microinfarcts in vivo at 7T MRI in different 
populations. We showed that in nondemented persons, microinfarcts are common 
and already detectable at middle-age (chapter 7). The overall occurrence (38%) was 
higher than we found in our review of autopsy studies (24%), while the persons we 
investigated were younger than in these neuropathological studies.
 Microinfarcts on MRI were unrelated to age, vascular risk factors or other 
markers of SVD (chapter 7). We also found no increased occurrence of microinfarcts 
in patients with T2DM compared to controls. Furthermore, the presence of 
microinfarcts was not associated with cognitive performance in persons aged 65-80 
with or without T2DM (chapter 5). 

There thus appears to be a discrepancy between the links between microinfarcts 
and age, other imaging markers of SVD, and cognition in our in vivo studies and in 
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previous neuropathological studies. This might be caused by the fact that the latter 
investigated much older persons (mean age at death in most studies above 80), with 
a high probability of ageing related abnormalities and end-stage disease, including 
both Alzheimer’s pathology and cerebrovascular disease, also in individuals without 
clinical manifestations of dementia prior to death. Along these lines, two recent in 
vivo 7T MRI studies showed that microinfarcts were not more prevalent in patients 
with early AD,4 but were indeed more prevalent in patients with more advanced 
AD5 than in controls. Moreover, the presence of microinfarcts was only related 
to cognitive performance in patients with more advanced AD.5 It seems to be a 
paradox that on the one hand microinfarcts are frequently seen, also in younger 
persons without cerebrovascular disease or cognitive disturbances, whereas on the 
other hand they are associated with dementia and cerebrovascular disease. One 
explanation could be that at the population level, microinfarcts are in most cases not 
a manifestation of disease, but rather a marker for future risk of stroke or dementia. 
In other words, they could be a marker of other pathophysiological processes which 
causally lead to cognitive decline or stroke. Another explanation could be that they 
lead to dementia through synergistic or additive effects together with other disease 
processes. Hence, the relation with dementia would only become evident when these 
other processes also occur. Finally, the relation between microinfarcts and disease 
could be not-linear, i.e. persons with a mild lesion load will not develop cognitive 
symptoms, but patients with a higher lesion load do.

Microbleeds 
7T MRI is also very sensitive for detection of microbleeds. Microbleeds consist of 
hemosiderin deposits that are paramagnetic, which induces a susceptibility effect: 
it leads to a fast decay of the local T2*-weighted MRI signal, visible as a signal 
void. With higher field strength, the susceptibility effect increases, and increased 
signal-to-noise ratio can be used for higher spatial resolution. We used this higher 
sensitivity for detection of microbleeds to assess the association with ageing and 
other markers of SVD (chapter 7), to assess the occurrence in patients with T2DM, 
as a risk factor for cerebrovascular disease and dementia (chapter 5), and to assess 
the occurrence and relationship with cognitive performance in patients with AD 
(chapter 8) and ischemic stroke (chapter 10). 
 We showed that prevalences of microbleeds at 7T MRI were indeed higher 
than in previous studies at regular field strength. Reported microbleed prevalences 
at conventional field strength in two systematic reviews were 5% in the general 
population, 23% in patients with AD, and 21.5% in patients with ischemic stroke,6,7 
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while we found microbleeds in 38% of the healthy adults (chapter 7), 78% of patients 
with early AD (chapter 8), and 34% of patients with a TIA or ischemic stroke 
(chapter 10). However, with this sensitive imaging technique, not all of our findings 
on the clinical and functional correlates of microbleeds were in accordance with 
previous studies at regular field strength. 

In chapter 7, we investigated “healthy persons” (i.e. people without major neurological 
conditions). We demonstrated that in these persons microbleeds are related to age, 
which is well in line with previous studies in the general population,8-10 although 
the reported odds ratios were higher than in our study. This difference could be the 
result of the higher sensitivity of our imaging method resulting in the detection of 
smaller lesions, also in younger persons. 
 Previous studies at regular field strength have linked the presence of microbleeds 
to vascular risk factors and other MR markers of SVD, but not invariably. For example, 
a meta-analysis that included the earliest studies, showed that microbleeds appear 
to be associated with hypertension and diabetes mellitus in the general population,6 
while in more recent large population-based cohorts, no or weak relationships were 
found, in line with our study.8,10 Furthermore, some studies reported an association 
between microbleeds and lacunar infarcts11,12 or higher WMH scores,11  but others 
found only a relationship with deep or infratentorial microbleeds8 or no relationship 
at all.9 In our sample we did not find a relationship between microbleeds and vascular 
risk factors or other MR markers of SVD.

In chapter 5, we investigated patients with T2DM. We did not find an increased oc-
currence of microbleeds compared to controls, in line with two recent studies at regular 
field strength.13,14 Of note, we assessed a relatively well-controlled patient group. Further 
studies should assess whether they do occur more often in patients who are less well 
controlled or have a high burden of microvascular complications elsewhere in the body.
 We also did not find a relationship between microbleeds and cognitive 
performance in the patients with T2DM or the controls. In previous large 
population-based cohorts, not specifically addressing T2DM, only weak associations 
between microbleeds and modest cognitive deficits, mostly in the cognitive domains 
of executive functioning and information processing speed, have been reported,15,16 

for example 0.4 MMSE points, for people with ≥5 microbleeds relative to those 
without.16 Despite the high sensitivity of ultra-high field strength MRI, it does not 
add greater clarity to the relationship between microbleeds and cognition. In fact, 
this association seems to be rather weak in older persons without dementia.
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In chapter 8, we showed that microbleeds measured at 7T MRI were more prevalent 
in patients with early AD (78%) than in controls (44%). Cerebral amyloid angiopathy 
(CAA) is presumed to be the main neuropathological correlate of microbleeds in 
AD. The fact that microbleeds were present in the majority of patients with early 
AD, fits with fits with the high prevalence of CAA in AD in neuropathological 
studies.17 Microbleeds were not related to MMSE score within the patient group 
either. Previous studies in patients with AD also reported no association between 
microbleeds and cognitive performance.18-22 Only one study reported microbleeds to 
be related to cognition in patients with AD, but this concerned patients with eight 
or more microbleeds.23  

Finally, in chapter 10, we investigated microbleeds on 7T MRI in patients with 
a TIA or ischemic stroke. Also in these patients, microbleeds were not related to 
cognitive performance in four cognitive domains. Previous studies at regular field 
strength investigating a relationship between microbleeds and cognition in patients 
with an ischemic stroke or TIA, reported inconsistent results. Reported associations 
were rather weak, and restricted to for example specific cognitive domains24-27 or 
specific subgroups of patients with lobar24 or multiple27 microbleeds. Thus, the 
relationship between microbleeds and cognitive performance in patients with a TIA 
or ischemic stroke seems to be at least not very strong, also when investigated at 
ultra-high field strength MRI. A possible explanation is that in these patient groups 
many persons will have SVD, including patients without microbleeds. In contrast, 
in the general population, the overall burden of vascular pathology will be lower, 
increasing the contrast between persons with and those without MRI markers of 
SVD, such as microbleeds.   

Nowadays, 1.5T MRI is much more available than 7T MRI and still widely used in 
daily practice. Therefore, we also investigated the relationship between microbleeds 
at regular field strength and cognition in 328 patients with a TIA or ischemic stroke, 
representative of a regular vascular outpatient clinic population (chapter 9). As to 
be expected, we found a lower microbleed prevalence (11.6%) than at 7T MRI, but 
the presence of microbleeds in this cohort was also not related to global cognitive 
performance. This is well in line with our results of chapter 10, and with previous 
studies as described above. 

To summarize, microbleeds on 7T MRI are quite common, also in apparently 
healthy older individuals. They are not strongly related to other markers of SVD. 
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In healthy individuals, microbleeds are not clearly associated with cognition, except 
for subgroups of persons with a high lesion load. Microbleeds are more common in 
patients with stroke or dementia than in healthy individuals, but not clearly related 
to cognitive performance in these patients groups. It appears that at the population-
level, similarly to microinfarcts, microbleeds could be a marker of future risk for 
stroke and cognitive decline. At the same time, in a subgroup, they could be an 
early manifestation of a pathophysiological process, e.g. amyloid angiopathy in the 
context of AD. In patients with stroke or dementia, the overall burden of other 
vascular and neurodegenerative pathologies will be higher, which may mask the 
relatively subtle relation between microbleeds and cognition. 

Detection of microvascular lesions at 7T MRI has several implications for future 
research, as described above. For clinical care, however, implications are at present 
less obvious. Although microbleeds are increasingly recognized as an imaging marker 
for SVD, research on microinfarcts in vivo has only recently been started, and there 
is still uncertainty on the clinical relevance of these lesions detected with MRI. 
Currently, diagnostic and prognostic meaning of both microbleeds and microinfarcts 
are unclear. Although an increasing number of papers point to the potential clinical 
relevance of microbleeds, this is still mostly based on expert opinion. Microbleeds 
have been suggested to increase the risk of future cerebrovascular accidents in patients 
with a past stroke.6,28 The question has been raised if presence of microbleeds should 
influence the prescription of antithrombotic agents,29 but it is still unknown if these 
agents increase the risk of future hemorrhages in patients with microbleeds.28,30 The 
challenge for future research will be to determine which imaging markers – or more 
likely: which combination of imaging markers – have diagnostic and prognostic 
value for the individual patient.

brain imaging markers in tYpe 2 Diabetes

Type 2 diabetes mellitus (T2DM) predisposes to macro- and microvascular disease, 
both in the brain and elsewhere in the body,31 and is associated with cognitive 
dysfunction. These cognitive changes are attributable to structural abnormalities in 
the brain, which can be visualized with MRI. Brain MRI markers may therefore 
provide important clues for underlying mechanisms. Chapter 2 presents a recent 
overview of brain imaging in T2DM. The main conclusion is that T2DM is associated 
with various forms of brain damage, mildly distinct from changes occurring in normal 
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aging. This heterogeneity is also reflected in the findings of chapters 3, 4 and 5. 
 Microvascular lesions, as a marker of SVD in T2DM (chapter 5), were already 
addressed in the previous section of this general discussion. 
 In chapter 3, we investigated cerebral cortical atrophy in patients with T2DM. 
Atrophy is an important marker of T2DM-related brain damage: available literature 
consistently shows that T2DM is associated with a modest degree of global brain 
atrophy – the equivalent of 3-5 years of normal brain aging – and a slightly increased 
atrophy rate over time, compared with persons without T2DM. The question 
remains if specific brain regions are more vulnerable to T2DM-related atrophy. In 
our sample, we found that T2DM was indeed associated with global cortical atrophy, 
and specifically with cortical atrophy of the medial temporal lobe. Others observed 
recently that T2DM-related gray matter loss was distributed mainly in medial 
temporal, anterior cingulate, and medial frontal lobes.32 In previous studies, lower 
hippocampal volumes have also been reported in patients with T2DM.33 However, 
when hippocampal volumes are measured and expressed as percentage of total brain 
volume, hippocampal atrophy is not out of proportion to global brain atrophy in 
T2DM.34 Other parts of the medial temporal lobe appear to give rise to observed 
atrophy in this brain region. The pattern of brain atrophy in patients with T2DM 
may provide clues toward underlying mechanisms. T2DM has been associated with 
different pathophysiological processes involved in both vascular (e.g. endothelial 
dysfunction, pro-inflammatory and prothrombotic factors35) and neurodegenerative 
pathways (e.g. alterations in the phosphorylation of tau36 and decreased breakdown 
of amyloid37,38). Future studies should link regional brain volumes to specific risk 
factors or markers for etiological processes (e.g. markers for perfusion, inflammation, 
or accumulation of amyloid).   
 Some previous studies showed diminished cerebral blood flow (CBF) or decreased 
cerebrovascular reactivity (CVR) in patients with T2DM compared to controls.39,40 
Cerebral haemodynamics might mediate the relationship between T2DM and brain 
abnormalities and cognitive dysfunction. We therefore investigated CBF and CVR 
in a longitudinal study on nondemented patients with T2DM (chapter 4). We found 
that CBF, but not CVR, was associated with baseline cognitive performance and 
total brain volume. Neither CBF nor CVR at baseline predicted change in cognition 
or in total brain volume after four years. These results emphasize the importance of 
longitudinal studies to investigate etiological processes. Our study does not support 
a causal role for disturbed haemodynamics in cognitive dysfunction and atrophy. 
Reverse causality might play a role. In other words, the demand for CBF may be 
relatively lower in abnormal atrophic brain tissue, thus giving rise to the observed 
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associations in the cross-sectional studies. This can also be concluded from previous 
cross-sectional studies, which did not correct CBF or CVR for brain atrophy, and 
decreased haemodynamics might therefore well be considered a consequence rather 
than a cause of cerebral atrophy. The techniques we used to measure CBF and CVR 
are non-invasive, fast and accurate. On the other hand, it only measures the total 
amount of blood flowing to the brain and the blood flow velocity in large cerebral 
arteries, while regional differences are also interestingly, as discussed in the light 
of brain atrophy. With other techniques, such as arterial spin labeling (ASL) or 
single-photon emission computed tomography (SPECT), regional differences can 
be measured and linked to other (regional) brain imaging markers.  

Thus, brain damage in patients with T2DM should be considered as a combination 
of different processes, related to macro- and microvascular disease, both global and 
regional, and the increased risk of dementia in T2DM should be considered also in 
interaction with other pathologies (e.g. AD pathology). Future studies should focus 
on combining different imaging markers that add to the increased risk of dementia 
in T2DM in one prediction model. 

Observed brain abnormalities in patients with T2DM are proven at the population-
level. However, for the individual T2DM patient, brain changes are difficult to 
interpret, since they are generally subtle and there is no one-on-one relationship 
between MRI findings and cognitive performance. Currently, diagnostic and 
prognostic values of individual MRI markers are insufficient with regard to T2DM-
related cognitive decline for application in clinical practice.  
 At present, no proven treatment is available to prevent or slow down cognitive 
decline in patients with T2DM. A few studies focused on the effects of intensive 
glycemic intervention. Unfortunately, no consistent evidence for benefit of glucose 
lowering agents with regard to cognition has been reported yet (e.g. the ACCORD-
MIND study41). Therefore, the role of MRI in the diagnostic evaluation of a T2DM 
patient with cognitive complaints should be identical to that in every other person 
with cognitive complaints. 
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summarY

In our aging society, cognitive impairment and dementia are a major public health 
problem. The most common causes of dementia are Alzheimer’s Disease (AD) and 
Vascular Dementia (VaD), historically considered as two separate entities. The past 
decades, however, this tight categorical view is being re-evaluated and the role of 
vascular brain pathology in cognitive decline is increasingly recognized, also in 
patients who are diagnosed with AD. The term Vascular Cognitive Impairment 
(VCI) has been introduced, to refer to the entire spectrum of cognitive disorders 
associated with and presumed to be caused by all forms of cerebrovascular disease. It 
thus refers to the contribution of vascular brain damage across the whole spectrum of 
AD to VaD, and acknowledges the role of vascular risk factors in cognitive decline, 
such as type 2 diabetes mellitus (T2DM). Furthermore, VCI refers to different 
pathophysiological processes. One important underlying process is small vessel 
disease (SVD). Brain imaging, in particular magnetic resonance imaging (MRI), 
plays an important role in the assessment of these underlying processes.
 This thesis focuses on brain imaging markers of T2DM as a risk factor for 
cognitive decline (part I), and on cerebral microvascular lesions as etiological and 
prognostic markers of VCI (part II). 

Part I: Brain imaging markers in type 2 diabetes
T2DM is a risk factor for VCI. The exact underlying mechanisms of T2DM-
associated cognitive dysfunction are, however, largely unknown. We used brain MRI 
to explore some of these mechanisms. In the first part of this thesis we examined 
structural and functional changes on brain MRI in T2DM. Chapter 2 provides a 
review of the literature on brain imaging in T2DM. The main conclusion is that 
T2DM is associated with various forms of brain damage. The reported brain changes 
are heterogeneous, non-specific and only mildly distinct from changes occurring 
in normal aging. Most consistently, studies reported that people with T2DM show 
slightly more global brain atrophy than is seen in normal aging. Moreover, vascular 
lesions are seen more often, particularly lacunar infarcts. The association between 
T2DM and white matter hyperintensities and microbleeds is less clear. Brain imaging 
abnormalities in T2DM are also being studied using emerging imaging techniques, 
e.g. diffusion tensor imaging (DTI), functional MRI, and MR-spectroscopy. Such 
studies, however, are relatively scarce and thus far have not led to firm conclusions. 
The heterogeneity of brain imaging abnormalities that can be observed in patients 
with T2DM is reflected in the findings of chapters 3, 4 and 5. 
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In chapter 3 we report on an imaging study measuring cortical surface, volume 
and thickness in 56 patients with T2DM and 30 controls. Total cortical surface, 
total cortical volumes and mean cortical thickness were consistently lower in the 
T2DM group (between group differences 0.5-4%). In particular, differences were 
found in the hippocampal region and in the middle temporal gyrus. In the T2DM 
group, smaller cortical thickness of the hippocampal region was associated with 
small vessel disease on MRI. This indicates that the effects of T2DM on the cortical 
gray matter are most pronounced in the temporal lobe, and this should probably be 
interpreted as a marker of mixed (i.e. degenerative and vascular) pathology. 

In chapter 4, we explored both structural and functional brain MRI markers associated 
with T2DM. We examined how cerebral blood flow (CBF) and cerebrovascular 
reactivity (CVR) are related to cognitive functioning and brain volumes, at baseline 
and after four years, in 114 people with T2DM. CBF, but not CVR, was associated 
with baseline cognitive performance and total brain volume. Neither CBF nor CVR 
predicted change in cognition of total brain volume after four years. These results 
do not support a causal role for disturbed haemodynamics in cognitive dysfunction 
and atrophy as might be inferred from the cross-sectional studies. Reverse causality 
might play a role, in other words, the demand for CBF may be relatively lower in 
abnormal atrophic brain tissue, thus explaining the baseline findings.

After investigating these conventional MRI markers, we assessed more subtle brain 
changes in people with T2DM at ultra-high field MRI. In chapter 5, we compared 
the occurrence of cortical microinfarcts and cerebral microbleeds at 7 Tesla MRI 
between 48 nondemented older individuals with T2DM and 49 control participants, 
and investigated the relationship with cognitive performance. We showed that 
microvascular lesions were common, but the occurrence did not significantly differ 
between patients (48%) and controls (38%). Furthermore, presence and number of 
microinfarcts or microbleeds were unrelated to cognitive performance. Since this 
is the first study on microvascular lesions at 7T MRI in patients with T2DM, and 
we assessed a relatively well-controlled patient group, further studies should assess 
whether cerebral microvascular lesions may occur in patients with T2DM who are 
less well controlled or have a high burden of microvascular complications elsewhere 
in the body. 

To conclude, T2DM is associated with various changes on brain MRI, reflecting 
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neurodegenerative and vascular disease, both global and regional. These brain 
abnormalities are detectable at the group-level and are subtle as compared to normal 
ageing. Currently, diagnostic and prognostic values of individual MRI markers 
are insufficient with regard to T2DM-related cognitive decline. The challenge for 
further research will be to incorporate different imaging markers that add to the 
increased risk of dementia in a prediction model. 

Part II: microvascular lesions
Conventional imaging markers of SVD (i.e. lacunar infarcts, white matter 
hyperintensities (WMH), brain atrophy) do not capture the full burden of cerebral 
microvascular damage. Autopsy studies point to the relevance of microinfarcts in the 
pathogenesis of cognitive decline and dementia. Microinfarcts are a common finding 
at autopsy, but evidence originates solely from post-mortem data and therefore the 
relation with age, vascular risk factors, and disease progression is largely unknown. At 
the start of my PhD project we set out to determine if ultra-high MR field strength 
enables visualization of microinfarcts in vivo. 
 Microbleeds also have attracted attention, due to their association with various 
clinical correlates including cognitive dysfunction and dementia. The number of 
microbleeds detected on MRI is highly dependent on the scan protocol and field 
strength. The possibility of 7T MRI to detect more microbleeds allows for further 
studies about their occurrence and their role in cognitive impairment. 

In the second part of this thesis we examined microinfarcts and microbleeds as new 
markers of SVD. Firstly, we reviewed the available literature on neuropathological 
studies on cerebral microinfarcts, as a frame of reference for further MRI studies 
(chapter  6). The overall picture of these autopsy studies is that microinfarcts are more 
common in patients with dementia, particularly in patients with vascular dementia 
(62%) and Alzheimer’s disease (43%), than in non-demented older individuals (24%). 
Microinfarcts are described as minute foci with neuronal loss, gliosis, pallor or more 
cystic lesions. Reported sizes vary from 50 μm to a few mm. These lesions may occur 
in all brain regions, although the cerebral cortex may be a preferential location. In 
the majority of cases multiple microinfarcts are observed. Based on these findings, 
we were able to develop scan protocols and criteria to detect cortical microinfarcts in 
vivo at ultra-high field MRI in different populations. 

In chapter 7, we examined the occurrence of both microbleeds and microinfarcts 
- with a newly developed and validated protocol at 7T MRI - in a sample of  
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103 subjects without major neurological conditions, aged 40-80 years. We found that 
both microbleeds and cortical microinfarcts were present in a substantial proportion 
of the population. The number of microbleeds was related to age, but the number 
of microinfarcts was not. Neither the presence of microbleeds nor microinfarcts was 
related to vascular risk factors or other markers of SVD (lacunar infarcts, WMH 
volumes, total brain volume). We concluded that these lesions are common and 
already present in middle-aged persons, and that their occurrence is independent 
of other signs of SVD. Probably, the microvascular lesions we detected reflect 
pathophysiological processes that are different from other markers of SVD. 

In chapter 8 we showed that microbleeds at 7T MRI were present in the majority 
of the patients with mild cognitive impairment (MCI) or early stages of AD (78%), 
compared to 44% of controls. Microbleeds were unrelated to global cognitive 
performance. Prevalences were much higher than in studies using lower field 
strength. We concluded that presence of microbleeds may be the rule, rather than the 
exception in patients with MCI/AD. This fits with the assumption that microbleeds 
are the imaging correlate of cerebral amyloid angiopathy, which is a pathological 
process underlying AD. 

Although microbleeds are related to modest cognitive deficits in the general 
population, this relationship in patients suffering from stroke is less clear. Therefore, 
we addressed this topic in chapter 9 and 10. 
 In chapter 9, we examined the relationship between microbleeds at conventional 
field strength in 328 patients with a TIA or minor ischemic stroke, and global cognitive 
performance four years later. We found that cognitive performance, measured with 
a telephone interview, did not differ between the 11.6% of patients with microbleeds 
and those without (relative risk for abnormal cognitive performance when having 
microbleeds: 1.19 (95% CI 0.63-2.26)). 
 In chapter 10, we investigated microbleeds at 7T MRI in a sample of patients 
with a TIA or ischemic stroke of the anterior circulation. The presence of microbleeds 
was higher than at regular field strength: 34%. In line with our results of chapter 9, 
we found no association between microbleeds and cognitive performance in four 
cognitive domains. Apparently, the association between a TIA or minor stroke 
and cognitive dysfunction is not mediated by the presence of microbleeds on MRI, 
contrary to other markers of small vessel disease.  

To conclude, we are now, for the first time, able to visualize microinfarcts in vivo. 
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Detection however has to be optimized, and further studies are needed to elucidate 
associations between these detected microinfarcts on MRI and clinical correlates. 
The detection of microbleeds is highly increased at 7T MRI compared with regular 
field strength. Both microinfarcts and microbleeds at 7T MRI are common and 
present in healthy persons, but are not strongly related to other markers of SVD 
in these persons. On the other hand, microvascular lesions are more common in 
patients with stroke or dementia, but are not clearly related to cognitive performance 
in these patient groups. It appears that at the population-level, microvascular lesions 
could be a marker of future risk for stroke and cognitive decline. In patients with 
stroke or dementia, the overall burden of other vascular and neurodegenerative 
pathologies will be higher, which may mask the relatively subtle relation between 
microbleeds and cognition. 
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neDerlanDse samenvatting

Dementie is een veel voorkomend probleem in onze vergrijzende samenleving. 
De meest voorkomende vormen van dementie zijn de ziekte van Alzheimer  en 
vasculaire dementie. Het wordt steeds meer duidelijk dat vaatschade in het brein 
een belangrijke rol speelt in het ontstaan van dementie. Dit geldt niet alleen voor 
het ontstaan van vasculaire dementie, maar ook voor het ontstaan van de ziekte van 
Alzheimer. Daarom zou men beter kunnen spreken van een ‘spectrum’ van vormen 
van dementie, met aan de ene kant mensen waarbij de veranderingen in het brein 
puur door Alzheimer-pathologie veroorzaakt wordt, en aan de andere kant mensen 
met pure vaatschade in het brein. De meeste patiënten zullen echter een combinatie 
van beide vormen van breinschade hebben. 
 Vaatschade in het brein ontstaat niet alleen door bijvoorbeeld een beroerte, maar 
ook door de invloed van risicofactoren voor hart- en vaatziekten op het brein, zoals 
diabetes mellitus type 2 (suikerziekte), hoge bloeddruk, en overgewicht. Vaatschade 
is eigenlijk een heterogene term, waaronder bijvoorbeeld schade aan de grote en 
kleine bloedvaten valt, maar ook schade in het hersenweefsel zelf die het gevolg is van 
zieke bloedvaten. Het is nog onvoldoende duidelijk welke vormen van vaatschade in 
het brein leiden tot cognitieve beperkingen, en ook welke onderliggende processen 
bij welke mensen leiden tot vaatschade in het brein. 
 Ernstige cognitieve beperkingen door vaatschade zouden kunnen worden 
voorkomen, als deze vaatschade in een vroeg stadium wordt behandeld. Hiervoor 
is meer inzicht nodig in het beloop en in onderliggende processen van relevante 
vaatschade. Met behulp van magnetic resonance imaging (MRI) scans kunnen 
verschillende vormen van vaatschade onderzocht worden, evenals de samenhang 
met cognitief functioneren. Dit zal helpen om in de toekomst behandelstrategieën 
te ontwikkelen om de kans op cognitieve achteruitgang en dementie te verkleinen. 
 Deel 1 van dit proefschrift richt zich op verschillende markers van vaatschade in 
het brein bij mensen met diabetes mellitus type 2 (DM2), omdat deze patiënten een 
verhoogde kans hebben op het ontstaan van cognitieve beperkingen. De studies in 
deel 2 richten zich op het voorkomen en de rol van ‘microvasculaire laesies’ (kleine 
bloedinkjes en infarctjes in de hersenen) in het ontstaan van cognitieve beperkingen. 

Deel I: markers van schade in het brein bij diabetes mellitus type 2 
Mensen met DM2 hebben een verhoogd risico op het ontwikkelen van cognitieve 
problemen en dementie. Het is nog niet volledig duidelijk welke processen in 
het brein hieraan bijdragen. MRI scans geven belangrijke informatie over deze 

12



processen. Hoofdstuk 2 geeft een overzicht van studies naar veranderingen in de 
hersenen bij patiënten met DM2. Deze studies laten zien dat DM2 geassocieerd is 
met verschillende vormen van breinschade, die heterogeen en niet-specifiek zijn, en 
bovendien niet veel verschillen van normale veroudering van het brein. Het meeste 
bewijs is er voor lichte afname van het breinvolume bij patiënten met DM2. Daarnaast 
worden vaker kleine herseninfarcten (lacunes) gezien. Het is minder duidelijk of 
patiënten met DM2 meer witte stofafwijkingen en microbloedingen hebben. Ten 
slotte zijn de laatste jaren nieuwe beeldvormende technieken ontwikkeld om naar 
subtiele schade in het brein te kijken, bijvoorbeeld functionele MRI. Er zijn echter 
nog te weinig studies verricht om duidelijke uitspraken te doen over bevindingen 
bij mensen met DM2. De heterogeniteit van veranderingen in het brein die in deze 
review beschreven is, komt ook naar voren in hoofdstuk 3, 4 en 5. 

In hoofdstuk 3 laten we zien dat de oppervlakte, het volume en de dikte van de 
hersenschors kleiner zijn bij de 56 patiënten met DM2 die wij vergeleken met 
controlepersonen. Deze verschillen bleken het meest uitgesproken te zijn in de 
schors van de mediale temporaalkwab. Dit specifieke hersengebied is ook aangedaan 
bij de ziekte van Alzheimer. In de diabetesgroep bleek een dunnere schors van 
de mediale temporaalkwab geassocieerd te zijn met markers van schade aan de 
kleine hersenvaatjes. Deze bevindingen suggereren dat het effect van DM2 op het 
breinvolume het meest uitgesproken is in de temporaalkwab, en dat een dunnere 
hersenschors in de temporaalkwab waarschijnlijk het gevolg is van zowel vaatschade 
als Alzheimer-pathologie.  

Schade in het brein bij mensen met DM2 zou onder andere het gevolg kunnen zijn 
van veranderde haemodynamiek (bloeddoorstroming in de grote bloedvaten van 
de hersenen). Daarom hebben we in hoofdstuk 4 patiënten met DM2 onderzocht, 
en gekeken naar de relatie tussen twee maten van  bloedstroom naar de hersenen 
enerzijds, en breinvolumes en cognitief functioneren anderzijds op twee tijdspunten. 
Hieruit bleek dat een verminderde bloeddoorstroming geassocieerd was met kleinere 
breinvolumes en verminderd cognitief functioneren bij de eerste meting, maar dat 
dit niet gerelateerd was aan veranderingen in breinvolumes of cognitief functioneren 
na 4 jaar. Dit betekent dat er waarschijnlijk geen causaal verband is tussen de maten 
voor haemodynamiek en breinschade die wij onderzochten. Misschien is het wel 
andersom: abnormaal, verschrompeld hersenweefsel ‘verbruikt’ minder bloed. 

Vervolgens hebben we gekeken naar subtiele veranderingen in het brein met behulp 
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van MRI scans op hoge veldsterkte. In hoofdstuk 5 laten wij zien dat microbloedingen 
en microinfarcten niet vaker voorkomen bij mensen met DM2, en dat ze bovendien 
niet samenhangen met cognitief functioneren. Aangezien wij relatief ‘goede’ patiënten 
hebben onderzocht, met weinig DM2-gerelateerde complicaties, en omdat dit de 
eerste studie is naar microvasculaire laesies op hoge veldsterkte bij patiënten met 
DM2, zullen volgende studies moeten aantonen of deze laesies wel vaker voorkomen 
bij patiënten die meer vaatschade door DM2 hebben. 

Conclusies 
Zoals eerder gezegd, worden bij mensen met DM2 verschillende veranderingen 
in het brein gezien, zowel globaal als regionaal. Deze veranderingen zijn subtiel 
en worden met name op groepsniveau gezien. Voor de individuele patiënt hebben 
afzonderlijke MRI markers echter te weinig diagnostische en prognostische waarde 
voor cognitieve achteruitgang. Waarschijnlijk kunnen er pas uitspraken gedaan 
worden over de kans op cognitieve achteruitgang bij een individuele patiënt met 
DM2, wanneer verschillende MRI markers, waarvan bekend is dat ze samenhangen 
met cognitieve achteruitgang bij mensen met DM2, gecombineerd worden in één 
predictiemodel. 

Deel II: microvasculaire laesies  
Een belangrijke oorzaak van vaatschade in de hersenen vormt ‘small vessel disease’ 
(SVD). Hiermee bedoelen we zowel veranderingen in de kleine bloedvaatjes in het 
brein als de veranderingen in het hersenweefsel als gevolg hiervan. Veel onderzochte 
markers van SVD op MRI scans zijn lacunaire infarcten, witte stofafwijkingen en 
hersenatrofie. De laatste jaren is uit autopsie studies gebleken dat ook microinfarcten 
een belangrijke uiting zijn van SVD en dat zij gerelateerd  zijn aan het voorkomen 
van dementie. Tot op heden waren microinfarcten alleen bij autopsie te onderzoeken, 
onder de microscoop. Met de komst van sterkere (7 Tesla) MRI-scanners is het 
sinds kort ook mogelijk deze laesies tijdens het leven af te beelden. Daarnaast geven 
deze 7 Tesla MRI scanners de mogelijkheid om microbloedingen beter af te beelden 
dan tot nu toe kon met MRI scanners met lagere veldsterkte. Microbloedingen zijn 
eveneens geassocieerd met cognitieve dysfunctie en dementie, en met de nieuwe 
beeldvormende technieken kunnen deze associaties nader onderzocht worden. 

Omdat van microinfarcten tot kort geleden slechts bekend was hoe zij er onder de 
microscoop uitzagen, was het eerste doel om criteria te formuleren voor microinfarcten 
op een MRI scan. Dit hebben we gedaan door neuropathologische literatuur op 
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een rijtje te zetten (hoofdstuk 6). Deze studies lieten zien dat microinfarcten vaak 
voorkomen bij ouderen, met name bij mensen met de ziekte van Alzheimer of 
vasculaire dementie. De grootte varieert van 50 μm tot een paar mm. Ze kunnen 
overal in het brein gezien worden, meestal worden ook meerdere microinfarcten in 
één brein gezien, maar in de hersenschors lijken ze vaker voor te komen.  

Vervolgens hebben wij het voorkomen van deze microvasculaire laesies (zowel 
microinfarcten als microbloedingen) op 7 Tesla MRI scans bekeken bij mensen 
zonder neurologische ziekte van 40-80 jaar oud (hoofdstuk 7). Uit deze studie bleek 
dat microvasculaire laesies bij een aanzienlijk gedeelte van de mensen gezien werden, 
niet alleen bij de ouderen. Het voorkomen van microbloedingen neemt toe met de 
leeftijd, het voorkomen van microinfarcten niet. Beide laesies zijn niet geassocieerd 
met andere tekenen van SVD op MRI-scans. Mogelijk weerspiegelen deze laesies 
andere ziekteprocessen aan de kleine bloedvaatjes dan de andere markers van SVD. 

In hoofdstuk 8, 9 en 10 onderzochten wij microbloedingen bij verschillende patiënten: 
mensen met beginnende Alzheimer dementie en een beroerte. 
 In hoofdstuk 8 laten we zien dat microbloedingen op 7 Tesla MRI-scans bij de 
meerderheid (78%) van de patiënten met vroege stadia van de ziekte van Alzheimer 
voorkomen, in tegenstelling tot eerdere MRI studies op lagere veldsterkte. 
Microbloedingen waren echter niet gerelateerd aan cognitief functioneren bij deze 
patiënten. 
 In hoofdstuk 9 en 10 onderzochten we of microbloedingen bijdragen aan 
cognitieve dysfunctie die vaak optreedt na een TIA of herseninfarct. Wij vonden ook 
bij deze patiënten dat microbloedingen, zowel op lage veldsterkte (hoofdstuk 9) als 
hoge veldsterkte (hoofdstuk 10)  niet gerelateerd waren aan cognitief functioneren. 
Blijkbaar komen microbloedingen vaak voor bij mensen met de ziekte van Alzheimer 
of een beroerte, maar hebben ze geen groot effect op cognitieve dysfunctie binnen 
deze patiëntengroepen. 

Conclusies 
Sinds kort maken sterkere 7 Tesla MRI scanners het mogelijk om microinfarcten 
tijdens het leven af te beelden. Detectie van microinfarcten zal verder geoptimaliseerd 
moeten worden en studies in de toekomst zullen meer kennis moeten geven over 
de associaties met klinische maten. Ook kunnen met deze 7 Tesla MRI scans 
microbloedingen beter afgebeeld worden dan met MRI scans op lagere veldsterkte. 
Uit de studies in dit proefschrift blijkt dat zowel microinfarcten als microbloedingen 
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vaak voorkomen, ook bij gezonde mensen, maar dat ze bij gezonde mensen niet 
sterk gerelateerd zijn aan andere markers van SVD. Aan de andere kant worden 
microvasculaire laesies vaker bij mensen met een beroerte en dementie gezien, maar 
zijn ze bij deze patiënten niet sterk gerelateerd aan cognitief functioneren. Het lijkt 
erop dat microvasculaire laesies bij jongere, gezonde mensen een proces kunnen 
vertegenwoordigen dat een verhoogd risico op een beroerte of dementie geeft. 
Patiënten die al een beroerte hebben doorgemaakt of dementie hebben, zullen ook 
(veel) andere schade in het brein hebben, waardoor het hebben van microbloedingen 
mogelijk slechts een kleine invloed heeft op cognitief functioneren.
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