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Cerebrovascular disease refers to a wide variety of conditions that lead to pathological 
changes in the blood vessels of the brain.1 These blood vessel abnormalities can result in 
brain parenchymal changes that can be detected on imaging or neuropathology.1 Two 
common forms of cerebrovascular disease are cerebral small vessel disease and large 
vessel disease.2 

Cerebral small vessel disease (CSVD) refers to a group of pathological changes 
affecting the cerebral small arteries, arterioles, venules and capillaries.3 Age-related CSVD, 
hypertension-related CSVD, and cerebral amyloid angiopathy are thought to represent 
the most common subtypes.3 Several brain parenchymal changes can be seen in CSVD 
on imaging, including white matter hyperintensities (WMH) of presumed vascular origin, 
lacunes, cerebral microbleeds, brain atrophy and enlarged perivascular spaces.4 From a 
clinical perspective, CSVD is a leading cause of ischemic stroke, cognitive decline and 
dementia.4 

Large vessel disease (LVD) refers to the formation of atheromatous plaque along 
the lining of large and medium-sized arteries that are located inside or outside of the 
brain.5 Carotid artery stenosis (CAS) is an example of the latter and represents a common 
form of LVD.6 From a clinical perspective, LVD can lead to ischemic stroke through several 
mechanisms. First, advanced atheromatous plaque can encroach on the arterial lumen and 
occlude an artery, resulting in infarction of the parenchyma in subserved brain regions.5 
Second, encroachment of the plaque on the arterial lumen can lead to severe stenosis 
with reduced blood flow through an artery, potentially resulting in ischemia or infarction 
of subserved brain regions.7 Third, small fragments or blood clots can detach from the 
atheromatous plaque, travel through the bloodstream, and occlude cerebral arteries 
resulting in infarction (i.e., embolic stroke).8 The latter two mechanisms are especially 
relevant in the relationship between CAS and ischemic stroke.6 

Magnetic resonance imaging in cerebrovascular disease
The advent and clinical application of magnetic resonance imaging (MRI) in the early 
1980s has substantially increased the knowledge on cerebrovascular diseases and their 
impact on the brain parenchyma.9 MRI is a technique based on the physical principle of 
nuclear magnetic resonance.9 Over time, MRI has become the imaging modality of choice 
in clinical neuroimaging. Aside from its clinical application, MRI has also proven valuable 
in visualizing brain parenchymal changes in a research setting. Image segmentation 
techniques applied to MRI scans, for example, allow quantification of brain volumes and 
thereby enable researchers to measure the exact progression of brain atrophy in individual 
patients and in prospective cohort studies.10 In addition, volumes of WMH of presumed 
vascular origin can be accurately determined using MRI segmentation techniques.11 
Recently, the use of ultra-high field 7T MRI has enabled researchers to visualize the smallest 
pathological changes in the brain parenchyma.12 Cerebral microinfarcts, which represent 
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small ischemic lesions until recently only visible on histopathologic examination, can now 
be reliably detected on 7T brain MRI.13 

Brain parenchymal changes on MRI and clinical outcomes
In the last decades, extensive research in the field of cerebrovascular diseases has been 
performed on the relationship between pathologic brain parenchymal changes on 
MRI and clinical outcomes. These studies have shown that lacunes, extensive WMH of 
presumed vascular origin, and accelerated brain atrophy on MRI relate to a considerably 
increased risk of mortality and ischemic stroke.14, 15 Moreover, studies indicate that 
brain parenchymal changes associated with CSVD and LVD on brain MRI correlate with 
worse cognitive performance, dementia, and cognitive decline.16 Together, these results 
underline the importance of MRI in detecting brain parenchymal changes that can lead to 
future detrimental clinical outcomes. 

Although great progress has been made in determining the clinical value of brain 
parenchymal changes on MRI, the relationship between several novel MRI markers 
of cerebrovascular disease and clinical outcomes remains unknown. For example, as 
noted previously, microinfarcts in the cerebral cortex can now be detected using 7T MRI, 
and these lesions have been shown to correlate with worse cognitive performance.13 
In vivo data on the relationship between microinfarcts in the deep gray matter and 
cognitive functioning, however, is not available. Similarly, previous studies showed that 
increasing volume of WMH of presumed vascular origin on MRI relates to an increased 
risk of mortality14, however it is not known whether this is also the case for other WMH 
markers such as shape or subtype. Lastly, until recently, brain parenchymal changes on 
MRI such as infarcts, lacunes and WMH have been analysed separately with respect to 
their relationship to clinical outcomes.17-20 As these lesions frequently coincide with 
each other, an alternative approach would be to perform a combined analysis of brain 
MRI abnormalities. In this approach, patients with similar brain parenchymal changes 
on MRI are first classified into clusters (i.e., MRI phenotypes) using a machine learning 
method, after which the relation between these MRI phenotypes and clinical outcomes 
is determined. This approach, which has led to a greater understanding of the etiologic 
relationship between determinants and detrimental clinical outcomes in other research 
fields such as asthma21, 22, has not been previously applied in the field of cerebrovascular 
disease. 

Determinants of brain parenchymal changes on MRI 
In addition to examining the relation between brain parenchymal changes and clinical 
outcomes, it is also important to identify their determinants (i.e., risk factors), as these may 
represent potential targets for intervention. 

With respect to cerebral cortical microinfarcts on MRI, recent studies showed that 
their risk factors are heterogeneous, and their occurrence has been associated with MRI 
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correlates of CSVD and LVD.13 Data on microinfarcts in the deep gray matter, however, 
are scarce and are primarily derived from post-mortem studies23, 24, whereas in vivo MRI 
studies examining their prevalence and risk factors are currently lacking. 

Similar to cerebral microinfarcts, brain atrophy also represents a brain parenchymal 
change that is associated with poor clinical outcomes including occurrence of dementia.25, 

26 The determinants of brain atrophy are not entirely clear, however it is thought that CSVD 
may play an important role in progression of brain atrophy.4 Recent studies suggests that 
presence of CAS may also represent a risk factor for greater brain volume loss over time.27, 

28 Several aspects of this relationship, however, are not understood. First, previous studies 
reported that only severe CAS was related to greater progression of brain atrophy27, 
however a recent cross-sectional analysis in a population-based cohort demonstrated 
that even low-grade (i.e., mild) CAS was associated with smaller brain volumes.29 To our 
knowledge, no studies have yet examined whether there also exists a temporal relation 
between low-grade CAS and progression of brain atrophy over time. Second, it remains to 
be determined whether CAS impacts both cerebral hemispheres, or whether the effect is 
primarily on the cerebral hemisphere ipsilateral to the side of stenosis. A cross-sectional 
study suggests the latter30, however longitudinal data on the impact of CAS on cerebral 
hemispheric volumes are lacking. 

Another potential risk factor for progression of brain atrophy is reduced cerebral 
blood flow. In cross-sectional analyses, reduced cerebral blood flow correlated with 
smaller brain volumes.31-33 However, in the only longitudinal study with a relatively short 
follow-up period, it was shown that smaller brain volumes at baseline were associated 
with a greater decrease in cerebral blood flow over time, rather than vice versa.34 These 
contradictory findings warrant long-term longitudinal studies on this topic. Such studies 
are of particular importance as cerebral blood flow can be modified, and may therefore 
pose a potential target for future prevention strategies of brain atrophy progression.35, 36  

SMART-MR study
In this thesis, we used data from the Second Manifestations of ARTerial disease-Magnetic 
Resonance (SMART-MR) study, a prospective cohort study at the University Medical Center 
Utrecht with the aim to investigate risk factors and consequences of brain changes on 
MRI in patients with symptomatic atherosclerotic disease.37 Between 2001 and 2005, 1309 
middle-aged and older adult persons newly referred to the University Medical Center 
Utrecht for treatment of symptomatic atherosclerotic disease (coronary artery disease, 
cerebrovascular disease, peripheral arterial disease or abdominal aortic aneurysm) were 
included for vascular risk factor and cognitive functioning assessment, and a 1.5T brain 
MRI. Of the 1309 persons included at baseline, 754 had follow-up measurements after an 
average of four years between January 2006 and May 2009. Between November 2013 and 
October 2017, 329 persons were included for second follow-up measurements, of which 
213 also underwent a 7T brain MRI.  
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Outline of this thesis
The aim of this thesis is to investigate the detection, determinants and relation to clinical 
outcomes of several brain parenchymal changes on MRI. These brain parenchymal 
changes include WMH of presumed vascular origin, cerebral microinfarcts in the deep 
gray matter, and brain atrophy. 

In part I, we will focus on WMH. Specifically, in Chapter 2, we examine whether 
quantitative WMH markers (volume, shape and type) can be obtained from 1.5T brain 
MRI scans and whether these markers are related to presence of lacunes (together 
with WMH a hallmark feature of CSVD). Next, in Chapter 3, we examine whether these 
quantitative WMH markers are related to future adverse clinical outcomes, including 
mortality and occurrence of ischemic stroke. Finally, in Chapter 4, we investigate whether 
MRI phenotypes (in part based on quantitative WMH markers) can be obtained using a 
machine learning method, and whether these phenotypes are related to risk of future 
mortality and ischemic stroke.  

In part II, we focus on microinfarcts in the deep gray matter on 7T brain MRI. 
Specifically, in Chapter 5, we examine whether small infarcts and microinfarcts can be 
detected reliably in the caudate nucleus on 7T brain MRI scans. Next, in Chapter 6, we 
report on the determinants (i.e., risk factors) of microinfarcts in the deep gray matter and 
their relation to cognitive functioning. 

In part III, we focus on CAS and cerebral blood flow as potential determinants of 
brain atrophy. In Chapter 7, we examine whether low-grade CAS on baseline ultrasound is 
associated with greater progression of brain atrophy on MRI. In Chapter 8, we investigate 
whether increasing degrees of CAS on baseline ultrasound is associated with greater 
hemispheric brain atrophy on MRI. The bidirectional relationship between parenchymal 
cerebral blood and brain atrophy, both measured on MRI, is examined in Chapter 9. 

Lastly, in Chapter 10, we will discuss the main findings of this thesis and future 
prospects of research. 
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Lacunes and white matter hyperintensities (WMH) are features of cerebral small 

vessel disease (CSVD) that are associated with poor functional outcomes. However, 

how the two are related remains unclear. In this study, we examined the association 

between lacunes and several WMH features in patients with a history of vascular 

disease. A total of 999 patients (mean age 59±10 years) with a 1.5 T brain MRI scan 

were included from the SMART-MR study. Lacunes were scored visually and WMH 

features (volume, subtype and shape) were automatically determined. Analyses 

consisted of linear and Poisson regression adjusted for age, sex and total intracranial 

volume. Patients with lacunes (n=188; 19%) had greater total (B=1.03, 95%CI=0.86 

to 1.21), periventricular/confluent (B=1.08, 95%CI=0.89 to 1.27) and deep (B=0.71, 

95%CI=0.44 to 0.97) natural log-transformed WMH volumes than patients without 

lacunes. Patients with lacunes had an increased risk of confluent type WMH (RR=2.41, 

95%CI=1.98 to 2.92) and deep WMH (RR=1.41, 95%CI=1.22 to 1.62), and had a more 

irregular shape of confluent WMH than patients without lacunes, independent of 

total WMH volume. In conclusion, we found that lacunes on MRI were associated 

with WMH features that correspond to more severe small vessel changes, mortality 

and poor functional outcomes. 

Ab
st

ra
ct
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Introduction

Cerebral small vessel disease (CSVD) is a major cause of cognitive decline and dementia1-3. 
Lacunes and white matter hyperintensities of presumed vascular origin (WMH) are 
considered hallmark MRI features of CSVD and are frequently observed in older individuals4. 
WMH appear as hyperintense lesions on MRI in fluid attenuated inversion recovery (FLAIR) 
images5. Lacunes are round or ovoid, subcortical, fluid filled cavities of between 3 mm and 
15 mm in diameter with a signal intensity similar to cerebrospinal fluid5. 

CSVD is a highly prevalent disease in which the clinical spectrum that can range from 
asymptomatic disease through to vascular dementia6. Previous histopathological studies 
have shown that WMH correspond to different underlying brain parenchymal changes7. 
Smooth, periventricular lesions are associated with mild, non-ischemic parenchymal 
changes8. In contrast, irregular and confluent WMH are associated with more severe brain 
parenchymal changes, including loss of myelin and incomplete parenchymal destruction8-10. 
Functionally, confluent and deep WMH are associated with cognitive impairment, gait 
disturbances, mortality and a higher risk of stroke, while these associations have not been 
found for periventricular lesions11-14. Lacunes, previously thought to arise solely from 
lacunar infarcts, are now considered lesions that may result from different causes, such as 
small hemorrhages, infarcts microembolism and amyloid angiopathy5. Importantly, there is 
increasing evidence that presence of lacunes on MRI is associated with cognitive impairment 
and poor clinical outcomes after stroke15-17. The relationship between lacunes and WMH 
features, however, remains unclear. As lacunes can have profound clinical consequences, 
examining the relationship between the two may aid in identifying patients with certain 
WMH characteristics that are prone to develop lacunes. 

To better define the relationship between lacunes and WMH features, we developed 
an automated method to assess different WMH features (volume, subtype and shape) 
on brain MRI18. With this method, we investigated the relationship between lacunes and 
WMH features in a large group of patients with a history of vascular disease.   

Material and methods

Study population and study sample
Data were used from the Second Manifestations of ARTerial disease-Magnetic Resonance 
(SMART-MR) study, a prospective cohort study at the University Medical Center Utrecht 
with the aim to investigate risk factors and consequences of brain changes on MRI in 
patients with symptomatic atherosclerotic disease19. In brief, between 2001 and 2005, 
1309 middle-aged and older adult persons newly referred to the University Medical Center 
Utrecht for treatment of symptomatic atherosclerotic disease (manifest coronary artery 
disease, cerebrovascular disease, peripheral arterial disease or abdominal aortic aneurysm) 
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were included for baseline measurements. During a one day visit to our medical center, a 
physical examination, ultrasonography of the carotid arteries to measure the intima-media 
thickness (mm), blood and urine samplings, neuropsychological assessment and a 1.5 T 
brain MRI scan were performed. The height and weight of patients were measured, and 
the body mass index (kg/m2) was calculated. Questionnaires were used for the assessment 
of demographics, risk factors, medical history, medication use and cognitive and physical 
functioning. The SMART-MR study was approved by the medical ethics committee of 
the University Medical Center Utrecht according to the guidelines of the Declaration of 
Helsinki of 1975 and written informed consent was obtained from all participants.

Of the 1309 patients included in the SMART-MR study, MRI data were irretrievable 
for 19 patients and 239 patients had missing data of one or more MRI sequences due to 
motion artefacts or logistic reasons. Of the remaining 1051 patients, 44 had unreliable 
brain volume data due to motion artefacts in all three MRI sequences, and four patients 
were excluded due to severe undersegmentation of WMH by the automated segmentation 
program. Four patients were excluded because they did not have any WMH greater than 
five voxels. As a result, 999 patients were included in the current study.

Cardiovascular risk factors
Smoking habits and alcohol intake were assessed with questionnaires, and were 
categorized as never, former or current. Height and weight were measured, and the body 
mass index (BMI) was calculated (kg/m2). Systolic blood pressure (mmHg) and diastolic 
blood pressure (mmHg) were measured three times with a sphygmomanometer, and the 
average of these measures was calculated. Hypertension was defined as a mean SBP of 
≥160 mmHg, a mean DBP of ≥95 mmHg, self-reported use of antihypertensive drugs, or 
a known history of hypertension at inclusion. An overnight fasting venous blood sample 
was taken to determine glucose and lipid levels. Diabetes mellitus was defined as the 
use of glucose-lowering drugs, a known history of diabetes mellitus, or a fasting plasma 
glucose level of >11.1 mmol/l. Hyperlipidemia was defined as a total cholesterol of 
>5.0 mmol/l, a low-density lipoprotein cholesterol of >3.2 mmol/l, use of lipid-lowering 
drugs, or a known history of hyperlipidemia. Mean carotid intima-media thickness (in 
mm) was calculated for the left and right common carotid arteries based on six far-wall 
measurements on ultrasound.

Magnetic resonance imaging
MR imaging of the brain was performed on a 1.5 T whole-body system (Gyroscan ACS-
NT, Philips Medical Systems, Best, the Netherlands) using a standardized scan protocol 
consisting of two-dimensional multi-slice sequences. Transversal T1-weighted [gradient-
echo; repetition time (TR) = 235 ms; echo time (TE) = 2 ms], T2-weighted [turbo spin-echo 
; TR = 2200 ms; TE = 11 ms], fluid-attenuated inversion recovery (FLAIR) [turbo spin-echo 
; TR = 6000 m; TE = 100 ms; inversion time (TI) = 2000 ms] and T1-weighted inversion 
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recovery images [turbo spin-echo ; TR = 2900 ms; TE = 22 ms; TI = 410 ms] were acquired. 
All MR sequences had a resolution of  1.0 x 1.0 x 4.0 mm3 and consisted of 38 contiguous 
slices (field of view 230 mm x 230 mm; matrix size 180 x 256, slice gap 0 mm). 

Lacunes were visually rated by a neuroradiologist (TW) blinded to patient 
characteristics on the T1-weighted, T2-weighted and FLAIR images. We defined lacunes 
as focal lesions between 3 to 15 mm according to the STRIVE criteria5. Brain infarcts were 
visually rated by a neuroradiologist (TW) blinded to patient characteristics on the T1-
weighted, T2-weighted and FLAIR images. 

Assessment of WMH volumes and other brain volumes 
WMH volumes were obtained using an automated segmentation program on the T1-
weighted, FLAIR and T1-weighted inversion recovery sequences of the MR scans. A 
probabilistic segmentation technique was performed with k-nearest neighbor classification20, 
distinguishing gray matter, white matter, cerebrospinal fluid and lesions. Cerebral infarcts, 
including lacunes and their hyperintense rim, were manually segmented. WMH segmentations 
were visually checked by an investigator (RG) using an image processing framework (MeVisLab  
2.7.1., MeVis Medical Solutions AG, Bremen, Germany) to ensure that all cerebral infarcts 
were correctly removed from the WMH segmentations. Incorrectly segmented voxels were 
automatically added to the correct segmentation volumes. Next, ventricle segmentation 
was performed using the fully automated lateral ventricle delineation (ALVIN) algorithm21 in 
Statistical Parametric Mapping 8 (SPM8, Wellcome Trust Centre for Neuroimaging, University 
College London, London, UK) for Matlab (The MathWorks, Inc., Natick, Massachusetts, United 
States). The ALVIN mask was used  to determine the margins of the lateral ventricles.  A 
threshold of 10% was applied to the WMH probability maps to obtain binary data. A group 
of voxels was considered a WMH lesion if their faces, edges or corners touched along either 
one, two or all three of the primary axes (26-connectivity rule). WMH were labelled based on 
their continuity with the margins of the lateral ventricle and the extension from the lateral 
ventricle into the white matter. We defined periventricular WMH as lesions contiguous with 
the margins of the lateral ventricles and extending up to and including 10 mm from the 
lateral ventricle into the white matter. Confluent WMH were defined as lesions contiguous 
with the margins of the lateral ventricles and extending more than 10 mm from the lateral 
ventricles into the white matter. Deep WMH were defined as lesions that were separated 
from the margins of the lateral ventricles, regardless of their distance to the margins of the 
lateral ventricles. Total WMH volume was defined as the sum of periventricular or confluent 
WMH and all deep WMH. Examples of periventricular, confluent and deep WMH visualized in 
our algorithm are shown in Figure 1. The automatically assigned lesion labels were visually 
checked by an investigator (MJC) and manually corrected if necessary. 

Total brain volume was calculated by summing the volumes of gray matter, white 
matter, total WMH and, if present, the volumes of brain infarcts19. Total intracranial volume 
(ICV) was calculated by summing the cerebrospinal fluid volume and total brain volume. 
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Figure 1. Examples of periventricular (A), confluent (B) and deep (C) WMH visualized in our 

algorithm. The corresponding FLAIR images are shown above. The deep WMH lesion (arrow) is 

reconstructed in the coronal view, while the periventricular and confluent WMH are viewed from a 

transverse perspective. 

Assessment of WMH subtypes 
To assess whether different WMH subtypes were associated with lacunes, patients were 
categorized into the following three WMH subtypes; periventricular WMH without deep 
WMH, periventricular WMH with deep WMH and confluent WMH. The rationale behind the 
WMH subtype definitions is described in the Supplementary Material.  

Assessment of WMH shape
We assessed WMH shape using shape features18. WMH shape features were calculated 
from the binary segmentation data for all patients. Definitions and selection of shape 
features are described in the Supplementary Material and Supplementary Table 1. In 
short, we analyzed periventricular and confluent WMH by reconstructing convex hulls 
and calculating volume and surface area ratios. Solidity was obtained by dividing lesion 
volume by the volume of its convex hull, while convexity was obtained by dividing the 
convex hull surface area by the lesion’s surface area. The concavity index22 was calculated 
from the solidity and convexity. A mean value for solidity, convexity and concavity index 
was calculated for each patient. For deep WMH, we calculated eccentricity by dividing 
the minor axis of a lesion by its major axis. In case of multiple deep WMH, a mean value 
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for eccentricity was calculated across all deep WMH per patient. Fractal dimension was 
calculated for periventricular, confluent and deep WMH using the box counting method. 
A mean value for fractal dimension was calculated for periventricular or confluent WMH 
and deep WMH for each patient. Examples of WMH that correspond to a low or high value 
of WMH shape features are shown in Supplementary Table 2. 

Statistical analysis 
First, baseline characteristics and WMH features (volume, subtype and shape) of patients 
with lacunes and patients without lacunes were compared using an independent samples 
t-test or Chi-square test. 

Second, linear regression analyses were performed to compare total, periventricular 
or confluent, and deep WMH volumes (natural log-transformed) in patients with lacunes 
versus patients without lacunes, adjusted for age, sex and ICV. These analyses were 
repeated in patients with one lacune versus patients with multiple lacunes.  

Third, relative risks for a confluent WMH subtype or a periventricular WMH subtype with 
deep WMH were estimated using Poisson regression with robust error variance for patients 
with lacunes compared to patients without lacunes, adjusted for age, sex and ICV. These 
analyses were repeated in patients with one lacune versus patients with multiple lacunes. 
A periventricular WMH subtype without deep WMH was chosen as the reference category. 

Fourth, we assessed the association between lacunes and WMH shape features. Due 
to inherent shape differences between periventricular and confluent WMH visible on MRI, 
analyses were performed across strata of three WMH subtypes (periventricular without 
deep WMH (n=360), periventricular with deep WMH (n=424) and confluent WMH (n=215)). 
Z-scores were calculated for the WMH shape features to facilitate the comparison between 
these features. Linear regression analyses were performed with presence of lacunes as 
independent variable and shape descriptor Z-scores as dependent variable. In the first 
model, we adjusted for age and sex. In the second model, we additionally adjusted for 
total WMH volume (%ICV) to assess to what extent the observed relationships were 
explained by WMH volume. The linear regression analyses were repeated in patients with 
one lacune versus patients with multiple lacunes. 

A p-value of < 0.05 was considered to be statistically significant. SAS 9.4 (SAS Institute, 
Cary, NC, USA) and SPSS 21.0 (Chicago, IL, USA) were used to analyze our data.

Results

Baseline characteristics for patients with lacunes (n=188; 19%) and without lacunes 
(n=811; 81%), and for the total study sample (n=999) are shown in Table 1. A total number 
of 439 lacunes were scored in 188 patients (range: 1 to 12 lacunes per patient). Eighty-
six patients (9%) showed one lacune on MRI, while 102 patients (10%) showed multiple 
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lacunes on MRI. Of the patients with multiple lacunes, the majority (72%) showed two or 
three lacunes on MRI. 

Patients with lacunes were older (p < 0.0001), more often had diabetes mellitus 
(p = 0.006) and hypertension (p < 0.0001), had a higher IMT (p < 0.0001), but also had 
a lower BMI compared to patients without lacunes (p = 0.02). WMH features of patients 
with lacunes, patients without lacunes and of the total study population are shown in 
Table 2. Patients with lacunes showed greater WMH volumes and were more likely to 
have a confluent WMH subtype than patients without lacunes (p < 0.0001). In patients 
with lacunes, periventricular and confluent WMH showed a lower solidity (p < 0.0001) and 
higher fractal dimension (p < 0.0001) than patients without lacunes. 

Association between lacunes and WMH volumes
Results of the linear regression analyses with total, periventricular or confluent, and 
deep WMH volumes (natural log transformed) as dependent variables and lacunes 
as independent variable are shown in Table 3. After adjusting for age, sex and total 
intracranial volume, patients with lacunes had greater total (B = 1.03, 95% CI 0.86 to 1.21), 
periventricular or confluent (B = 1.08, 95% CI 0.89 to 1.27) and deep (B = 0.71, 95% CI 
0.44 to 0.97) WMH volumes than patients without lacunes. Patients with multiple lacunes 
had greater total (B = 0.36, 95% CI 0.05 to 0.67) and periventricular or confluent (B = 0.37, 
95% CI 0.03 to 0.70) WMH volumes than patients with one lacune, however no significant 
difference was found for deep WMH volumes (B = -0.08, 95% CI -0.54 to 0.39). 

Table 1. Baseline characteristics of the patients with lacunes, patients without lacunes and the total 

study population. 

Patients with 
lacunes (n=188)

Patients without 
lacunes (n=811)

All patients 
(n=999)

p-valuea

Age (years) 63 ± 10 58 ± 10 59 ± 10 <0.001
Sex, % men 81 78 79 0.37
Cardiovascular risk factors
    BMI (kg/m

2
) 26.2 ± 3.5 26.9 ± 3.8 26.7 ± 3.7 0.02

    Smoking, % current 28 25 25 0.34
    Alcohol intake, % current 76 74 74 0.72
    Hypertension, % 67 48 51 <0.001
    Hyperlipidemia, % 79 78 79 0.99
    Diabetes mellitus, % 27 18 20 0.006
    IMT (mm) 1.04 ± 0.36 0.91 ± 0.29 0.93 ± 0.31 <0.001b

Characteristics are presented as mean ± SD or %. 
a p-value of independent samples t-test or Chi-square test (if proportions) for comparison between 
patients with lacunes versus those without lacunes.
b Between group analysis was performed on natural log transformed values due to a non-normal 
distribution of this characteristic. 
BMI: body mass index.
IMT: intima-media thickness. 
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Association between lacunes and WMH subtypes
Patients with lacunes had an increased risk of a confluent WMH subtype or a periventricular 
WMH subtype with deep WMH than patients without lacunes (RR = 2.41, 95% CI 1.98 to 
2.92, RR = 1.41, 95% CI 1.22 to 1.62, respectively), after adjusting for age, sex and total 
ICV (Table 4). Patients with multiple lacunes did not show an increased risk of a confluent 
WMH subtype or a periventricular WMH subtype with deep WMH than patients with one 
lacune (RR = 1.13, 95% CI 0.93 to 1.36, RR = 1.20, 95% CI 0.92 to 1.57, respectively).  

Table 2. WMH features of patients with lacunes, patients without lacunes and the total study population.

Patients with 
lacunes (n=188)

Patients without 
lacunes  (n=811)

All patients                         
(n=999)

p-valuea

WMH volumes, mlb

    Total 2.9 (0.5, 18.1) 0.8 (0.2, 4.0) 0.9 (0.2, 6.4) <0.0001c

    Periventricular or confluent  2.3 (0.4, 17.4) 0.6 (0.1, 3.3) 0.8 (0.1, 5.4) <0.0001c

    Deep 0.2 (0.0, 1.2) 0.1 (0.0, 0.7) 0.1 (0.0, 0.8) <0.0001c

WMH subtypes on MRI, %d

    Periventricular  45 86 78 <0.0001
        With deep 34 44 42 0.01
        Without deep 11 42 36 <0.0001
    Confluent 55 14 22 <0.0001
        With deep 54 13 21 <0.0001
        Without deep 1 1 1 0.22
WMH shape descriptorse

    Periventricular or confluent  
        Solidity 0.40 ± 0.20 0.61 ± 0.25 0.57 ± 0.25 <0.0001
        Convexity 1.07 ± 0.17 1.08 ± 0.16 1.07 ± 0.16 0.48
        Concavity index 1.13 ± 0.16 1.04 ± 0.09 1.06 ± 0.11 <0.0001
        Fractal dimension 1.41 ± 0.22 1.20 ± 0.20 1.24 ± 0.22 <0.0001
    Deep
        Eccentricity 0.46 ± 0.12 0.49 ± 0.15 0.48 ± 0.14 0.004
        Fractal dimension 1.45 ± 0.12 1.45 ± 0.16 1.45 ± 0.15 0.77

Characteristics are presented as mean ± SD or %. 

a p-value of independent samples t-test or Chi-square test (if proportions) for comparison 
between the group with lacunes versus those without lacunes. 
b Median (10th percentile, 90th percentile). 
c Between group analysis was performed on natural log transformed values due to a non-
normal distribution of this characteristic.
d Percentage of patients with the WMH subtype on MRI in the group of patients with lacunes, 
without lacunes and in the total study population.
e In periventricular or confluent WMH, a lower convexity, and a higher solidity, concavity index 
or fractal dimension correspond to a more complex lesion. In deep WMH, a higher eccentricity 
corresponds to a more round lesion, while a lower eccentricity corresponds to a more elongated 
lesion. A higher fractal dimension of a deep lesion corresponds to a more complex lesion.
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Table 3. Results of linear regression analyses with lacunes on MRI as independent variable and total, 

periventricular or confluent WMH, and deep WMH volumes as dependent variables (all natural log 

transformed).  

Total                        Periventricular or 
confluent

Deep

B (95% CI)a B (95% CI)a B (95% CI)a

No lacunes on MRI 0 (reference) 0 (reference) 0 (reference)
Lacunes on MRI 1.03 (0.86 to 1.21)b 1.08 (0.89 to 1.27)b 0.71 (0.44 to 0.97)b

a Adjusted for age, sex and total intracranial volume. B represents the natural log-transformed 
difference in volume between patients with and without lacunes on MRI. 
b p < 0.0001. 
WMH: white matter hyperintensities. 

Table 4. Results of Poisson regression with WMH subtype groups as dependent variable and lacunes 

on MRI as independent variable (n=188).

Patients with a 
periventricular WMH 
subtype without deep 
WMH (n=360)

Patients with a 
periventricular WMH 
subtype with deep WMH 
(n=424)

Patients with a 
confluent WMH subtype 
(n=215)

RR (95% CI) RR (95% CI)a RR (95% CI)a

Lacunes vs. 
no lacunes 

1 (reference) 1.41 (1.22 to 1.62) 2.41  (1.98  to 2.92)

a Adjusted for age, sex and total intracranial volume.   
WMH: white matter hyperintensities. 
RR: relative risk. 

Association between lacunes and WMH shape features
Results of the linear regression analyses of the associations between lacunes and WMH 
shape features are shown in Table 5. 

In patients with a confluent WMH subtype, presence of lacunes was associated with a 
more complex WMH shape (lower convexity Z score (B = -0.46, 95% CI -0.74 to -0.19) and 
a higher concavity index Z-score (B = 0.65, 95% CI: 0.33 to 0.97)) after adjusting for age 
and sex. These associations remained statistically significant after additionally adjusting 
for total WMH volume (B = -0.29, 95% CI: -0.55 to -0.04; B = 0.30, 95% CI: 0.10 to 0.50, 
respectively), indicating that patients with lacunes had a more complex WMH shape 
independent of WMH volume. Patients with multiple lacunes did not show a different 
WMH shape compared to patients with one lacune (convexity Z score B = 0.03, 95% CI: 
-0.34 to 0.40, concavity index Z score B = 0.17, 95% CI: -0.13 to 0.46), after adjusting for 
age, sex and total WMH volume. No differences were found for the remaining WMH shape 
features between patients with one lacune and patients with multiple lacunes. Presence 
of lacunes was associated with higher fractal dimension Z-scores (B = 0.28, 95% CI: 0.09 
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to 0.47) compared to absence of lacunes, after adjusting for age and sex. However, this 
association attenuated and lost statistical significance after additionally adjusting for total 
WMH volume (B = 0.04, 95% CI: -0.05 to 0.13). No statistically significant associations were 
found between presence of lacunes, and eccentricity and fractal dimension of deep WMH 
in patients with a confluent WMH subtype. 

In patients with a periventricular WMH subtype with deep WMH, presence of lacunes 
was associated with lower solidity Z-scores (B = -0.25, 95% CI -0.47 to -0.02) and higher 
fractal dimension Z-scores (B = 0.18, 95% CI 0.01 to 0.36) compared to absence of lacunes, 
after adjusting for age and sex. This indicates more irregular shaped WMH in patients 
with lacunes, however the associations lost statistical significance after additionally 
adjusting for total WMH volume (B = -0.04, 95% CI -0.20 to 0.11, B = -0.01, 95% CI -0.09 to 
0.08, respectively). Presence of lacunes was not associated with eccentricity and fractal 
dimension of deep WMH in these patients. WMH shape features did not differ between 
patients with one lacune and patients with multiple lacunes in this group.  

Presence of lacunes was associated with lower solidity Z-scores (B = -0.48, 95% CI: 
-0.83 to -0.13) in patients with a periventricular WMH subtype without deep WMH, 
after adjusting for age and sex. After additionally adjusting for total WMH volume, this 
relationship attenuated and lost statistical significance (B = -0.20, 95% CI -0.44 to 0.05). 
WMH shape features did not differ between patients with one lacune and patients with 
multiple lacunes in this group.  
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Discussion

In this cohort of patients with a history of vascular disease, we observed that patients with 
lacunes on MRI had greater total, periventricular or confluent, and deep WMH volumes 
than patients without lacunes. Patients with lacunes also had an increased risk of confluent 
type WMH and deep WMH. Finally, patients with lacunes had a more irregular shape of 
confluent WMH than patients without lacunes, independent of total WMH volume. 

Our results regarding WMH volume are in line with the findings of a prior cross-
sectional MR study that used quantitative WMH volume measurements23. In this study, 
greater total WMH volumes were found in patients with lacunar stroke than in non-
lacunar stroke subtypes in two independent cohorts of patients with ischemic stroke 23. 
However, more recent studies have shown that  lacunar stroke is not synonymous with 
lacunes and conversely, not all lacunes are due to lacunar stroke5, 24-27. Therefore, it is 
likely that patients with lacunes in our study represent a more heterogeneous group of 
small vessel pathologies than solely lacunar stroke, and the results should be interpreted 
accordingly. In addition to the previous study23, we showed that WMH subtype and WMH 
shape features are also associated with lacunes. To the best of our knowledge, these WMH 
features have not been previously linked to the presence of lacunes on brain MRI. 

Although small vessel pathologies are considered the culprit for both lacunes and 
WMH, previous studies have shown that the pathological processes leading to WMH and 
lacunes are diverse28-30. For example, it is thought that not all lacunes are due to lacunar 
infarcts5. Rather, a lacune most likely represents damage to the brain from different 
etiologies, such as small hemorrhages, infarcts, microembolism, amyloid angiopathy or 
arteritis2, 26. While it is currently impossible to determine the specific underlying small vessel 
pathologies in individual patients using brain MRI, several possibilities can be proposed 
that may explain the association between lacunes and WMH volume and subtype. First, 
it may be that lacunes and WMH share a common pathogenesis, while at the same time 
not affecting each other5, 24. Alternatively, WMH may lead to the formation of lacunes 
through secondary hypoperfusion and ischemia in the surrounding brain parenchyma31. 
This notion has been supported by a recent study in patients with an inherited form of 
CSVD in which the edges of WMH were identified as a predilection site for lacunes32. Also, 
lacunes may promote formation of WMH, possibly through affecting white matter tract 
integrity33. With regard to WMH shape, we found that lacunes are associated with more 
irregular WMH in patients with confluent lesions independent of WMH volume. Previous 
histopathological studies have demonstrated that more irregular periventricular and 
confluent WMH correspond to more severe small vessel changes7-9. While it may be that 
lacunes in the presence of irregular confluent WMH indicate increasing CSVD severity, it 
should be acknowledged that the relationship between WMH shape features as measured 
in our study and clinical outcomes is currently not known. To the best of our knowledge, 
our study is the first to quantify periventricular, confluent and deep WMH shape features 



34   |   Chapter 2

on brain MRI and further work is needed to examine whether WMH shape features are 
associated with clinical outcomes. 

Our findings might have clinical relevance. Previous studies have shown that WMH and 
lacunes have consistently been associated with cognitive and functional impairment11, 15, 

16. The strong association between lacunes and WMH in our study suggests that lacunes 
may affect clinical outcomes not only through their own presence13, but also through 
the concomitant presence of WMH and vice versa. In addition, our results indicate that 
WMH volume and subtype should be considered as possible confounders in analyses 
investigating the relationship between lacunes and clinical outcomes. 

We found in our study that patients with lacunes were older, more often had diabetes 
mellitus and hypertension, and had a higher IMT than patients without lacunes. These 
observations support findings of two large population-based studies in which increased 
age, hypertension and diabetes mellitus were found to be associated with presence of 
lacunes on MRI34, 35. It has been hypothesized that diabetes mellitus and hypertension may 
lead to lipohyalinosis and microatheroma formation, respectively, in the microvasculature 
of the brain4, 24. As discussed above, these processes can lead to acute lacunar infarcts, 
large acute infarcts or small hemorrhages, which eventually can lead to formation of 
lacunes4, 5, 26. Thus, our findings add to the notion that certain vascular risk factors may be 
associated with lacunes, and future research is warranted to investigate whether diabetes 
mellitus and/or hypertension may act as possible targets for prevention or treatment of 
CSVD24.

Although in our study patients with multiple lacunes showed a greater WMH volume 
than patients with only one lacune, we did not find differences for WMH subtype or WMH 
shape. Taken together, our data suggests that the association between lacunes and WMH 
is largely determined by the presence of lacunes, rather than the number of lacunes. 
While this finding may support the notion that WMH and lacunes result from the same 
underlying mechanism, future studies in different cohorts are needed to validate our 
findings with respect to the impact of the amount of lacunes on WMH features.

The strengths of our study are the use of a large cohort of patients in which we used 
quantitative WMH volume measurements and automated image processing techniques 
to examine multiple features of WMH and their relation to lacunes. Also, we adjusted our 
shape analyses for total WMH volume to determine to what extent a more irregular shape 
of WMH was explained by a greater WMH volume. 

A limitation of our study is the cross-sectional design, which did not allow us to 
assess the relationship between lacunes and WMH features over time. Another limitation 
might be the use of a somewhat arbitrary distance of 10 mm from the margins of the 
lateral ventricles to differentiate periventricular from confluent WMH. It should be 
noted, however, that there are currently no unambiguous, non-disputable approaches 
to differentiate periventricular from confluent WMH and some authors have proposed 
a distance of 10 mm36. Lastly, our study consisted of patients with a history of vascular 
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disease, which may limit the generalizability of the results. However, this characteristic 
of our study cohort may also have led to a higher prevalence of lacunes and greater total 
WMH volumes37, which facilitated the analyses. 

In conclusion, we found that lacunes on MRI were associated with several WMH 
features that correspond to more severe small vessel changes, mortality and poor 
functional outcomes.  
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Supplementary Material

WMH subtypes 
Definitions of WMH subtype categories were based on two classification systems for WMH 
previously described in the literature1-4. In the first classification system, WMH are divided 
into lesions adjacent to the margins of the lateral ventricles, and those that are separated 
from the margins of the lateral ventricles and are located in the deep white matter1. In 
the second classification, WMH are labelled if they are located within or outside a user-
defined distance from the lateral ventricular wall2, 4. By combining these two classification 
systems, we categorized patients into those with periventricular or confluent lesions, 
with or without deep WMH. Of the 215 patients with confluent WMH, however, only five 
patients did not show deep WMH. This finding can be explained by the natural course of 
progression of WMH, in which deep WMH coalesce with each other and eventually with 
periventricular WMH1. Due to this process, periventricular WMH expand into the white 
matter and are more likely to be labelled as confluent lesions in our study. Hence, due 
to the relatively small number of patients with confluent WMH without deep lesions, we 
chose not to subdivide patients with confluent WMH into those with (n=210) and those 
without deep WMH (n=5). 

WMH shape features
With regard to periventricular or confluent WMH, previous histopathological studies 
have shown that increased complexity of lesions is associated with more severe small 
vessel changes5-10. On the other hand, smooth periventricular WMH have been shown 
to correspond to only mild histopathological changes5-10. Thus, we hypothesized that 
presence of lacunes may be associated with a more complex shape of periventricular or 
confluent WMH. First, we performed a search of the literature to examine which shape 
features can be used to assess the complexity of periventricular or confluent WMH11-17. 
Next, we rated shape features on the following criteria; volume dependence (the degree 
to which a shape feature is dependent on WMH volume), presence of a flooring effect 
(the minimum measured value is close to or similar to the smallest possible value of the 
shape descriptor), presence of a ceiling effect (the maximum measured value is close to 
or similar to the largest possible value of the shape feature), robustness (the degree to 
which positioning of WMH influences the shape feature), usability on 1.5T MRI resolution, 
and comprehensibility (the ability to link shape feature output to visual observations of 
WMH shape on MRI). Shape features that showed the most favorable combinations of 
criteria, i.e. limited volume dependence, limited flooring and/or ceiling effect, adequate 
robustness, usability on 1.5T MRI and comprehensibility, were selected for use in the 
current study and definitions of these shape features are given in Supplementary Table 1. 
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For deep WMH, we used shape features previously described in the literature to assess 
to the roundness13. In addition, we used a shape feature to assess the degree of complexity 
of deep WMH. 

Examples of WMH that correspond to a low or a high value of a shape feature are given 
in Supplementary Table 2. For periventricular and confluent WMH, a lower convexity and 
a higher solidity, concavity index or fractal dimension correspond to a more irregularly 
shaped or more complex lesion. In deep WMH, a higher eccentricity corresponds to a 
more round lesion, while a lower eccentricity corresponds to a more elongated lesion. A 
higher fractal dimension of a deep WMH corresponds to a more complex lesion. 

Supplementary Table 1. Definitions of WMH shape features. 

Name Formula
Convexity (C)a

 
Solidity (S)b

 
Concavity index (CI)c

Fractal dimension (FD)d

Eccentricity (E)e

 

a In this definition, ‘area’ denotes the surface area of the WMH lesion and ‘convex hull area’ the surface 
area of the convex hull, which is the smallest convex object that contains the lesion shape11, 12.   
b In this definition, ‘volume’ denotes the volume of the WMH lesion and ‘convex hull volume’ the 
volume of the corresponding convex hull12. 
c In this definition, ‘C’ represents the convexity of the lesion and ‘S’ the solidity12.  
d Fractal dimension is calculated using the box count method, in which ‘n’ is the number of boxes, 
‘xxyz’is the voxel size and ‘r’ is the box size13, 14, 16.
e In this definition, ‘major axis’ denotes the largest diameter of the lesion in three dimensions and 
‘minor axis’ the smallest diameter orthogonal to the major axis13, 15, 17.
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Supplementary Table 2. Examples of WMHs that correspond to a low or high value of a shape 

feature. Images represent schematic representations of WMHs as generated using our algorithm. 

Shape feature Low value (25th percentile) High value (75th percentile)

Convexity periventricular or 
confluent WMH

Solidity periventricular or 
confluent WMH

Concavity index 
periventricular or confluent 
WMH
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Supplementary Table 2. continued

Shape feature Low value (25th percentile) High value (75th percentile)

Fractal dimension 
periventricular or confluent 
WMH

Eccentricity deep WMH

Fractal dimension deep 
WMH
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Objective

To determine whether white matter hyperintensity (WMH) markers on MRI are 

associated with long-term risk of mortality and ischemic stroke. 

Methods

We included consecutive patients with manifest arterial disease enrolled in the 

SMART-MR study. We obtained WMH markers (volume, type and shape) from brain 

MRI scans performed at baseline using an automated algorithm. During follow-up, 

occurrence of death and ischemic stroke was recorded. Using Cox regression, we 

investigated associations of WMH markers with risk of mortality and ischemic stroke, 

adjusting for demographics, cardiovascular risk factors and cerebrovascular disease.

Results

We included 999 patients (59±10 years; 79% male) with a median follow-up of 12.5 

years (range 0.2-16.0 years). A greater periventricular or confluent WMH volume 

was independently associated with a greater risk of vascular death (hazard ratio 

(HR) 1.29, 95% CI 1.13-1.47 for a 1 unit increase in natural log-transformed WMH 

volume) and ischemic stroke (HR=1.53, 95% CI 1.26-1.86). A confluent WMH type was 

independently associated with a greater risk of vascular (HR=2.05, 95% CI 1.20-3.48) 

and nonvascular death (HR=1.65, 95% CI 1.01-2.73), and ischemic stroke (HR=4.01, 

95% CI 1.72-9.35). A more irregular shape of periventricular or confluent WMH, as 

expressed by an increase in concavity index, was independently associated with a 

greater risk of vascular (HR=1.20, 95% CI 1.05-1.38 per standard deviation increase) 

and nonvascular death (HR=1.21, 95% CI 1.03-1.42), and ischemic stroke (HR=1.28, 

95% CI 1.05-1.55). 

Conclusions 

WMH volume, type and shape are associated with long-term risk of mortality and 

ischemic stroke in patients with manifest arterial disease. 

Ab
st

ra
ct
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Introduction

White matter hyperintensities (WMH) of presumed vascular origin are frequently observed 
in older individuals on brain magnetic resonance imaging (MRI) and are an important 
cause of cognitive decline and dementia.1-3 They are considered hallmark features of 
cerebral small vessel disease (CSVD).4, 5 

WMH are heterogeneous lesions that correspond to different underlying brain 
parenchymal changes.6-8 Previous studies on CSVD mainly focused on WMH volume as a 
marker for CSVD severity.4, 9-12 However, there is evidence to suggest that other markers of 
WMH may also provide clinically relevant information on severity and prognosis of CSVD.6, 

7, 13-16 Specifically, histopathologic studies reported that smooth and periventricular 
WMH are associated with mild changes of the brain parenchyma, whereas irregular 
and confluent WMH are associated with more severe parenchymal changes, including 
loss of myelin and incomplete parenchymal destruction.6, 13 We previously developed 
an automated MRI method to assess in vivo advanced WMH markers (volume, type and 
shape).14 Using this algorithm, we reported differences in advanced WMH markers such as 
shape in frail elderly patients, patients with diabetes mellitus and patients with lacunes on 
MRI.14-16 These findings suggest that advanced WMH MRI markers may provide clinically 
important information on CSVD severity. 

The relationship between advanced WMH markers and long-term clinical outcomes, 
however, is not clear. Examining this relationship is of importance as WMH markers may 
aid in future patient selection for preventive treatment to ameliorate the risk of CSVD-
related death and ischemic stroke. Therefore, in the present study, we aimed to assess 
whether WMH volume, type and shape were associated with greater risk of mortality 
(including vascular death) and ischemic stroke in patients with manifest arterial disease 
over 12 years of follow-up.  

Methods

Study population
We used data from the Second Manifestations of ARTerial disease-Magnetic Resonance 
(SMART-MR) study.17 The SMART-MR study is a prospective cohort study at the University 
Medical Center Utrecht with the aim of investigating risk factors and consequences of brain 
changes on MRI in patients with manifest arterial disease.17 One thousand three hundred 
nine middle-aged and older adult patients referred to our medical center for treatment 
of manifest arterial disease (cerebrovascular disease, manifest coronary artery disease, 
abdominal aortic aneurysm or peripheral arterial disease) were included for baseline 
measurements between 2001 and 2005.17 During a one day visit to the University Medical 
Center Utrecht, ultrasonography of the carotid arteries to measure the intima-media 
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thickness (mm), blood and urine samplings, a physical examination, neuropsychological 
assessment and a 1.5T brain MRI scan were performed.17 We used questionnaires for the 
assessment of demographics, medical history, risk factors, medication use and cognitive 
and physical functioning.17 

Standard Protocol Approvals, Registration, and Patient Consents
The SMART-MR study was approved by the medical ethics committee of the University 
Medical Center Utrecht according to the guidelines of the Declaration of Helsinki of 1975. 
Written informed consent was obtained from all patients participating in the SMART-MR 
study.

Vascular risk factors
We assessed age, sex, smoking habits and alcohol intake at baseline using questionnaires. 
The body mass index (BMI) was calculated (kg/m2) by measuring weight and height. 
We measured systolic blood pressure (mmHg) and diastolic blood pressure (mmHg) 
three times with a sphygmomanometer and the average of these measurements was 
calculated. Hypertension was defined as a mean systolic blood pressure of > 160 mmHg, a 
mean diastolic blood pressure of > 95 mmHg or the self-reported use of antihypertensive 
drugs.17 To determine glucose and lipid levels, an overnight fasting venous blood sample 
was taken. We defined diabetes mellitus as a fasting serum glucose levels of ≥ 7.0 mmol/l, 
and/or use of glucose-lowering medication, and/or a known history of diabetes.17 The 
degree of carotid artery stenosis at both sides was assessed with color Doppler-assisted 
duplex scanning using a 10MHz linear-array transducer (ATL Ultramark 9).18 Blood flow 
velocity patterns were used to evaluate the severity of carotid artery stenosis and the 
greatest stenosis observed on the left or right side of the common or internal carotid 
artery was taken to determine the severity of carotid artery disease.18 We defined a carotid 
artery stenosis ≥ 70% as a peak systolic velocity > 210 cm/s.18

Brain MRI
MR imaging of the brain was performed on a 1.5T whole-body system (Gyroscan ACS-NT, 
Philips Medical Systems, Best, the Netherlands) using a standardized scan protocol.17, 19 
Transversal fluid-attenuated inversion recovery (FLAIR) [repetition time (TR) = 6000 ms; 
echo time (TE) = 100 ms; inversion time (TI) = 2000 ms], T1-weighted [TR = 235 ms; TE 
= 2 ms], T1-weighted inversion recovery [TR = 2900 ms; TE = 22 ms; TI = 410 ms] and T2-
weighted images [TR = 2200 ms; TE = 11 ms] were acquired with a voxel size of 1.0 x 1.0 
x 4.0 mm3 and contiguous slices.14, 19 A neuroradiologist blinded to patient characteristics 
visually rated brain infarcts on the T1-weighted, T2-weighted and FLAIR images of the MRI 
scans. We defined lacunes as focal lesions between 3 to 15 mm according to the STRIVE 
criteria.4 Non-lacunar lesions were categorized into large infarcts (i.e. cortical infarcts and 
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subcortical infarcts not involving the cerebral cortex) and those located in the brain stem 
or cerebellum.14 

WMH volumes
WMH and brain volumes (intracranial volume and total brain volume) were obtained using 
the k-nearest neighbor (kNN) automated segmentation program on the T1-weighted, 
FLAIR, and T1-weighted inversion recovery sequences of the MRI scans.19, 20 WMH 
segmentations were visually assessed by an investigator (RG) using an image processing 
framework (MeVisLab 2.7.1., MeVis Medical Solutions AG, Bremen, Germany) to ensure 
that cerebral infarcts were correctly removed from the WMH segmentations.14 Next, we 
performed ventricle segmentation using the fully automated lateral ventricle delineation 
(ALVIN) algorithm in Statistical Parametric Mapping 8 (SPM8, Wellcome Trust Centre for 
Neuroimaging, University College London, London, UK) for Matlab (The MathWorks, 
Inc., Natick, MA, United States).14 The procedure is described in detail elsewhere.14, 21 We 
labeled WMH according to their continuity with the margins of the lateral ventricle and 
their extension from the lateral ventricle into the white matter.14 Periventricular WMH were 
defined as lesions contiguous with the margins of the lateral ventricles and extending up 
to 10 mm from the lateral ventricle into the white matter.14 We defined confluent WMH 
as lesions contiguous with the margins of the lateral ventricles and extending more 
than 10 mm from the lateral ventricles into the white matter.14 We defined deep WMH 
as lesions that were separated from the margins of the lateral ventricles.14 Examples of 
periventricular, confluent and deep WMH visualized in our algorithm are shown in Figure 
1. Total WMH volume was calculated as the sum of deep WMH and periventricular or 
confluent WMH. 

WMH types
We categorized patients into the following three WMH types: periventricular WMH type 
without deep WMH, periventricular WMH type with deep WMH and a confluent WMH 
type. We did not categorize the latter type according to presence or absence of deep 
WMH as the number of patients with a confluent WMH without deep WMH (n = 5) was 
insufficient to perform statistical analyses.14

WMH shape markers 
We hypothesized that a more irregular shape of WMH may indicate more severe cerebral 
parenchymal damage based on previous histopathologic studies.6-8, 13, 22, 23 The degree to 
which deep WMH are punctiform or ellipsoidal may also provide information on CSVD 
severity.15

Irregularity of periventricular or confluent WMH was quantified using the concavity 
index and fractal dimension. In previous work, we established that the concavity index 
was a robust shape marker that showed a normal distribution in the study sample and 
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provided information on WMH shape irregularity based on volume and surface area.14, 24 
The concavity index was calculated by reconstructing convex hulls and calculating volume 
and surface area ratios of lesions, in which a higher concavity index value corresponds 
to a more irregular shape of periventricular or confluent WMH.14 Fractal dimension was 
calculated using the box counting method and was used to quantify irregularity of 
periventricular or confluent WMH and of deep WMH.14, 25, 26 A higher fractal dimension 
value indicated a more irregular WMH shape. As patients frequently show multiple deep 
WMH, a mean value for the fractal dimension was calculated across all deep WMH per 
patient.

Figure 1. Examples of confluent (A), periventricular (B) and deep (C) WMH on FLAIR images with 

the corresponding visualizations in our algorithm shown below. The deep WMH lesion (arrow) is 

reconstructed in the coronal view, while the periventricular and confluent WMH are viewed from 

a transverse perspective. Note that the coronal reconstruction of the deep WMH lesion (C) may 

be influenced by the slice thickness and the lesion may be more punctiform. The confluent WMH 

lesion in A showed a volume of 11.57 mL with an accompanying deep WMH volume of 0.25 mL. 

The periventricular WMH lesion in B showed a volume of 4.98 mL without any accompanying 

deep WMH lesions. The deep WMH lesion in C showed a volume of 0.02 mL with an accompanying 

periventricular and deep WMH volume of 2.12 mL and 0.49 mL, respectively.

The degree to which deep WMH are punctiform or ellipsoidal was assessed using 
the eccentricity, which was calculated by dividing the minor axis of a deep WMH lesion 
by its major axis.14, 15 A high eccentricity value corresponded to a punctiform deep WMH 
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lesion, whereas a low value corresponded to an ellipsoidal lesion.27, 28 A mean value for the 
eccentricity was calculated across all deep WMH per patient.

Clinical outcomes
Patients received a questionnaire every six months to provide information on outpatient 
clinic visits and hospitalization.18 If a fatal or nonfatal event was reported, original source 
documents were obtained and reviewed to determine the cause of the event. All possible 
events were audited independently by three physicians of the End Point Committee.18 
Follow-up of patients was performed until death, refusal of further participation or loss to 
follow-up. Vascular-related death was defined as death caused by myocardial infarction, 
stroke, sudden death (unexpected cardiac death occurring within 1 hour after onset of 
symptoms, or within 24 hours given convincing circumstantial evidence), congestive heart 
failure or rupture of an abdominal aortic aneurysm.18 We defined non-vascular related 
death as death caused by cancer, infection, unnatural death, or death from another non-
vascular cause.18 Ischemic stroke was defined as the occurrence of relevant clinical features 
that caused an increase in impairment of at least one grade on the modified Rankin scale, 
with or without a new relevant ischemic lesion on brain imaging.18

Study sample
Of the 1309 patients included, MRI data was irretrievable for 19 patients and 239 patients 
had missing data of one or more MRI sequences due to logistic reasons or motion 
artifacts. Forty-four of the remaining 1051 patients had unreliable brain volume data 
due to motion artifacts in all three MRI sequences. Four patients were excluded due to 
undersegmentation of WMH by the automated segmentation algorithm and another four 
patients were excluded because they did not have any WMH greater than five voxels. As a 
result, 999 patients were included in the current study. 

Statistical analysis
Baseline characteristics of the study sample were reported as means or percentages 
where applicable. 

Patients were followed from the date of the MRI until ischemic stroke, death, loss to 
follow-up, or end of follow-up (March 2017), whichever came first. Cox proportional hazard 
analysis was used to estimate hazard ratios (HR) for the occurrence of all-cause, vascular-
related and nonvascular-related death and ischemic stroke associated with WMH volumes, 
type and shape markers. The proportional hazards assumption was checked by inspection 
of Schoenfeld residuals. We concluded that the proportional hazards assumption was met 
for all covariates.   

To reduce the risk of bias due to complete case analysis, we performed chained 
equations imputation on missing covariates to generate 10 imputed datasets using SPSS 
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25.0 (Chicago, IL, USA).29 The Cox regression analyses were performed on the imputed 
datasets and the pooled results were presented. We used SAS 9.4 (SAS Institute, Cary, NC, 
USA) and SPSS 25.0 (Chicago, IL, USA) to perform the statistical analyses. 

WMH volumes and clinical outcomes
To assess whether WMH volumes were associated with clinical outcomes, we separately 
entered total, periventricular or confluent, and deep WMH volumes in a Cox regression 
model with age, sex and intracranial volume as covariates and all-cause death, vascular-
related death, nonvascular-related death and ischemic stroke as outcomes. WMH volumes 
were natural log-transformed due to a non-normal distribution. In a second model, we 
additionally adjusted for large infarcts, lacunes, diastolic blood pressure, systolic blood 
pressure, diabetes mellitus, body mass index and smoking pack years at baseline. We also 
assessed the association between quartiles of WMH volumes (not natural log-transformed) 
and clinical outcomes, adjusted for all of the aforementioned covariates. 

WMH types and clinical outcomes
To assess whether WMH types were associated with clinical outcomes, a categorical 
variable with the three WMH types as outcomes was entered in a Cox regression model 
with age and sex as covariates and all-cause death, vascular-related death, nonvascular-
related death and ischemic stroke as outcomes. A periventricular WMH type without deep 
WMH was chosen as the reference category as this type represents the smallest WMH 
burden. In a second model, we additionally adjusted for the aforementioned covariates. 

WMH shape markers and clinical outcomes
Z-scores of WMH shape markers were calculated to facilitate comparison and these were 
entered in a Cox regression model with age and sex as covariates and all-cause death, 
vascular-related death, nonvascular-related death and ischemic stroke as outcomes. 
In a second model, we additionally adjusted for the aforementioned covariates. If an 
association between a WMH shape marker and clinical outcome was observed, we 
additionally adjusted for total WMH volume to assess whether the association was 
independent of WMH volume. 

Results

Baseline characteristics of the study sample (n = 999) are shown in Table 1. A total of 
784 patients (78%) had periventricular WMH and 215 patients (22%) had confluent 
WMH. A periventricular with deep WMH type was present in 423 patients (42%) and a 
periventricular without deep WMH type was present in 361 patients (36%). In total, 274 
patients died (149 vascular-related and 125 nonvascular-related) and 75 patients had an 
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ischemic stroke during a median follow-up of 12.5 years (range 0.2 to 16.0 years; total 
number of person-years follow-up 11 303). 

Table 1. Baseline characteristics of the study sample (n = 999).  

Age (years) 59 ± 10
Sex, % men 79.0
BMI (kg/m

2
) 27 ± 4

Smoking, pack years a 18 (0, 50)
Alcohol intake, % current 74
Hypertension, % 51
Diabetes mellitus, % 20
Infarcts on MRI, %
    Large 12
    Cerebellar 4
    Brainstem 2
    Lacunes 19
WMH volumes, mL a

   Total 0.9 (0.2, 6.4)
    Periventricular or confluent 0.7 (0.1, 5.3)
    Deep 0.1 (0.0, 0.8)
WMH types, %
    Periventricular 78
        With deep 42
        Without deep 36
    Confluent 22
WMH shape markers 
    Periventricular or confluent
        Concavity index 1.06 ± 0.11
        Fractal dimension 1.24 ± 0.22
    Deep
        Eccentricity 0.48 ± 0.14
        Fractal dimension 1.45 ± 0.15

Characteristics are presented as mean ± SD or %.  

a Median (10th percentile, 90th percentile). 
BMI: body mass index; SD: standard deviation; WMH: white matter hyperintensities.

Associations between WMH volumes and long-term clinical outcomes
Greater total WMH volume was associated with all-cause death (HR = 1.32, 95% CI: 1.19 
to 1.46 for a 1 unit increase in natural log-transformed total WMH volume), particularly 
vascular-related death (HR = 1.47, 95% CI: 1.29 to 1.68) and to a lesser extent with 
nonvascular-related death (HR = 1.15, 95% CI: 0.99 to 1.34), as well as with ischemic stroke 
(HR = 1.79, 95% CI: 1.48 to 2.16), adjusted for age, sex and total intracranial volume. These 
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associations persisted after adjusting for cardiovascular risk factors and cerebrovascular 
disease (Table 2). 

Table 2. Results of Cox proportional hazard regression analyses with total, periventricular 
or confluent and deep WMH volumes (all natural log-transformed) as independent 
variables and all-cause, vascular-related and nonvascular-related death and ischemic 
stroke as dependent variables. Estimates represent hazard ratios with 95% CI for a 1 unit 
increase in natural log-transformed WMH volumes.   

Model 1 Model 2
No. of 
deaths or 
events

No. per 1000 
person-years

Estimate (95% CI) Estimate (95% CI) 

Total WMH
    All-cause death 274 24.2 1.32 (1.19 to 1.46) 1.22 (1.10 to 1.36)
    Vascular death 149 13.2 1.47 (1.29 to 1.68) 1.32 (1.14 to 1.51)
    Nonvascular death 125 11.1 1.15 (0.99 to 1.34) 1.11 (0.95 to 1.30)
    Ischemic stroke 75 6.8 1.79 (1.48 to 2.16) 1.58 (1.29 to 1.93)
Periventricular or confluent 
WMH
    All-cause death 274 24.2 1.29 (1.17 to 1.42) 1.20 (1.09 to 1.33)
    Vascular death 149 13.2 1.43 (1.26 to 1.63) 1.29 (1.13 to 1.47)
    Nonvascular death 125 11.1 1.14 (0.99 to 1.32) 1.10 (0.95 to 1.28)
    Ischemic stroke 75 6.8 1.73 (1.45 to 2.08) 1.53 (1.26 to 1.86)
Deep WMH
    All-cause death 212 30.8 1.13 (1.04 to 1.24) 1.10 (1.01 to 1.21)
    Vascular death 122 17.8 1.15 (1.03 to 1.30) 1.11 (0.98 to 1.25)
    Nonvascular death 90 13.1 1.10 (0.96 to 1.26) 1.10 (0.96 to 1.26)
    Ischemic stroke 62 9.4 1.24 (1.05 to 1.46) 1.18 (0.99 to 1.40)

Model 1: adjusted for age, sex and intracranial volume.
Model 2: model 1 additionally adjusted for large infarcts on MRI, lacunes on MRI, diastolic blood 
pressure, systolic blood pressure, diabetes mellitus, body mass index and smoking pack years at 
baseline.  
CI: confidence interval, WMH: white matter hyperintensities.  

Greater periventricular or confluent WMH volume was associated with all-cause death 
(HR = 1.29, 95% CI: 1.17 to 1.42), particularly vascular-related death (HR = 1.43, 95% CI: 1.26 
to 1.63) and to a lesser extent with nonvascular-related death (HR = 1.14, 95% CI: 0.99 to 
1.32), as well as with ischemic stroke (HR = 1.73, 95% CI: 1.45 to 2.08). These associations 
persisted after adjusting for cardiovascular risk factors and cerebrovascular disease (Table 
2). 

Greater deep WMH volume was associated with all-cause death (HR = 1.13, 95% CI: 
1.04 to 1.24), vascular-related death (HR = 1.15, 95% CI: 1.03 to 1.30) and more strongly 
with ischemic stroke (HR = 1.24, 95% CI: 1.05 to 1.46). Risk estimates slightly attenuated 
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after adjusting for cardiovascular risk factors and cerebrovascular disease (Table 2). 
A non-significant association was observed between greater deep WMH volume and 
nonvascular death (HR = 1.10, 95% CI: 0.96 to 1.26), which did not change after adjusting 
for cardiovascular risk factors and cerebrovascular disease (Table 2). 

Risk of vascular-related death and ischemic stroke increased per quartile of 
periventricular or confluent WMH volume (Figure 2). Similarly, risk of ischemic stroke 
increased per quartile of deep WMH volume (Figure 3). 

Figure 2. Associations between quartiles of periventricular or confluent WMH volume and risk of 

all-cause death, vascular death, nonvascular death and ischemic stroke. Results adjusted for age, 

sex, intracranial volume, large infarcts on MRI, lacunes on MRI, diastolic blood pressure, systolic 

blood pressure, diabetes mellitus, body mass index and smoking pack years at baseline. The lowest 

quartile (< 0.33 mL) was chosen as the reference category. Range second to fourth quartiles; 0.33 mL 

to 0.74 mL, 0.74 mL to 2.04 mL, ≥ 2.04 mL, respectively. Note that the scale of the y-axis may differ 

between outcomes. Examples of periventricular or confluent WMH from each quartile are shown in 

Supplemental Figure 1. CI indicates confidence interval. 
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Figure 3. Associations between quartiles of deep WMH volume and risk of all-cause death, vascular 

death, nonvascular death and ischemic stroke. Results adjusted for age, sex, intracranial volume, 

large infarcts on MRI, lacunes on MRI, diastolic blood pressure, systolic blood pressure, diabetes 

mellitus, body mass index and smoking pack years at baseline. The lowest quartile (< 0.03 mL) was 

chosen as the reference category. Range second to fourth quartiles; 0.03 mL to 0.08 mL, 0.08 mL to 

0.35 mL, ≥ 0.35 mL, respectively. Note that the scale of the y-axis may differ between outcomes. CI 

indicates confidence interval.

Associations between WMH types and long-term clinical outcomes 
Compared to a periventricular WMH type without deep WMH, a confluent WMH type was 
associated with a greater risk of all-cause death (HR = 2.29, 95% CI: 1.64 to 3.19), particularly 
vascular-related death (HR = 2.81, 95% CI: 1.75 to 4.49) and to a lesser extent nonvascular-
related death (HR = 1.85, 95% CI: 1.15 to 2.98), as well as with ischemic stroke (HR = 4.36, 
95% CI: 2.20 to 8.65). These associations persisted after adjusting for cardiovascular risk 
factors and cerebrovascular disease (Table 3). Non-significant associations were observed 
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between a periventricular WMH type with deep WMH and vascular-related death (HR = 
1.53, 95% CI: 0.96 to 2.42) and ischemic stroke (HR = 1.75, 95% CI: 0.90 to 3.41), which 
attenuated after adjusting for cardiovascular risk factors and cerebrovascular disease 
(Table 3). 

Table 3. Results of Cox proportional hazard regression analyses with WMH types as 
independent variables and all-cause, vascular-related and nonvascular-related death and 
ischemic stroke as dependent variables. Estimates represent hazard ratios with 95% CI for 
WMH types. A periventricular WMH type without deep WMH was the reference category. 

Model 1 Model 2
No. of 
deaths or 
events

No. per 
1000 
person-
years

Estimate (95% CI) Estimate (95% CI) 

Periventricular without deep WMH 
(n = 360)
    All-cause death 60 13.7 1 (reference) 1 (reference)
    Vascular death 27 6.2 1 (reference) 1 (reference)
    Nonvascular death 33 7.5 1 (reference) 1 (reference)
    Ischemic stroke 13 3.0 1 (reference) 1 (reference)
Periventricular with deep WMH 
 (n = 424)
    All-cause death 105 21.5 1.27 (0.92 to 1.75) 1.14 (0.82 to 1.58)
    Vascular death 58 11.9 1.53 (0.96 to 2.42) 1.31 (0.82 to 2.09)
    Nonvascular death 47 9.6 1.06 (0.68 to 1.67) 1.01 (0.64 to 1.59)
    Ischemic stroke 28 5.9 1.75 (0.90 to 3.41) 1.48 (0.75 to 2.91)
Confluent WMH (n = 215)
    All-cause death 109 53.3 2.29 (1.64 to 3.19) 1.74 (1.23 to 2.47)
    Vascular death 64 31.3 2.81 (1.75 to 4.49) 1.89 (1.15 to 3.11)
    Nonvascular death 45 22.0 1.85 (1.15 to 2.98) 1.65 (1.01 to 2.73)
    Ischemic stroke 34 17.8 4.36 (2.20 to 8.65) 2.83 (1.36 to 5.87)

Model 1: adjusted for age and sex. 
Model 2: model 1 additionally adjusted for large infarcts on MRI, lacunes on MRI, diastolic blood 
pressure, systolic blood pressure, diabetes mellitus, body mass index and smoking pack years at 
baseline.  
CI: confidence interval, WMH: white matter hyperintensities.

 
Associations between WMH shape markers and long-term clinical outcomes
A greater concavity index of periventricular or confluent WMH was associated with a 
greater risk of all-cause death (HR = 1.30, 95% CI: 1.18 to 1.43 per SD increase), particularly 
vascular-related death (HR = 1.34 (95% CI: 1.18 to 1.52) and to a lesser extent nonvascular-
related death (HR = 1.25 (95% CI: 1.07 to 1.45), as well as with ischemic stroke (HR = 1.47, 
95% CI: 1.23 to 1.76), adjusted for age and sex. These associations persisted after adjusting 
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for cardiovascular risk factors and cerebrovascular disease (Table 4). After additionally 
adjusting for total WMH volume, the association of concavity index with all-cause and 
nonvascular-related death persisted (HR = 1.21, 95% CI: 1.02 to 1.42; HR = 1.23, 95% CI: 
1.02 to 1.49, respectively), whereas the association with vascular-related death and 
ischemic stroke attenuated (HR = 1.11, 95% CI: 0.89 to 1.39; HR =1.23, 95% CI: 0.95 to 1.77, 
respectively). 

Table 4. Results of Cox proportional hazard regression analyses with standardized WMH 
shape markers as independent variables and all-cause, vascular-related and nonvascular-
related death and ischemic stroke as dependent variables. 

Model 1 Model 2
No. of 
deaths or 
events

No. per 
1000 
person-
years

Estimate (95% CI) Estimate (95% CI) 

Periventricular or confluent WMH
    Concavity index
        All-cause death 274 24.2 1.30 (1.18 to 1.43) 1.21 (1.09 to 1.35)
        Vascular death 149 13.2 1.34 (1.18 to 1.52) 1.20 (1.05 to 1.38)
        Nonvascular death 125 11.1 1.25 (1.07 to 1.45) 1.21 (1.03 to 1.42)
        Ischemic stroke 75 6.8 1.47 (1.23 to 1.76) 1.28 (1.05 to 1.55)
    Fractal dimension
        All-cause death 274 24.2 1.33 (1.16 to 1.52) 1.19 (1.04 to 1.36)
        Vascular death 149 13.2 1.52 (1.27 to 1.82) 1.29 (1.08 to 1.55)
        Nonvascular death 125 11.1 1.13 (0.92 to 1.37) 1.06 (0.87 to 1.30)
        Ischemic stroke 75 6.8 2.06 (1.60 to 2.65) 1.73 (1.33 to 2.25)
Deep WMH
    Fractal dimension
        All-cause death 212 30.8 1.03 (0.89 to 1.20) 1.07 (0.92 to 1.26)
        Vascular death 122 17.8 1.06 (0.87 to 1.29) 1.11 (0.91 to 1.37)
        Nonvascular death 90 13.1 1.00 (0.79 to 1.25) 1.02 (0.81 to 1.29)
        Ischemic stroke 62 9.4 0.82 (0.63 to 1.06) 0.85 (0.65 to 1.12)
    Eccentricity
        All-cause death 212 30.8 0.93 (0.81 to 1.07) 0.98 (0.85 to 1.14)
        Vascular death 122 17.8 1.01 (0.84 to 1.21) 1.09 (0.90 to 1.33)
        Nonvascular death 90 13.1 0.84 (0.68 to 1.04) 0.85 (0.68 to 1.07)
        Ischemic stroke 62 9.4 0.99 (0.77 to 1.28) 1.14 (0.87 to 1.49)

Model 1: adjusted for age and sex.  
Model 2: model 1 additionally adjusted for large infarcts on MRI, lacunes on MRI, diastolic blood 
pressure, systolic blood pressure, diabetes mellitus, body mass index and smoking pack years at 
baseline.
Estimates represent hazard ratios with 95% CI for one SD increase in the marker.
CI: confidence interval, SD: standard deviation, WMH: white matter hyperintensities.
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A greater fractal dimension of periventricular or confluent WMH was associated with 
a greater risk of all-cause death (HR = 1.33, 95% CI: 1.16 to 1.52 per SD increase), vascular-
related death (HR = 1.52, 95% CI: 1.27 to 1.82) and ischemic stroke (HR = 2.06, 95% CI: 
1.60 to 2.65), adjusted for age and sex. These relationships persisted after adjusting 
for cardiovascular risk factors and cerebrovascular disease (Table 4). After additionally 
adjusting for total WMH volume, the association of fractal dimension with all-cause death, 
vascular-related death and ischemic stroke attenuated (HR = 1.10, 95% CI: 0.93 to 1.30; HR 
= 1.20, 95% CI: 0.95 to 1.51; HR = 1.09, 95% CI: 0.52 to 2.27, respectively). A greater fractal 
dimension of periventricular or confluent WMH was not associated with a greater risk of 
nonvascular-related death (HR = 1.13, 95% CI: 0.92 to 1.37). 

No associations were observed between eccentricity and fractal dimension of deep 
WMH and long-term clinical outcomes (Table 4).  

Discussion

In this cohort of patients with manifest arterial disease, we observed that WMH volume, 
type and shape were associated with long-term clinical outcomes. Specifically, we found 
that a greater volume and a more irregular shape of periventricular or confluent WMH 
were related to a higher risk of death and ischemic stroke. A confluent WMH type was 
also associated with a greater risk of death and ischemic stroke. These relationships were 
independent of demographics, cardiovascular risk factors and cerebrovascular disease at 
baseline.  

Our finding that total WMH volume was related to risk of mortality and stroke is in line 
with previous studies.30-34 However, the associations of WMH volume sub-classifications 
and WMH types with clinical outcomes presented in this study are novel. We found that 
the risk of mortality and ischemic stroke was predominantly determined by the volume 
of periventricular or confluent WMH, rather than the volume of deep WMH. This was 
supported by the observation that risk estimates for mortality and ischemic stroke were 
higher for a confluent WMH type than a periventricular WMH type with deep WMH. A 
possible explanation for this finding may be that confluent WMH represent more severe 
parenchymal changes due to their relatively central location in the brain. Previous 
studies showed that pathological changes in the smaller vessels of the brain can induce 
secondary ischemia, which may be more profound in the white matter surrounding the 
lateral ventricles as these regions are furthest removed from collateral circulation.4, 35 This 
notion may explain the relatively strong association between a confluent WMH type and 
occurrence of ischemic stroke in the present study.   

To the best of our knowledge, no previous studies reported on the longitudinal 
association of WMH shape with clinical outcomes. In the present study, we observed that 
a more irregular shape of periventricular or confluent WMH was related to an increased 



62   |   Chapter 3

risk of mortality and ischemic stroke, which was only partly explained by WMH volume. 
An explanation for this finding may be that cerebral small vessel disease consists of a 
heterogeneous group of small vessel changes and a more irregular shape of WMH may 
indicate the presence of a more severe cerebral small vessel disease subtype.35, 36 Support 
for this notion is provided by histopathologic studies that reported ischemic damage, 
loss of myelin and incomplete parenchymal destruction in more irregular shaped WMH, 
whereas smooth WMH correlated with more benign pathologic changes such as venous 
congestion.6, 8, 13 Furthermore, a previous study reported an association between a more 
irregular shape of WMH and frailty in elderly patients16 and in previous work we showed 
that presence of lacunes on MRI was related to a more irregular shape of WMH.14 These 
investigations and the results of the present study suggest that in addition to WMH 
volume, shape of WMH may represent a clinically relevant marker in patients with WMH 
on MRI. 

We observed that a confluent WMH type and a more irregular shape of periventricular 
or confluent WMH were not only associated with a greater risk of vascular death, but also 
of nonvascular death. In previous work, we similarly reported that presence of lacunes on 
MRI was related to a greater risk of nonvascular death.37 An explanation for these findings 
is that cerebral small vessel disease may be a marker of overall increased vulnerability 
to adverse outcomes, possibly through the concomitant presence of generalized 
microvascular disease.2, 4, 35 Further studies in different cohorts are needed to confirm 
this hypothesis, however the reported associations with vascular and nonvascular death 
suggest that WMH markers may be important in determining overall prognosis of patients 
with manifest arterial disease. 

Key strengths of the present study are the large number of patients included, the 
longitudinal design, the relatively long follow-up period and the use of automated image 
processing techniques that enabled us to examine multiple and also novel features of 
WMH in relation to clinical outcomes. Furthermore, all MRI scans were visually checked 
and corrected if needed to ensure that WMH segmentation and subsequent analysis of 
WMH type and shape were accurate. 

Limitations of this study include, first, the use of 1.5T MRI instead of 3.0T MRI, which 
is likely more sensitive in detecting small WMH lesions. It should be noted, however, that 
clinical 3.0T MRI scanners were not readily available during the inclusion period of our 
study starting in 2001. Second, we did not categorize deep WMH into lesions located 
directly under the cerebral cortex (i.e. infracortical) and those located more centrally in 
the subcortical white matter, which may differ in terms of etiology.38 Third, MRI sequences 
were used with a relatively large slice thickness of 4 mm, which is likely less accurate in 
determining WMH shape markers than three-dimensional MR sequences. The impact of 
slice thickness, however, may be less profound on measurements of the concavity index 
as it is calculated by determining volume and surface area ratios of periventricular or 
confluent WMH, which are expected to remain relatively constant.14 On the other hand, 
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a more profound impact can be expected on measurements of the fractal dimension, 
which is directly dependent on voxel size.14 A larger slice thickness will therefore lead to 
reduced information in the z-axis. Similarly, shape determination of smaller deep WMH 
in the size range of several millimeters may also be impacted by a relatively large slice 
thickness. Despite this limitation, however, we were able to detect associations between 
WMH shape markers and clinical outcomes, suggesting that WMH shape may represent a 
clinically relevant marker for occurrence of ischemic stroke and death.  

In conclusion, our findings demonstrate that WMH volume, type and shape are 
associated with long-term risk of mortality and ischemic stroke in patients with manifest 
arterial disease. These findings suggest that WMH markers on MRI may be useful in 
determining patient’s prognosis and may aid in future patient selection for preventive 
treatment. 
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Supplemental Figure 1. Examples of periventricular or confluent WMH according to quartiles of 

WMH volume (see also Figure 2). The FLAIR images (shown above) correspond with visualizations in 

our algorithm shown below. The periventricular WMH lesion in A showed a volume of 0.29 mL (first 

quartile) and was predominately located in the left centrum semiovale, as can be seen in the FLAIR 

image. The periventricular lesion in B showed a volume of 0.72 mL (second quartile) and the bulk of 

volume was located along the anterior horn of the right lateral ventricle, as can be seen in the FLAIR 

image. The confluent lesion in C showed a volume of 1.99 mL (third quartile) and the bulk of volume 

was located along the anterior and posterior horns of the lateral ventricles. The confluent lesion in D 

showed a volume of 6.19 mL (fourth quartile). 
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Neurodegenerative and neurovascular diseases lead to heterogeneous brain 

abnormalities. A combined analysis of these abnormalities by phenotypes of the 

brain might give a more accurate representation of the underlying aetiology. We 

aimed to identify different MRI phenotypes of the brain and assessed the risk of future 

stroke and mortality within these subgroups. In 1003 patients (59±10 years) from the 

Second Manifestations of ARTerial disease-Magnetic Resonance (SMART-MR) study, 

different quantitative 1.5T brain MRI markers were used in a hierarchical clustering 

analysis to identify 11 distinct subgroups with a different distribution in brain MRI 

markers and cardiovascular risk factors, and a different risk of stroke (Cox regression: 

from no increased risk compared to the reference group with relatively few brain 

abnormalities to HR=10.34; 95%-CI 3.8028.12 for the multi burden subgroup) and 

mortality (from no increased risk compared to the reference group to HR=4.00; 

95%-CI 2.506.40 for the multi burden subgroup). In conclusion, within a group of 

patients with manifest arterial disease we showed that different MRI phenotypes 

of the brain can be identified and that these were associated with different risks of 

future stroke and mortality. These MRI phenotypes can possibly classify individual 

patients and assess their risk of future stroke and mortality.
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Introduction

Older patients with manifest arterial disease often also have neurodegenerative 
and neurovascular diseases. Neurodegenerative diseases frequently lead to brain 
abnormalities like cerebral atrophy1. Neurovascular diseases are associated with cortical 
infarcts, lacunes and white matter hyperintensities (WMH)2,3. Although these diseases 
lead to heterogeneous brain abnormalities, to date these are most commonly analysed 
as separate entities 4–6. For example, presence of brain infarcts has been related to stroke 
5,WMH volume has been related to stroke and mortality 5,7, presence of lacunes has been 
associated with mortality 8 and cerebral atrophy has been linked to stroke and mortality 7,9. 
However, a combined analysis of MRI phenotypes of the brain may show a better relation 
with underlying aetiology and could therefore lead to a better approximation of an 
individual patient’s risk of future stroke or (vascular) mortality. Although the application of 
MRI phenotypes of the brain in neuroimaging is relatively novel, a comparable approach 
has recently been performed in cognitive impairment 10 and  in other research fields, 
including asthma 11,12, chronic obstructive pulmonary disease 13,14 and breast cancer 15.

In the present study our first aim was to identify different MRI phenotypes of the 
brain  in middle-aged and older patients with manifest arterial disease and relate these to 
clinical characteristics. Our second aim was to estimate the risk of future ischemic stroke 
and mortality for each of these MRI phenotypes of the brain subgroups. 

Material and methods

SMART-MR study
In the present study, patient data from the Second Manifestations of ARTerial disease-
Magnetic Resonance (SMART-MR) study were used 16. The SMART-MR study is a 
prospective cohort study at the University Medical Center Utrecht aimed to examine risk 
factors and consequences of brain MRI abnormalities in patients with manifest arterial 
disease 16. Patients newly referred to the University Medical Center Utrecht for treatment 
of manifest arterial disease (cerebrovascular disease, peripheral arterial disease, manifest 
coronary artery disease or an abdominal aortic aneurysm) were invited to participate 
between May 2001 and December 2005. In the present study follow-up data until March 
2015 are used. During a one-day visit to the medical center, a physical examination, blood 
and urine samples, neuropsychological assessment, ultrasonography of the common 
carotid arteries, and a 1.5T brain MRI scan were performed. Questionnaires were used to 
assess cardiovascular risk factors, medical history, medication use and demographics. The 
SMART-MR study was approved by the medical ethics committee of our institution and 
written informed consent was obtained from all patients.
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Study sample
Of the 1309 patients included, 19 patients had no MRI, 239 patients had one or more 
missing MRI sequences, and 48 patients had severe motion artefacts or other artefacts in 
their MRI scans. As a result, a total of 1003 patients were available for the present study. 

Cardiovascular risk factors
Weight and height were measured and the body mass index was calculated (kg/m2). Systolic 
and diastolic blood pressures (mmHg) were measured with a sphygmomanometer. These 
measurements were repeated twice and the average between the two measurements 
was calculated. Glucose and lipid levels were determined from an overnight fasting 
blood sample. Diabetes mellitus was defined as a glucose level of ≥7.0 mmol/L, a history 
of diabetes mellitus, reported in the questionnaire or use of oral antidiabetic drugs or 
insulin. Hyperlipidaemia was defined as a total cholesterol level of > 5.0 mmol/L, self-
reported use of lipid-lowering drugs or a low-density lipoprotein cholesterol level of > 3.2 
mmol/L. Hyperhomocysteinemia was defined as a homocysteine level of ≥ 16.2 μmol/L. 
Smoking (pack-years) and drinking habits (never, past and current) were assessed by 
questionnaires. Ultrasonography was performed to measure the intima-media thickness 
(IMT) in both common carotid arteries (in mm). 

Brain MRI
MR imaging of the brain was performed on a 1.5T MRI system (Gyroscan ACS-NT, Philips 
Medical Systems, Best, The Netherlands) using a standardized scan protocol. Transversal 
T1- weighted (repetition time (TR) = 235 ms; echo time (TE) = 2 ms), T1-weighted inversion 
recovery (TR = 2900 ms; TE = 22 ms; TI = 410 ms), T2-weighted (TR = 2200 ms; TE = 11 ms) 
and FLAIR (TR = 6000 ms; TE = 100 ms; TI = 2000 ms) images were acquired with a voxel size 
of 0.9 × 0.9 × 4.0 mm3 and 38 contiguous slices. Cerebral infarcts (cortical, subcortical and 
lacunes) were rated by a neuroradiologist according to the STRIVE criteria 3. The location 
and affected flow territory were rated for every cerebral infarct 17. The flow through both 
internal carotid arteries and the basilar artery were determined by phase contrast imaging 
and summed to calculate the total CBF (ml/min) 17 .

Brain MRI features
Segmentations of white matter, grey matter, peripheral cerebrospinal fluid (CSF outside 
the brain), lateral ventricles and WMH were obtained by a k-nearest neighbour-based 
automated probabilistic segmentation method, which was performed on the T1 inversion 
recovery and FLAIR MRI images 18. Cerebral infarcts were manually segmented and WMH 
segmentations were manually corrected. Total brain volume was calculated by summing 
the volumes white matter, grey matter, WMH and cerebral infarcts. Intracranial volume 
(ICV) was calculated by summing all other brain volumes. Brain volume fractions (brain 
parenchymal fraction, white matter fraction, grey matter fraction, peripheral CSF fraction, 
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lateral ventricular fraction, and WMH fraction) were calculated by dividing the respective 
brain volumes by the intracranial volume and expressing these as a percentage of ICV. 

The WMH segmentations were used in a different algorithm to automatically determine 
periventricular or confluent WMH (distanced ≤ 3 mm from the lateral ventricles) and deep 
WMH (distanced >3 mm from the lateral ventricles) 19,20.  This classification of WMH into 
WMH subtypes was visually checked and corrected if necessary. The classification was 
used to calculate different WMH shape features per lesion (surface area, convexity, surface 
index and curvature, volume, solidity, complexity, eccentricity and fractal dimension 21. 
For more details see Supplementary Table 1. The means over all WMH per shape feature 
were calculated for each patient.

Outcomes
Patients received a questionnaire every 6 months to provide the investigators information 
on hospitalization and outpatient clinic visits. All possible events were audited 
independently by 3 physicians of the End Point Committee. Patients were followed 
until death or refusal of further participation. The primary outcomes used in this study 
were overall mortality, vascular related mortality and ischemic stroke. Vascular related 
mortality was defined as death caused by a myocardial infarction, stroke, sudden death 
(unexpected cardiac death occurring within 1 hour after onset of symptoms, or within 24 
hours given convincing circumstantial evidence), congestive heart failure, rupture of an 
abdominal aortic aneurysm or death from another vascular cause. Ischemic stroke was 
defined as relevant clinical features that caused an increase in impairment of at least one 
grade on the modified Rankin scale, with or without a new relevant ischemic lesion at 
brain imaging 8. Patients were followed from the date of the MRI scan until death, loss to 
follow-up, or end of follow-up (March 2015).

Statistical analysis 
Identification of subgroups with different MRI phenotypes of the brain
The brain MRI features used to determine the MRI phenotypes of the brain were brain 
volumes (brain parenchymal fraction, white matter fraction, grey matter fraction, 
peripheral CSF fraction, lateral ventricular fraction), WMH features (ventricular WMH 
fraction per lobe, deep WMH fraction per lobe, and the shape parameters fractal dimension, 
solidity, convexity, concavity index and eccentricity), cerebral infarcts (number of lacunes 
and cortical and subcortical infarcts, cortical infarcts and number of lacunes per lobe), 
and cerebral blood flow (as fraction of total brain volume). These brain MRI features were 
normalized as Z-scores for normal distributed continuous variables, or otherwise scaled 
between 0 and 2. 

To obtain MRI phenotypes of the brain, hierarchical clustering with Ward’s criteria 
was performed 15 using R version 3.3.2 and packages: NbClust 22, clValid 23and R.Matlab 
24. Hierarchical clustering is an iterative algorithm that groups patients together based 
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on similarities in brain MRI features. A level is a new joining of groups. Therefore, at each 
increasing level, the number of groups decreases. These different levels of grouping from 
an individual patient to one large group can be visualized using a dendrogram (Figure 1). 
To obtain subgroups for identification of the MRI phenotypes of the brain, the dendrogram 
needs to be cut at a certain level. The optimal level for this cut was determined by 
assessment of the average silhouette width and the Dunn index (Supplementary Figure 
1) and was also based on the heatmap (Figure 2). 

Brain MRI features and cardiovascular risk factors were compared between subgroups 
with a different brain imaging phenotype using analysis of covariance (ANCOVA) for 
continues variables and multinomial logistic regression for variables with discrete values, 
both corrected for age and sex. IMT and WMH were log transformed for these analyses 
due to a non-normal distribution. A Bonferroni correction was used to correct for multiple 
testing. A p-value of  0.05 or smaller was considered statistically significant. 

Outcome assessment
Cox regression was used to estimate associations between MRI phenotypes of the brain 
and future ischemic stroke, mortality and vascular related mortality, adjusted for age 
and sex. The reference category consisted of subgroups 1, 2, 3 and 7, as these subgroups 
contained relatively few brain abnormalities. We used multiple subgroups as the reference 
category to achieve a sufficient number of events in the reference category. These groups 
form the entire left branch of the dendrogram (n = 534, see Figure 1). SPSS version 21 
(Chicago, IL, USA) was used for the analyses.

Figure 1. The dendrogram resulting from hierarchical clustering using Ward’s criteria is visualized. 

The black dashed line indicates the level the dendrogram is cut to create the 11 subgroups.

Results

A hierarchical clustering algorithm was applied on the quantified brain MRI features 
(brain volumes, cerebral blood flow, different types of cerebral infarcts and WMH shape 
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features) of patients with manifest vascular disease (n=1003). The baseline characteristics 
of these patients are shown in Table 1. Based on the average silhouette width, Dunn 
index and clustering parameters in the heatmap, the optimal cut-off was considered to 
be at 11 subgroups, resulting in group sizes between 46 and 188 patients (Table 2 and 
Supplementary Results). Subgroups were significantly different in age (p<0.05) and sex 
(p<0.05). After Bonferroni correction differences between the age of most subgroup 
remained significant. See Table 2, Supplementary Table 2 and the Supplementary Results 
for a detailed description of between group differences.   

Figure 2. Heatmap of the hierarchical clustering results. The different colours and numbers in the 

first column represent the different subgroups. The subgroups are numbered based on average 

age (the first group is the youngest group). In the second column the four subgroups in the 

bottom branch were merged resulting in the reference subgroup used for Cox regression. Each row 

represent one patient and each column represents a brain MRI feature used for the hierarchical 

clustering. Parameter values in blue are relatively high values and parameter values in red are 

relatively low values. For example, the Z-score of solidity for the references group is mainly above 0 

and for the other groups mainly below 0. Some between subgroup differences in brain MRI features 

are already visible; for example, subgroup 10 clearly has a higher concavity index, WMH volume and 

more cerebral atrophy, and especially subgroup 5 and 6 have a higher percentage of patients with 

cerebral infarcts compared to the other subgroups. 
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Table 1. Baseline characteristics of the study sample (n=1003).

Age (years) 59 ± 10
Gender, men (%) 79
Cardiovascular risk factors

BMI (kg/m2) 26.8 ± 3.8 
Smoking (pack years) 18 (0, 50)
Alcohol intake, former (%) 26
Hypertension (%) 52

    Hyperlipidaemia (%) 80
Hyperhomocysteinemia (%) 12
Diabetes mellitus (%) 12
IMT (mm) 0.88 (0.63, 1.25)
ApoE ε4 (%) 34

Arterial disease location, n (%)
 Peripheral arterial disease 22.3 (224)
 Cerebrovascular disease 22.7 (228)
 Coronary artery disease 57.7 (579)
 Abdominal aortic aneurysm 9.2 (92)

Values represent means ± SD, percentages, and medians (10th, 90th percentile).
BMI: Body mass index, IMT: average intima-media thickness.
Range age: 25 to 82 years. Range BMI: 15.4 to 42.9 kg/m2. 
Percentage missing: BMI: 0.1%, Smoking: 0.5%, Alcohol intake: 0.6%,  Hypertension: 0.8%, 
Hyperlipidaemia: 1.4%, Hyperhomocysteinemia: 0.4%, Diabetes mellitus: 1.7%, IMT: 2.0%, ApoE: 15.8%.

MRI phenotypes of the brain 
Brain MRI features of the 11 subgroups are shown in Table 2. Significant between subgroup 
differences were found for all brain MRI features as these were based on the hierarchical 
clustering classification. The following subgroups showed typical brain MRI features: subgroup 
5 included patients who had mainly cortical infarcts, with presence of cortical infarcts in 98% 
of the study sample; in subgroup 6 mainly lacunes were found, with presence of lacunes in 
98%; subgroup 9 had prominent cerebral small vessel disease (CSVD) with a relatively large 
WMH volume of 0.38 ml and presence of lacunes in 37% of the patients; neurodegenerative 
changes were mostly observed in subgroup 11 with a relatively large amount of cerebral 
atrophy; and a multi burden subgroup 10 could be discerned with a relatively large amount 
of both cerebral atrophy and WMH volume, and presence of lacunes in 59% of the patients. 
The six remaining subgroups showed relatively mild brain abnormalities, characterized by 
few cerebral infarcts and a low CSVD burden. To illustrate the between group differences, the 
probability of WMH presence is visualized per subgroup in Figure 3.

The subgroups showed significant differences with respect to age, sex, smoking, 
alcohol intake, hypertension, hyperhomocysteinemia, diabetes mellitus and IMT (p<0.05; 
see Supplementary Table 2). No between subgroup differences were found for BMI, 
hyperlipidaemia and number of ApoE ε4 carriers (p>0.05).
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Figure 3. The likelihood of WMH presence per voxel is summarized for all patients in each subgroup 

and visualized for 5 different slices. For example, patients in subgroup 10 have the most WMH 

lesions, where patients in subgroup 2 have the least WMH.

Outcome assessment
After a mean follow-up of 15.3 years, 217 patients had died of whom 111 patients (51%) 
had vascular related mortality, and 67 patients had a new ischemic stroke. 

The results of the Cox regression analyses (Figure 4 and Table 3) showed that, compared to 
the reference group with relatively few brain abnormalities (subgroups 1, 2, 3, and 7), the multi 
burden subgroup had the highest increased risk of overall mortality (HR 4.00; 95% CI 2.50 to 
6.40; subgroup 10), followed by the subgroup with neurodegenerative changes (HR 2.70; 95% 
CI 1.66 to 4.39; subgroup 11), the subgroup with mainly lacunar infarcts (HR 2.58; 95% CI 1.59 
to 4.20; subgroup 6), the subgroup with mainly cortical infarcts (HR 1.85; 95% CI 1.03 to 3.34; 
subgroup 5), the subgroup with mainly CSVD (HR 1.72; 95% CI 1.04 to 2.83; subgroup 9). The 
other two groups with a limited burden (subgroup 4 and 8) showed no increased risk of overall 
mortality compared to the reference group with relatively few brain abnormalities. 

Compared to the reference group with relatively few brain abnormalities (subgroups 
1, 2, 3, and 7), the multi burden subgroup had the highest increased risk of vascular related 
mortality (HR 8.00; 95% CI 4.20 to 15.21; subgroup 10), followed by the subgroup with 
neurodegenerative changes (HR 4.14; 95% CI 2.06 to 8.34; subgroup 11), the subgroup 
with mainly cortical infarcts (HR 4.00; 95% CI 1.92 to 8.32; subgroup 5), the subgroup with 
mainly lacunar infarcts (HR 3.45; 95% CI 1.66 to 7.16; subgroup 6), and the mainly CSVD 
subgroup (HR 2.31; 95% CI 1.10 to 4.88; subgroup 9). The other two groups with a limited 
burden (subgroup 4 and 8) showed no increased risk of vascular mortality compared to 
the reference group with relatively few brain abnormalities.
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Compared to the reference group with relatively few brain abnormalities (subgroups 
1, 2, 3, and 7), the multi burden subgroup had the highest increased risk of future ischemic 
stroke (HR 10.34; 95% CI 3.80 to 28.12; subgroup 10), followed by the subgroup with 
mainly CSVD (HR 8.54; 95% CI 3.50 to 20.83; subgroup 9), the subgroup with mainly lacunar 
infarcts (HR 7.22; 95% CI 2.89 to 18.03; subgroup 6), the subgroup with neurodegenerative 
changes (HR 7.17; 95% CI 2.42 to 21.21; subgroup 11), and the subgroup with mainly 
cortical infarcts (HR  4.19; 95% CI 1.33 to 13.15; subgroup 5). The other two groups with a 
limited burden (subgroup 4 and 8) showed no increased risk of ischemic stroke compared 
to the reference group with relatively few brain abnormalities.

Figure 4. The likelihood of WMH presence per voxel is summarized for all patients in each subgroup 

and visualized for 5 different slices. For example, patients in subgroup 10 have the most WMH 

lesions, where patients in subgroup 2 have the least WMH.
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Discussion

In this study in middle-aged and older patients with manifest arterial disease, we identified 
different MRI phenotypes of the brain with hierarchical clustering of brain MRI features. 
We showed that these different MRI phenotypes of the brain were associated with a 
difference in risk of ischemic stroke, vascular related mortality and overall mortality. 

Multiple neurodegenerative and neurovascular diseases are often present within one 
patient. As a single disease frequently leads to multiple brain abnormalities and brain 
abnormalities show overlap between diseases, it is difficult to discriminate all underlying 
brain diseases in one patient 25. Previous approaches have mainly focused on assessing 
single to a few brain MRI features for identification of different neurodegenerative and 
neurovascular diseases 4–6. Indeed, some  diseases can be discriminated based on a single 
or a combination of brain MRI features. An example of this is cerebral amyloid angiopathy,  
which is characterized by lobar microbleeds and superficial siderosis 26. However, most 
other neurodegenerative and neurovascular diseases are often difficult to discriminate 
solely based on single brain MRI features. As most brain diseases lead to a specific pattern 
of brain abnormalities, MRI phenotypes of the brain might be used to identify previously 
unknown brain diseases or combinations of brain diseases by their specific pattern of 
brain abnormalities. This is possibly a completely new field of research.

This concept of identifying imaging phenotypes has already been performed to 
identify phenotypes in other types of diseases, including clinical asthma phenotypes 11,12 
and subphenotypes of COPD 13,14 or differences in DNA methylation and gene expression 
in breast cancer 15. Two previous studies also assessed brain MRI phenotypes10,27. Artero et 
al 27 studied the distribution of white matter lesions in the aging brain and found that their 
distribution was associated with age and presence of clinical symptoms. Nettiksimmons 
et al 10 studied the distribution of MRI, cerebrospinal fluid and serum biomarkers across 
ADNI subjects diagnosed with amnestic mild cognitive impairment (MCI). They found 
substantial heterogeneity in biomarkers in clinically similar MCI. 

To the best of our knowledge, our study is the first to identify different MRI 
phenotypes of the brain by assessing different vascular and non-vascular quantitative 
brain MRI markers in patients with manifest arterial disease. With our elaborate approach 
using multiple brain imaging features in patients with manifest arterial disease, we found 
several MRI phenotypes of the brain that were associated with a different risks of future 
stroke and (vascular) mortality. MRI phenotypes of the brain might in the future be used to 
identify individual patients that could benefit from personalized medicine approaches to 
prevent adverse outcome. To pave the way for clinical use, a future prediction study would 
be useful to confirm our results and validation studies in other populations would have 
to confirm the external validity of our study. Furthermore, software (fully automated and 
robust image processing software with MRI phenotype of the brain identification) needs 
to be developed, tested and implemented in hospitals. Currently more and more vendors 
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are bringing image processing closer to clinical practice which helps in future integration 
of bringing brain imaging phenotype identification.  

The strengths of our study are the approach where we combine different brain MRI 
features to assess MRI phenotypes of the brain and the use of this approach in a large 
cohort of patients with manifest arterial disease with a long follow-up duration (15 years). 
A strength of our technical approach includes the use of automatic brain MRI features by 
segmentation of brain volumes, including WMH, which also enabled us to include novel 
WMH shape features 21. Furthermore, our approach of assessing MRI phenotypes of the 
brain is robust, as it allows different MRI features to be used within the same method.

A limitation of our study could be the limited number of events in some subgroups, 
especially in the subgroups with few brain abnormalities, even with a mean follow-up 
of 15.3 years. To meet this limitation, we decided to combine subgroups with few brain 
abnormalities as a reference group. A potential technical limitation of our study is that 
patients were scanned on a 1.5T MRI scanner that included a 2D FLAIR sequence with a 
slice thickness of 4 mm. This influenced the results of the WMH shape features, especially 
for small WMH lesions, which could have led to an underestimation of group differences. 
On the other hand, a larger slice thickness increases contrast in bigger lesions and is more 
clinically relevant. The 1.5T MRI scanners are nowadays more and more replaced by 3T MRI 
scanners, because of the potential of higher resolution images and improved visualization 
and sensitivity for ischemic lesions. However, our study started with the baseline MRI scans 
over 17 years ago when 3T MRI was less widely available. Another technical limitation 
could be that, although hierarchical clustering is a machine learning method that is not 
biased by assumptions, some choices such as the number of subgroups need to be made 
that may be arbitrary. To limit this subjectivity, we used quantitative evaluation measures 
such as the average silhouette width and Dunn index to determine the most appropriate 
number of subgroups (see Suplementary materials).

In conclusion, within a group of middle-aged and older patients with manifest arterial 
disease, we identified subgroups with different MRI phenotypes of the brain and showed 
that there was a difference in risk of future stroke and mortality between these subgroups. 
These MRI phenotypes of the brain can possibly be used to classify individual patients and 
assess their risk of future stroke and mortality.
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Supplementary Table 1. WMH shape features for the subgroup analysis.

Name Description Formula
Convexity (C) (1) Describes the extent to which the shape 

is convex or concave. A fully convex shape 
has a convexity and solidity of 1. The 
solidity will decrease and the convexity 
increase as the shape becomes more 
concave.

Solidity (S) (1)

Concavity index 
(CI) (1)

The concavity index is a measure 
of roughness and can be used to 
differentiate between dens and irregular 
or elongated and curved WMH.

Fractal dimension 
(FD) (2,3)

The Minkowski-Bouligand dimension 
(box-counting dimension) is a measure 
for textural roughness.

With n as the number of boxes 
and r the box size. 

Eccentricity (E) (4,5) Eccentricity describes the deviation from 
a circle. The eccentricity of a circle is one 
and the eccentricity of a line is zero.
The major axis denotes the largest 
diameter of the lesions in 3D and minor 
axis the smallest diameter orthogonal to 
the major axis.

This table describes the definitions of the used shape features and shortly describes interpretation 
of the shape feature values.  
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Supplementary Figure 1. On the left the average silhouette width for 2 - 15 subgroups is plotted. 

The silhouette width is the average of the silhouette values of all the subgroups. The silhouette 

value measures the degree of confidence in the clustering assignment of a particular observation. 

A well clustered observation has a value near 1 and poorly clustered observations have values near 

-1. The average silhouette width (ASW) should be maximized. Peaks are observed at 2, 4, 6 and 11 

subgroups. However, the average silhouette width values will get lower with more clusters. On the 

right the Dunn Index for 2 - 15 subgroups is plotted. The Dunn Index is a ratio of the smallest distance 

between observations of different subgroups and the largest distance within the subgroup. The 

Dunn Index ranges between 0 and infinity and should be maximized. Between 9 and 15 subgroups, 

the Dunn Index is the highest. 
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Supplementary Results

Subgroup 1 (n=186; mean age= 51±9 years) and 3 (n=160; mean age=54±8 years) have 
few brain abnormalities. These subgroups have a low WMH burden (0.03 ml (0.02, 0.06) 
and 0.03 ml (0.02, 0.05);  medians (10th, 90th percentile)) with several small, solid and 
smooth WMH lesions around the lateral ventricles (convexity: 1.00±0.07 and 1.01±0.06; 
solidity: 0.75±0.15 and 0.78±0.11). These subgroups are characterized by only minor brain 
atrophy (BPF: 81.8±1.9 and 80.1±1.7 %) and a low number of cerebral infarcts (lacunar 
infarcts: 5% and 1%; cortical infarcts: 2% and 0%). The main differences between both 
subgroups are found in eccentricity (0.45±0.05 and 0.52±0.18), white matter fraction 
(41.5±1.6 and 44.4±1.3 %), cortical grey matter fraction (40.3±2.1 and 35.7±2.1 %) and 
blood flow (4.2±0.9 and 3.4±0.7 ml/min).These two subgroups with relatively few brain 
abnormalities are relatively young (age: 51±9 and 54±8 years) with a relative low IMT 
(0.80 mm (0.68, 0.93) and 0.80 mm (0.67,0.97)) and have a relatively low prevalence of 
hypertension (42% and 41%). 

Subgroup 2 (n=51; mean age=52±9 years) also has few brain abnormalities, with 
the lowest burden of WMH (0.01 ml (0.00, 0.01)) with only small, solid and smooth WMH 
lesions around the lateral ventricles (convexity: 0.89±0.05 and solidity: 0.90±0.07). This 
subgroup is characterized by minor brain atrophy (BPF: 80.5±2.3 %) and few cerebral 
infarcts (lacunar infarcts: 6% and cortical infarcts 16%). This subgroup with relatively few 
brain abnormalities is relatively young (age: 52±9 years), has a cardiovascular risk factor 
profile comparable to subgroup 1 and 3. However, a relatively large number of patients in 
this subgroup consume alcohol (86%) and are ApoE ε4 carriers (52%).

Subgroup 4 (n=99; mean age= 57±10 years) has moderate brain abnormalities with 
an intermediate WMH burden (0.10 ml (0.06, 0.16)), consisting of PVWMH lesions that are 
elongated and smooth (solidity: 0.36±0.12 and convexity: 1.28±0.12). In contrast to the 
small, solid and smooth WMH lesions of subgroup 1, 2 and 3. This subgroup is characterized 
by only minor brain atrophy (BPF: 80.3±1.9 %), a low number of cerebral infarcts (lacunar 
infarcts 13% and cortical infarcts 0%) and relatively high cerebral blood flow (3.9±0.7 ml/
min). This subgroup has relatively few brain abnormalities, is of intermediate age (57±10 
years) and has a cardiovascular risk factor profile that is comparable to subgroup 1 and 3. 

Subgroup 5 (n=46; mean age= 60±10 years) is characterized by a high number of 
cortical infarcts (98%), a low number of lacunar infarcts (15%) and intermediate brain 
atrophy (BPF: 77.6±2.4 %). This subgroup has a low WMH burden (0.06 % (0.04, 0.09)) 
consisting of relative elongated PVWMH lesions (solidity: 0.56±0.17, convexity: 1.10±0.11). 

This subgroup showed predominantly cortical infarcts, is of intermediate age (60±10 
years) and has a relatively large IMT (0.98 mm (0.75,1.25).

Subgroup 6 (n=60; mean age=61±8 years) is characterized by a high number of 
lacunar infarcts (98%), an intermediate number of cortical infarcts (38%) and intermediate 
brain atrophy (BPF: 77.4±2.4 %). This subgroup has moderate brain abnormalities with 
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an intermediate WMH burden (0.14 % (0.07, 0.23)) consisting of relative elongated 
WMH (solidity: 0.41±0.17) with an increased roughness of PVWMH lesions compared 
to subgroup 4 (convexity: 1.16±0.12). This subgroup showed predominantly lacunar 
infarct, is of intermediate age (61±8 years), has a relatively high number of patients with 
hypertension (65%) and diabetes mellitus (27%), and has an intermediate IMT thickness 
(0.89 mm (0.77, 1.13)). 

Subgroup 7 (n=135; mean age=62±8 years) has few brain abnormalities with a low 
WMH burden (0.05 % (0.03, 0.08)) with relatively solid (0.70±0.16) and smooth (1.02±0.07) 
PVWMH lesions. This subgroup is characterized by intermediate brain atrophy (BPF: 
77.3±2.1 %) and a low number of cerebral infarcts (lacunar infarcts: 9%, cortical infarcts: 
0%). This subgroup has relatively few brain abnormalities, is of intermediate age (62±8 
years), has the heaviest smokers (26±22) and has a relatively high number of patients with 
diabetes mellitus (27%).

Subgroup 8 (n=134; mean age=63±7 years) has moderate brain abnormalities with 
an intermediate WMH burden (0.12 % (0.07, 0.19)) consisting of elongated and smooth 
PVWMH lesions (solidity: 0.31±0.12; convexity: 1.33±0.16). This subgroup is characterized 
by intermediate brain atrophy (BPF: 77.9±2.1 %) and a low number of cerebral infarcts 
(lacunar infarcts: 2%, cortical infarcts: 2%). This subgroup has relatively few brain 
abnormalities, is of intermediate age (63±7 years), has a relatively large IMT (0.98 mm 
(0.85, 1.18) and a large number of patients with diabetes mellitus (32%).

Subgroup 9 (n=70; mean age= 65±7 years) has more severe brain abnormalities, 
with an intermediate WMH burden (0.38 % (0.22, 0.59)) with large PVWMH lesions with 
increased roughness (solidity: 0.30±0.10 and convexity: 1.05±0.09). This subgroup is 
characterized by intermediate brain atrophy (BPF: 78.2±1.8 %) and a high number of 
patients with lacunar infarcts (44% ) and relatively more patients with cortical infarcts 
(15%). This subgroup with predominantly features of cerebral small vessel disease, has a 
relatively old age (65±7 years), a large IMT (0.98 mm (0.85, 1.12)) and a large number of 
patients with hypertension (59%). 

Subgroup 10 (n=51; mean age=69±6 years) has severe brain abnormalities with a high 
WMH burden (1.13 % (0.91, 2.03)) with large PVWMH lesions with increased roughness 
(solidity: 0.24±0.05 and convexity: 0.87±0.13). This subgroup is characterized by more 
severe brain atrophy (BPF: 75.5±2.3 %) and a high number of patients with cerebral infarcts 
(lacunar infarcts: 78% and cortical infarcts 29%). This subgroup with predominantly multi 
burden, is relatively old (69±6 years), has a large IMT (1.02 mm (0.93, 1.16)), a large number 
of patients with hypertension (69%), hyperhomocysteinemia (36%) and diabetes mellitus 
(34%). 

Subgroup 11 (n=55; mean age=70±7 years), has severe brain abnormalities 
characterized by more severe brain atrophy (BPF: 74.6±2.8 %) and a relatively low number 
of patients with cerebral infarcts (lacunar infarcts: 13% and cortical infarcts: 9%). This 
subgroup has an intermediate WMH burden (0.27 % (0.12, 0.37)) with large PVWMH lesions 
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with only slightly increased roughness (solidity: 0.33±0.10  and convexity: 1.13±0.10). This 
subgroup with predominantly neurodegenerative features, is relatively old (70±7 years), 
has a large IMT (1.00 mm (0.85, 1.15), a large number of patients with hypertension (67%), 
hyperhomocysteinemia (37%) and diabetes mellitus (38%).



90   |   Chapter 4

References

1.  Liu EJ, Cashman K V., Rust AC. Optimising shape analysis to quantify volcanic ash morphology. 

GeoResJ. 2015;8:14–30. 

2.  Zhang L, Liu JZ, Dean D, Sahgal V, Yue GH. A three-dimensional fractal analysis method for 

quantifying white matter structure in human brain. J Neurosci Methods. 2006;150(2):242–53. 

3.  Esteban FJ, Sepulcre J, de Miras JR, Navas J, de Mendizábal NV, Goñi J, et al. Fractal dimension 

analysis of grey matter in multiple sclerosis. J Neurol Sci. 2009;282(1):67–71. 

4.  Murphy K, van Ginneken B, Schilham AMR, De Hoop BJ, Gietema HA, Prokop M. A large-scale 

evaluation of automatic pulmonary nodule detection in chest CT using local image features 

and k-nearest-neighbour classification. Med Image Anal. 2009;13(5):757–70. 

5.  Loizou CP, Pattichis CS, Seimenis I, Pantziaris M. Quantitative analysis of brain white matter 

lesions in multiple sclerosis subjects. In: Information Technology and Applications in 

Biomedicine, 2009 ITAB 2009 9th International Conference on. IEEE; 2009. p. 1–4. 



4

MRI phenotypes of the brain and clinical outcomes   |   91   



IIPART II



Microinfarcts in the deep gray 
matter on MRI



5CHAPTER 5



Detection and characterization of 
small infarcts in the caudate nucleus 
on 7 Tesla MRI: The SMART-MR study

Rashid Ghaznawi 1,2, Jeroen de Bresser 1, Yolanda van der Graaf 2, Maarten HT 
Zwartbol 1, Theo D Witkamp 1, Mirjam I. Geerlings 2, Jeroen Hendrikse 1;on behalf of 
the SMART Study Group

1Department of Radiology, University Medical Center Utrecht, Netherlands; 2Julius 
Center for Health Sciences and Primary Care, University Medical Center Utrecht, 
Netherlands

Published in Journal of Cerebral Blood Flow & Metabolism 2018; 38: 1609-1617.



Small infarcts are among the key imaging features of cerebral small vessel disease 

(CSVD), but remain largely undetected on conventional MRI. We aimed to evaluate 

1) imaging criteria for the detection of small infarcts in the caudate nucleus on 7T 

MRI, 2) intra- and inter-rater agreement, 3) frequency and 4) detection rate on 7T 

versus 1.5T MRI. In 90 patients (68±8 years) with a history of vascular disease from 

the SMART-MR study we defined 7T imaging criteria for cavitated and non-cavitated 

small infarcts in the caudate nucleus. In a separate set of 23 patients from the SMART 

study intra-rater and inter-rater agreement were excellent for presence, number, and 

individual locations (Kappa’s, ICCs, and Dice similarity coefficients ranged from 0.85 

to 1.00). In the 90 patients, 21 infarcts (20 cavitated) in 12 patients were detected 

on 7T (13%) compared to 7 infarcts in 6 patients on 1.5T (7%). In conclusion, we 

established reproducible imaging criteria for the detection of small infarcts in the 

caudate nucleus on 7T MRI and showed that 7T MRI allows for a higher detection rate 

than conventional 1.5T MRI. These imaging criteria can be used in future studies to 

provide new insights into the pathophysiology of CSVD. 

Ab
st

ra
ct



5

Small infarcts in the caudate nucleus on 7 tesla MRI   |   97   

Introduction

Cerebral small vessel disease (CSVD) is associated with cognitive decline and is considered 
a risk factor for dementia1-3. The main brain MRI features of CSVD are white matter 
hyperintensities and lacunar infarcts of presumed vascular origin4-6. Brain autopsy studies 
showed the presence of cerebral small infarcts that can range from 50 μm to 15 mm in size 
and which are also considered a feature of CSVD7-9. In autopsy studies, these small infarcts 
can occur in up to 43% of non-demented older individuals in cortical and subcortical areas 
of the brain7. Despite this high prevalence, these small infarcts are largely undetected on 
conventional 1.5T MRI due to their small size9. 

Recently, it was shown that small infarcts in the cerebral cortex can be detected in 
vivo on 7T MRI10. Although the presence and imaging characteristics of small infarcts 
in the cortical gray matter on high field MRI have been studied11-15, small infarcts in 
the subcortical gray matter on high field MRI have not been studied. To determine the 
total CSVD burden more accurately, it is necessary to assess not only cortical, but also 
subcortical gray matter in greater detail. The caudate nucleus has advantages over other 
subcortical gray matter structures when assessing small infarcts. The caudate nucleus has 
a paraventricular location and is better demarcated from surrounding tissues compared 
to the rest of the subcortical gray matter, thus allowing for a more accurate determination 
of the frequency of small infarcts in this subcortical structure16. 

The aim of the present study was first, to establish imaging criteria for the detection 
of small infarcts in the caudate nucleus on 7T MRI; second, to determine the intra- and 
inter-rater agreement for detection of these small infarcts on 7T MRI; third, to estimate 
the frequency and explore possible determinants of these small infarcts in patients with 
a history of symptomatic atherosclerotic disease; and fourth, to assess differences in 
detection rate of these small infarcts between 7T MRI and 1.5T MRI.

Material and methods

Study populations
We used cross-sectional data from the SMART study and the SMART-MR study17, 18. The 
Second Manifestations of ARTerial disease (SMART) study is a prospective cohort study at 
the University Medical Center Utrecht designed to establish the prevalence of concomitant 
arterial diseases and risk factors for atherosclerosis in a high-risk population17. The SMART-
MR study is a sub-study of the SMART study, with the aim to investigate risk factors and 
consequences of brain changes on MRI in patients with symptomatic atherosclerotic 
disease18. The SMART-MR study is an ongoing prospective cohort study in 1309 middle-
aged and older adult patients newly referred to the University Medical Center Utrecht 
for treatment of symptomatic atherosclerotic disease (manifest coronary artery disease, 
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cerebrovascular disease, peripheral arterial disease or abdominal aortic aneurysm) 
enrolled between May 2001 and December 2005 for baseline measurements, and of 
whom 754 patients had follow-up measurements four years later between January 2006 
and May 2009. During a one day visit to our medical center, a physical examination, 
ultrasonography of the carotid arteries, blood and urine samplings, neuropsychological 
assessment, and a 1.5T brain MRI scan were performed. Questionnaires were used for 
assessing demographics, risk factors and medical history, medication use, and functioning. 
Since November 2013, all patients alive are invited for a second follow-up, including a 7T 
brain MRI. For objectives 1, 3 and 4, we included 90 patients who had second follow-up 
measurements between December 2013 and May 2016 and who had a 7T MRI scan. 

For objective 2 we used a random selection of 23 patients with asymptomatic (e.g. 
hypertension) or symptomatic (e.g. coronary artery disease) atherosclerotic disease from 
the SMART study, who had a 7T MRI of the brain between September 2012 and September 
2013. There was no overlap between the group of 23 patients used for objective 2 and the 
group of 90 patients used for objectives 1, 3 and 4. 

To assess the frequency of small infarcts in the caudate nucleus in primary care patients 
not selected on disease status, we included 48 participants with a 7T brain MRI from the 
PREDICT-MR study19. In this study, adult patients aged 18 years or older were included from 
the waiting room of the general practitioner, irrespective of their reasons for consulting their 
general practitioner. Participants were considered eligible for the PREDICT-MR study if they 
were not demented or severely ill. A 1.5T and 7T brain MRI was performed on the same day 
between June 2010 and January 2012 as part of follow-up measurements19. 

All studies were approved by the medical ethics committee of the University Medical 
Center Utrecht according to the guidelines of the Declaration of Helsinki of 1975 and 
written informed consent was obtained from all participants.

Magnetic resonance imaging protocol
Conventional MR imaging of the brain was performed on a 1.5T whole-body system 
(Gyroscan ACS-NT, Philips Medical Systems, Best, The Netherlands) using a standardized 
scan protocol. Transversal T1-weighted [repetition time (TR) = 235 ms; echo time (TE) = 2 
ms], T2-weighted [TR = 2200 ms; TE = 11 ms], fluid-attenuated inversion recovery (FLAIR) 
[TR = 6000 m; TE = 100 ms; inversion time (TI) = 2000 ms] and T1-weighted inversion 
recovery images [TR = 2900 ms; TE = 22 ms; TI = 410 ms] were acquired with a voxel size 
of 1.0x1.0x4.0 mm3 and contiguous slices. Infarcts on 1.5T MRI scans were rated on all MRI 
sequences (T1, T2 and FLAIR) by a rater with 5 years of experience in brain MRI (MHTZ). 
Ratings were performed blinded to patient characteristics. 

High-field imaging of the brain was performed on a whole-body 7T MR system 
(Philips Healthcare, Cleveland, OH, USA) with a volume transmit and 32-channel receive 
head coil (Nova Medical, Wilmington, MA, USA). The standardized scan protocol consisted 
of volumetric (3D) T1-weighted [voxel size = 0.66x0.66x0.50 mm³; TR = 4.8 ms; TE = 2.2 
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ms; flip angle 8˚], 3D T2-weighted turbo-spin echo [voxel size = 0.35x0.35x0.35 mm³, 
TR = 3158 ms, TE = 301 ms] and 3D magnetization prepared FLAIR images [voxel size = 
0.49x0.49x0.49 mm³, TR = 8000 ms, TE =300 ms]10, 19, 20.  

Cardiovascular risk factors
Smoking habits and alcohol intake were assessed with questionnaires, and were 
categorized as never, former or current. Height and weight were measured, and the body 
mass index (BMI) was calculated (kg/m2). Systolic blood pressure (SBP; mmHg) and diastolic 
blood pressure (DBP; mmHg) were measured three times with a sphygmomanometer, 
and the average of these measures was calculated. Hypertension was defined as a mean 
SBP of ≥160 mmHg, or a mean DBP of ≥95 mmHg, or self-reported use of antihypertensive 
drugs, or a known history of hypertension at inclusion. An overnight fasting venous blood 
sample was taken to determine glucose and lipid levels. Diabetes mellitus was defined 
as use of glucose-lowering agents, or a known history of diabetes mellitus, or a fasting 
plasma glucose level of >11.1 mmol/l. Hyperlipidemia was defined as a total cholesterol 
of >5.0 mmol/l, or a low-density lipoprotein cholesterol of >3.2 mmol/l, or use of lipid-
lowering drugs, or a known history of hyperlipidemia. Ultrasonography was performed 
with a 10MHz linear-array transducer (ATL Ultramark 9) by an ultrasound technician. Mean 
carotid intima-media thickness (in mm) was calculated for the left and right common 
carotid arteries based on 6 far-wall measurements.

MRI analysis 
All ratings were performed blinded to patient characteristics. For the first objective, to 
establish imaging criteria for the detection of small infarcts in the caudate nucleus on 7T 
MRI, the 7T MRI scans of patients with symptomatic atherosclerotic disease (SMART-MR 
study; n=90) were examined by one rater (RG) for possible lesions in the caudate nucleus. 
Subsequently, a meeting was held with two raters with 30 and 15 years of experience 
in brain MRI imaging (TW and JH; senior neuroradiologists) and a rater with 9 years of 
experience in brain MRI imaging (JdB) to define and characterize lesions.                     

For the second objective, intra- and inter-rater agreement for the detection of small 
infarct on 7T MRI were determined. The 7T MRI scans of patients with atherosclerotic disease 
(SMART study; n=23) were rated twice by one rater (TW) and rated once by two raters (JdB 
and JH) using all 7T MRI sequences (T1, T2 and FLAIR) in three orthogonal viewing directions 
(sagittal, coronal, and transversal). Intra-observer agreement was calculated for presence 
(Cohen’s kappa), number (intra-class correlation coefficient (ICC)) and overlap in individual 
locations (Dice similarity coefficient21) of small infarcts in the caudate nucleus. Inter-observer 
agreement between the three raters was calculated for presence (Fleiss’ kappa), number 
(ICC) and overlap in individual locations (Dice similarity coefficient).    

For the third objective, the scans of patients with symptomatic atherosclerotic disease 
(SMART-MR study; n=90) and of primary care patients not selected on disease status 
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(PREDICT-MR study; n=48) were randomly mixed and rated for presence of small infarcts 
in the caudate nucleus by one rater (TW) blinded to patient status. Uncertain lesions were 
discussed during a consensus meeting (TW, JH and JdB) to reach agreement. The side 
(left, right), location (head, body or tail of the caudate nucleus) and maximal diameter of 
all small infarcts were determined on the FLAIR sequence in three orthogonal directions 
(sagittal, coronal or transversal). Baseline characteristics were compared between the 
patients with versus without small infarcts in the caudate nucleus by Chi square tests or 
t-tests. A Chi square test was performed to assess differences in frequency of small infarcts 
between patients with atherosclerotic disease (n=90) and the primary care patients not 
selected on disease status (n=48). 

For the fourth objective, presence and individual locations of small infarcts 
identified on 7T MRI were compared to those on 1.5T MRI in patients with symptomatic 
atherosclerotic disease (SMART-MR study; n=90).

Results

7T MRI imaging criteria of small infarcts in the caudate nucleus
Based on our assessment of infarct types in the caudate nucleus on 7T MRI, we identified 
two distinct morphologies. First, cavitated small infarcts were identified as lesions that 
were hypointense on T1-weighted images, hyperintense on T2-weighted images and 
hypointense with a hyperintense rim on FLAIR images (Table 1). Second, non-cavitated 
small infarcts were identified as hypointense on T1-weighted images and hyperintense on 
T2-weighted and FLAIR images (Table 1). Tissue loss with a surrounding hyperintense rim 
on FLAIR images was characterized as a cavitated small infarct. Lesions with a maximum 
diameter of 15 mm were considered small infarcts in the caudate nucleus22, while we did 
not define a minimum size criterion for small infarcts. Examples of cavitated and non-
cavitated small infarcts in the caudate nucleus can be seen in Figures 1 and 2. 

Table 1. Proposed imaging criteria for small infarcts in the caudate nucleus on 7T MRI. 

Type T1 T2 FLAIR

Cavitated   

Non-cavitated   

We defined cavitated small infarcts in the caudate nucleus as lesions that were hypointense on T1-
weighted images, hyperintense on T2-weighted images and hypointense with a hyperintense rim 
on FLAIR images. We defined non-cavitated small infarcts as hypointense on T1-weighted images 
and hyperintense on T2-weighted and FLAIR images.
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Figure 1. Two cavitated small infarcts (arrow) in the body of the left caudate nucleus in a 67-year old 

female shown on sagittal FLAIR (A), T1-weighted (B) and T2-weighted images (C) of the 7T MRI scan. 

These lesions are hypointense with a hyperintense rim on the FLAIR image, hypointense on the T1-

weighted image and hyperintense on the T2-weighted image. Scale bar indicates 10 mm. 

Figure 2. A non-cavitated small infarct (arrow) in the body of the right caudate nucleus in a 69-year 

old male shown on sagittal FLAIR (A), T1-weighted (B) and T2-weighted images (C) of the 7T MRI 

scan. This lesion is hyperintense on the FLAIR image, hypointense on the T1-weighted image and 

hyperintense on the T2-weighted image. Note the presence of a cavitated small infarct (*) in the 

head of the caudate nucleus. Scale bar indicates 10 mm.

Intra- and inter-rater agreement of small infarcts in the caudate nucleus
In the MRI scans of the 23 patients (mean age 61 ± 11 years; 65% male) used to measure 
intra- and inter-rater agreement, the first rater identified a total number of 13 cavitated 
small infarcts in five patients (22%) during the first rating. During the second rating, the 
first rater identified a total number of 12 cavitated small infarcts in the same five patients 
(22%). The first rater identified no non-cavitated infarcts (Supplementary Table 1). The 
second rater identified a total number of 12 small infarcts in four patients (17%), of which 
ten were rated as cavitated and two as non-cavitated. The third rater identified a total 
number of 14 small infarcts in five patients (22%), of which 12 were rated as cavitated 
and two as non-cavitated (Supplementary Table 1). The intra-rater agreement for the first 
rater was excellent for presence (Cohen’s kappa: 1.00), number (ICC: 0.99 (95% CI 0.98 to 
1.00)) and individual locations (Dice similarity coefficient: 0.96) of small infarcts in the 
caudate nucleus. The inter-rater agreement for all three raters was very good to excellent 
for presence (Fleiss’ kappa: 0.91), number (ICC: 0.99 (95% CI 0.98 to 1.00)) and individual 
locations (Dice similarity coefficient between rater 1 and 2/rater 1 and 3/rater 2 and 3, 
respectively: 0.88/0.89/0.85) of small infarcts in the caudate nucleus.
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Patients with versus without small infarcts in the caudate nucleus
The baseline characteristics for the 90 patients with symptomatic atherosclerotic disease 
(SMART-MR study; mean age 68 ± 8 years; 80% male) are shown in Table 2. A total number 
of 21 small infarcts were identified in the caudate nucleus (20 cavitated; 1 non-cavitated) 
in 12 patients (13%). A maximum of 5 small infarcts was identified in one patient. The 
mean size of small infarcts in the caudate nucleus was 5.2 mm (range: 2.1 to 8.6 mm). 
Most small infarcts were located in the caudate head (11 infarcts), followed by the body 
(6 infarcts) and tail (4 infarcts) (Table 3). In two patients (2%) a cavitated small infarct 
was identified that consisted of tissue loss with a surrounding hyperintense rim on the 
FLAIR image (Figure 3). Three patients (3%) showed a large infarct in the flow territory of 
the middle cerebral artery, which included infarcted tissue in a large part of the caudate 
nucleus in one hemisphere. 

Table 2 . Baseline characteristics of the study population (n=90).

Age (years) 68 ± 8
Sex, n (%) men 73 (81)
Vascular disease location, n (%)
    Coronary artery disease 60 (67)

    Cerebrovascular disease 28 (31)

    Peripheral arterial disease 9 (10)
    Abdominal aortic aneurysm 2 (2)
    Multiple vascular diseases 13 (14)
Cardiovascular risk factors
    BMI  (kg/m

2
) 27 ± 4

    Smoking, % current 17 (19)
    Alcohol intake, % current 82 (91)
    Hypertension, n (%) 73 (81)
    Hyperlipidemia, n (%) 76 (84)
    Diabetes mellitus, n (%) 16 (18)
    IMT (mm) 0.9 ± 0.2
Infarcts on 1.5T MRI, n (%)
    Any infarct 26 (29)
    Cortical 12 (13)
    Large subcortical 0 (0)
    Lacunar 17 (19)
    Othera 7 (8)

Characteristics are presented as mean ± SD or n (%).  

 a  Cerebellum and brain stem.
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Table 3 . Characteristics of the 21 small infarcts found in the caudate nucleus in 12 patients (13%) 

with symptomatic atherosclerotic disease (n=90).   

n Mean size ± SD (mm) Left side; n (%)
Location; n (%)

Head Body Tail
Cavitated 20 5.2 ± 1.6 9 (45%) 11 (55%) 5 (25%) 4 (20%)
Non-cavitated 1 5.4 0 0 1 0

Figure 3. An area of tissue loss with a hyperintense rim on FLAIR (arrow) in the body of the left 

caudate nucleus in a 80-year old male shown on sagittal FLAIR (A), T1-weighted (B) and T2-weighted 

images (C) of the 7T MRI scan. We defined this type of infarct as a cavitated small infarct. Scale bar 

indicates 10 mm.

In the 48 primary care patients not selected on disease status (PREDICT-MR study; 
mean age 60 ± 10 years; 38% male), we identified one cavitated small infarct in the head of 
the caudate nucleus in one patient (2%). More small infarcts were detected in the caudate 
nucleus in the 90 patients with symptomatic atherosclerotic disease compared to the 48 
primary care patients not selected on disease status (p=0.031). 

In the 90 patients with symptomatic atherosclerotic disease, patients with small 
infarcts (n=12) in the caudate nucleus were older (mean difference of 6.9 years; 95% CI 
2.1 to 11.6) than patients without small infarcts (n=78). Furthermore, patients with small 
infarcts in the caudate nucleus showed a higher number of cerebral infarcts in the entire 
brain on 1.5T MRI (58% versus 24%; p=0.017), specifically of lacunar infarcts (58% versus 
13%; p<0.001), compared to patients without small infarcts. No differences in sex, vascular 
disease location or cardiovascular risk factors were found between the patients with and 
without small infarcts in the caudate nucleus (Table 4).

Detection rate of small infarcts in the caudate nucleus on 7T MRI versus 
1.5T MRI
In the 90 patients with symptomatic atherosclerotic disease, the median duration between 
the 1.5T and 7T MRI scans was 0 months (10th-90th percentile: 0-28 months). The majority 
of patients received both MRI scans on the same day (50 patients; 56%). A total number of 
21 small infarcts were identified on 7T MRI compared to 7 small infarcts on 1.5T MRI scans. 
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On 7T MRI scans (n=12; 13%) twice the number of patients had small infarcts compared 
to 1.5T MRI scans (n=6; 7%). A similar difference between detection of small infarcts on 
7T MRI and 1.5T MRI scans was seen in patients who did not receive both MRI scans on 
the same day. All small infarcts detected on 1.5T MRI scans were also rated on the 7T MRI 
scans (Supplementary Table 2). An example of a small infarct in the caudate nucleus that 
was rated on both 1.5T and 7T MRI and one that was only rated on 7T MRI can be seen in 
Supplementary Figures 1 and 2, respectively.

Table 4. Characteristics of patients with versus without small infarcts in the caudate nucleus. 

With small infarcts 
(n=12)

Without small infarcts 
(n=78)

p-value

Age (years) 73.8 ± 7.3 66.9 ± 7.6 0.005
Sex, n (%) men 11 (92) 61 (78) 0.32
Vascular disease location, n (%)
    Coronary artery disease 8 (67) 52 (67) 1.00

    Cerebrovascular disease 3 (25) 25 (32) 0.62

    Peripheral arterial disease 3 (25) 6 (8) 0.06
    Abdominal aortic aneurysm 0 2 (3) 0.58
    Multiple vascular diseases 2 (17) 11 (14) 0.81
Cardiovascular risk factors
    BMI  (kg/m

2
) 28.1 ± 4.3 26.9 ± 3.8 0.34

    Smoking, % current 0 (0) 17 (22) 0.07
    Alcohol intake, % current 12 (100) 70 (90) 0.25
    Hypertension, n (%) 10 (83) 63 (82) 0.90
    Hyperlipidemia, n (%) 10 (83) 66 (87) 0.74
    Diabetes mellitus, n (%) 2 (17) 14 (18) 0.91
    IMT (mm)b 0.9 ± 0.1 0.9 ± 0.2 0.17
Infarcts on 1.5T MRI, n (%)
    Any infarct 7 (58) 19 (24) 0.016
    Cortical 3 (25) 9 (12) 0.20
    Large subcortical 0 (0) 0 (0) -
    Lacunar 7 (58) 10 (13) <0.001
    Othera 2 (17) 5 (6) 0.22

Characteristics are presented as mean ± SD or n (%). 
a  Cerebellum and brain stem.
b  Natural log-transformed for the between group analysis due to a non-normal distribution.

Discussion

We established imaging criteria for the detection of small infarcts in the caudate nucleus 
on 7T MRI that differentiate between cavitated and non-cavitated small infarcts. The intra- 
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and inter-rater agreement for detection of these small infarcts was very good to excellent. 
We observed that small infarcts in the caudate nucleus were a relatively common finding 
on 7T MRI in patients with symptomatic atherosclerotic disease. Furthermore, they were 
associated with older age and presence of other cerebral infarcts on 1.5T MRI. More small 
infarcts were detected on 7T MRI compared to 1.5T MRI.

To our knowledge, this is the first study that used 7T MRI to evaluate the deep gray 
matter for the presence of small infarcts, both in terms of characterizing lesions and 
assessing intra- and inter-rater agreement for detection. We showed that on 7T MRI the MRI 
signal intensity characteristics of small infarcts in the caudate nucleus are similar to those 
described in the STRIVE criteria22. The STRIVE criteria, which were originally formulated for 
use on 1.5T or 3T MRI, characterize small infarcts as lesions between 3 mm and 15 mm in 
diameter. Contrary to the STRIVE criteria, we did not define a minimum size criterion for 
small infarcts in the caudate nucleus, because smaller infarcts can be detected on 7T MRI 
compared to 1.5T or 3T MRI. This increased detection can be explained by the enhanced 
resolution of 7T MRI and the higher image quality due to a higher signal-to–noise and 
contrast-to-noise ratio. Hence, we believe that the STRIVE criteria should be extended by 
a lower minimum size criterion for small infarcts on 7T MRI images.

The prevalence of small infarcts in the caudate nucleus (13%) in patients with 
symptomatic atherosclerotic disease in our subset of the SMART-MR study (n=90; mean 
age 68 ± 8 years) is higher than reported in studies using low field MRI. Only few studies 
reported small infarcts in the caudate nucleus separately. In a study including patients 
with CSVD (n=633; mean age 74 ± 5 years), the prevalence of small infarcts in the caudate 
nucleus on 1.5T MRI was 7.7%23. Although our findings cannot be directly compared, 
we will provide prevalences of small infarcts in the basal ganglia and brain as a frame of 
reference. In a study in community dwelling older individuals (n=477; mean age 63 ± 2 
years), small infarcts in the basal ganglia on 1.5T MRI were observed in 4.6%24. In other 
studies in community dwelling individuals, the combined prevalence of small infarcts 
in the entire brain on 1.5T MRI was 15.4% (range: 5.8 to 23.0%; mean age range: 49 to 
72 years)25-30. The higher prevalence of small infarcts in the caudate nucleus found in our 
study may be explained by the higher detection rate on 7T MRI, which is caused by a 
combination of an increased signal-to-noise ratio, an increased contrast-to-noise ratio 
and a higher resolution compared to conventional 1.5T MRI scans31. 

In previous studies using 7T or 3T MRI to detect small infarcts in the cortical gray 
matter, lesions smaller than 5 mm were sometimes defined as microinfarcts10, 32-35. If we 
apply this size criterion to our study, 9 of 21 small infarcts (43%) are smaller than 5 mm 
and could thus be defined as microinfarcts. However, we would like to emphasize that the 
etiological significance of the term “microinfarct” in the context of the caudate nucleus 
remains questionable and its use is not in concordance with current consensus reporting 
standards. This lack of consistency does not only apply to microinfarcts, but also to other 
manifestations of CSVD. Definitions and terminology for imaging features of CSVD vary 
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widely in the literature, as was highlighted in the Position Paper for the STRIVE criteria22. 
Our use of the consensus term small infarct is in concordance with the STRIVE reporting 
standards, in which small infarcts are defined as cavitated lesions (e.g. lacunes of presumed 
vascular origin) or in some cases non-cavitated lesions without a fluid cavity on FLAIR 
images22. Use of standardized neuroimaging criteria for CSVD will facilitate across-study 
comparisons of findings, thereby possibly accelerating the translation of new findings 
into clinical practice22, 36, 37.

The strengths of our study are the use of high quality 7T MRI data that enabled us to 
accurately detect and characterize small infarcts in the caudate nucleus. Our study made 
it possible to detect small infarcts that would have remained undetected on conventional 
1.5T MRI scans. Also, compared to other 7T MRI studies, we had a large cohort of patients. 
A limitation of our study may be the lack of histopathological validation of the observed 
small infarcts. However, we applied strict MRI imaging criteria aimed at identifying lesions 
with a high probability of being small infarcts. This approach could also have resulted 
in an underrating of small infarcts in the caudate nucleus. For example, we found one 
potential lesion that did not conform to our imaging criteria. This lesion was hypointense 
with a hyperintense rim on FLAIR and hyperintense on T2, however on T1 this lesion 
appeared isointense to the surrounding tissue. It is possible that this lesion was a small 
infarct. Infarcts in the caudate nucleus of around 1 mm in diameter are at the detection 
limit of 7T MRI, thus the true burden of small infarcts might be underestimated. Another 
limitation might be that although the sample size of our study is among the largest for 7T 
MRI studies, a larger sample is needed to examine determinants of small infarcts in the 
caudate nucleus in more detail. Lastly, a limitation may be that the intra- and inter-rater 
agreement was performed by three raters with extensive experience in neuroradiology. 
Performing ratings by less experienced raters could result in a lower intra- and inter-rater 
agreement. 

The increased detection rate of small infarcts at 7T MRI is most likely not limited to the 
caudate nucleus. We started with the caudate nucleus due to its paraventricular location. 
This paraventricular location allowed for a better demarcation from surrounding tissues 
compared to other structures of the subcortical gray matter, thus enabling a more accurate 
determination of the frequency of small infarcts in the caudate nucleus. Expanding the 
research of small infarcts to other structures of the subcortical gray matter will most likely 
lead to other challenges. For example, compared to the caudate nucleus, the lentiform 
nucleus and thalamus are less well-demarcated from surrounding tissues on MRI scans. 
This can lead to challenges in the localization of small infarcts in these structures in some 
cases.

In conclusion, we established reproducible imaging criteria for the detection of small 
infarcts in the caudate nucleus on 7T MRI and showed that 7T MRI allows for a higher 
detection rate than conventional 1.5T MRI. These imaging criteria can be used in future 
studies to provide new insights into the pathophysiology of CSVD. 
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Supplementary Table 1. Frequency of small infarcts in the caudate nucleus per patient found by 

rater one (TW), rater two (JdB) and rater three (JH) on the 7T MRI scans. 

Frequency per patient
Patient Rater one 1st rating Rater one 2nd rating Rater two Rater three
1 3 2 2 2
2 1 1 1 1
3 7 7 8 8
4 1 1 1 1
5 1 1 0 2
6 0 0 0 0
7 0 0 0 0
8 0 0 0 0
9 0 0 0 0
10 0 0 0 0
11 0 0 0 0
12 0 0 0 0
13 0 0 0 0
14 0 0 0 0
15 0 0 0 0
16 0 0 0 0
17 0 0 0 0
18 0 0 0 0
19 0 0 0 0
20 0 0 0 0
21 0 0 0 0
22 0 0 0 0
23 0 0 0 0
Total 13 12 12 14
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Supplementary Table 2. Contingency table of the frequency of patients with small infarcts in the 

caudate nucleus on 7T MRI versus 1.5T MRI.

        Small infarct on 1.5T MRI
Yes No Total

Yes 6 6 12
Small infarct on 7T MRI No 0 78 78

Total 6 84 90
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Supplementary Figure 1. A cavitated small infarct (arrow) in the tail of the left caudate nucleus in 

a 75-year old male is shown on a transverse FLAIR image (A) of the 7T MRI scan. This lesion was also 

rated on the corresponding transverse FLAIR image (B) of the 1.5T MRI scan. Scale bar indicates 10 

mm.
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Supplementary Figure 2. A cavitated small infarct (arrow) in the head of the right caudate nucleus 

in a 84-year old male is shown on a transverse FLAIR image (A) of the 7T MRI scan. Although 

abnormalities can be seen in the corresponding area on the transverse FLAIR image (B) of the 1.5T 

MRI scan, this lesion was not rated as a small infarct on the 1.5T MRI scan. This was due to the fact 

that on the 1.5T MRI scan the contrast-to-noise ratio and the resolution were insufficient to reliably 

characterize this abnormality as a small infarct. The small infarct (arrow) can be characterized more 

clearly on the sagittal 7T FLAIR image (C). Scale bar indicates 10 mm.
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Background and purpose

The clinical relevance of cortical microinfarcts has recently been established, 

however studies on microinfarcts in the deep gray matter are lacking. We examined 

the risk factors and MRI correlates of microinfarcts in the deep gray matter on 7T MRI 

and their relation to cognitive functioning. 

Materials and Methods

Within the SMART-MR study, 213 patients (68±8 years) had risk factor assessment, 

a 7T and 1.5T brain MRI, and cognitive examination. Microinfarcts on 7T MRI were 

defined as lesions <5mm. Regression models were used to examine the age-adjusted 

associations between risk factors, MRI markers and microinfarcts. Cognitive function 

was summarized as composite and domain-specific z-scores. 

Results

A total of 47 microinfarcts were found in 28 patients (13%), most commonly in the 

thalamus. Older age, history of stroke, hypertension and intima-media thickness 

were associated with microinfarcts. On 1.5T MRI, cerebellar infarcts (RR=2.75, 95% 

CI:1.4-5.33), lacunes in the white (RR=3.28, 95% CI:3.28-6.04) and deep gray matter 

(RR=3.06, 95% CI:1.75-5.35) were associated with microinfarcts, and on 7T MRI 

cortical microinfarcts (RR=2.33, 95% CI:1.32-4.13). Microinfarcts were also associated 

with poorer global cognitive functioning (mean difference in global z-score between 

patients with multiple microinfarcts vs. none = -0.97, 95% CI: -1.66 to -0.28, p=0.006) 

and across all cognitive domains.  

Conclusion

Microinfarcts in the deep gray matter on 7T MRI were associated with worse cognitive 

functioning and risk factors and MRI markers of small vessel and large vessel disease. 

Our findings suggest that microinfarcts in the deep gray matter may represent a 

novel imaging marker of vascular brain injury. 
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Introduction

Cerebral microinfarcts are a common neuropathological finding in older individuals.1-3 
Conventionally, they are defined as small ischemic lesions that are not visible to the naked 
eye on gross pathology and can range from 100 µm to a few mm in size.2 Although small, 
microinfarcts often occur in large numbers and their effect is thought to extend well 
beyond their lesion boundaries.2, 4 Associations with cognitive impairment and dementia 
have been reported, and microinfarcts may play an important role in silent cerebrovascular 
disease.4

Recently, cortical microinfarcts have been identified in vivo using 7T MRI.2 Subsequent 
neuroimaging studies reported that the causes of cortical microinfarcts are heterogeneous, 
and their occurrence has been associated with both small vessel and large vessel disease, 
microemboli and hypoperfusion.5-8 The clinical importance of cortical microinfarcts has 
been demonstrated by their association with worse cognitive functioning.9 In vivo data on 
the prevalence and risk factors of microinfarcts in the deep gray matter, however, is lacking. 
Moreover, it is not known to what extent microinfarcts in the deep gray matter are related 
to cognitive functioning. Previous histopathologic studies reported that microinfarcts as 
well as lacunes in the deep gray matter were associated with worse antemortem cognitive 
performance.10-12 Identifying the risk factors and MRI markers associated with microinfarcts 
in the deep gray matter is of importance as these may provide clues to their underlying 
etiology and may provide potential targets for intervention. Examining the association 
with cognitive functioning is important as it will provide evidence whether microinfarcts 
in the deep gray matter are structural correlates of impaired cognitive performance.   

In the current study, we examined the frequency and distribution of microinfarcts in 
the caudate nucleus, lentiform nucleus and thalamus on 7T MRI in a large sample of older 
persons with a history of arterial disease. In addition, we examined whether microinfarcts 
in the deep gray matter were associated with risk factors, MRI markers of cerebrovascular 
disease and cognitive functioning. 

Methods

Study population
Data were used from the Second Manifestations of ARTerial disease-Magnetic Resonance 
(SMART-MR) study, a prospective cohort study at the University Medical Center Utrecht 
with the aim to investigate risk factors and consequences of brain changes on MRI in 
patients with symptomatic atherosclerotic disease.13 In brief, between 2001 and 2005, 
1309 middle-aged and older adult persons newly referred to the University Medical Center 
Utrecht for treatment of symptomatic atherosclerotic disease (coronary artery disease, 
cerebrovascular disease, peripheral arterial disease or abdominal aortic aneurysm) were 
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included for baseline measurements. During a one-day visit to our medical center, a physical 
examination, ultrasonography of the carotid arteries to measure the intima-media thickness 
(mm), blood and urine samplings, neuropsychological assessment and a 1.5T brain MRI scan 
were performed. The height and weight were measured, and the body mass index (kg/m2) 
was calculated. Questionnaires were used for the assessment of demographics, risk factors, 
medical history, medication use and cognitive and physical functioning. 

Of the 1309 persons included, 754 had follow-up measurements after an average of 
four years between January 2006 and May 2009. From November 2013, all patients alive 
were invited for a second follow-up, including a 7T brain MRI. Of the 329 persons included 
between November 2013 and October 2017, 213 had a 7T MRI scan and these patients 
formed the current study sample. A participation flowchart of the SMART-MR study is 
shown in Supplementary Figure 1. 

In the present study, we used the 1.5T brain MRI, cognitive functioning and vascular 
risk factor data obtained during follow-up. Due to logistic reasons, however, the 1.5T 
brain MRI and cognitive function measurements were obtained prior to the 7T brain 
MRI in 97 patients (median 1.5 years; range 0.6-2.7 years), whereas in 116 patients these 
examinations were obtained on the same day. Also, vascular risk factor assessment was 
performed prior to the 7T brain MRI in 163 patients (median 2.3 years; range 0.6-9.4 years), 
whereas in 50 patients vascular risk factors were obtained concurrently with the 7T brain 
MRI. 

The SMART-MR study was approved by the medical ethics committee of the University 
Medical Center Utrecht according to the guidelines of the Declaration of Helsinki of 1975 
and written informed consent was obtained from all patients.

Vascular risk factors
Methods of measuring vascular risk factors are described in the Supplementary Material. 

MRI protocol
High-field imaging of the brain was performed on a whole-body 7T MR system (Philips 
Healthcare, Cleveland, OH, USA) with a volume transmit and 32-channel receive head coil 
(Nova Medical, Wilmington, MA, USA). Conventional MR imaging of the brain was performed 
on a 1.5T whole-body system (Gyroscan ACS-NT, Philips Medical Systems, Best, the 
Netherlands). The 7T and 1.5T scan protocols are described in the Supplementary Material. 

Assessment of MRI markers of cerebrovascular disease
Brain infarcts (cortical, cerebellar or brain stem), lacunes of presumed vascular origin, and 
white matter hyperintensity (WMH) and brain volumes were determined using 1.5T MRI 
data. Cortical microinfarcts and cerebral microbleeds were rated on 7T MRI data due to 
the enhanced conspicuity of these lesions at higher field strengths.14, 15 All ratings were 
performed blinded to patient characteristics.
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Brain infarcts (cortical, cerebellar or brainstem) and lacunes were visually rated by an 
experienced rater (MHTZ) with 6 years of experience in neuroradiology on the T1-weighted, 
T2-weighted and FLAIR images of the 1.5T MRI scans. Lacunes were rated according to 
the STRIVE criteria as round or ovoid, subcortical, fluid-filled cavities (signal similar to 
cerebrospinal fluid) of 3-15mm in diameter, in the territory of one perforating arteriole.16 
Uncertain lesions were discussed during a consensus meeting (MHTZ) to reach agreement. 

WMH and brain volumes were obtained using an automated segmentation program 
on the T1-weighted, FLAIR, and T1-weighted inversion recovery sequences of the 1.5T MR 
scans. A probabilistic segmentation technique was performed with k-nearest neighbor 
classification distinguishing gray matter, white matter, cerebrospinal fluid and lesions.17 
Brain infarcts, including lacunes and their hyperintense rim, were manually segmented. 
All WMH segmentations were visually checked by an investigator (RG) using an image 
processing framework (MeVisLab 2.7.1., MeVis Medical Solutions AG, Bremen, Germany) 
to ensure that brain infarcts were correctly removed from the WMH segmentations. 

Periventricular WMH were defined as adjacent to or within 1 cm of the lateral ventricles 
and deep WMH were defined as located in the deep white matter tracts that may or may 
not have adjoined periventricular WMH. Total brain volume was calculated by summing 
the volumes of gray matter, white matter, total WMH and, if present, the volumes of brain 
infarcts. Total intracranial volume (ICV) was calculated by summing the cerebrospinal fluid 
volume and total brain volume. 

Phase-contrast MR angiography was used to measure total cerebral blood flow, as 
this method has been demonstrated to be a fast, reproducible, and noninvasive method 
to measure total cerebral blood flow in large cohorts.18 Previous studies established that 
phase-contrast MR angiography correlates well with arterial spin-labeled perfusion MRI, 
although estimates tend to be somewhat higher and more variable than arterial spin-
labeled perfusion MRI.19 Post-processing of the cerebral blood flow measurements was 
performed by one investigator (MHTZ). The flow through the basilar artery and the left 
and right internal carotid arteries was summed to calculate the total cerebral blood flow 
(ml/min). Total cerebral blood flow was expressed per 100 ml brain parenchymal volume 
to obtain parenchymal cerebral blood flow (pCBF). 

Cortical microinfarcts were visually rated by a rater (MHTZ) on the 3D T1-weighted, 3D 
T2-weighted and 3D FLAIR sequences of the 7T MRI scans according to criteria previously 
described.2 Cerebral microbleeds were rated by a rater (MHTZ) using the minimum 
intensity projection images and source images of the 7T SWI sequence. Microbleeds were 
labeled as lobar or deep using the Microbleed Anatomical Rating Scale.20 

We considered cortical, cerebellar and brain stem infarcts rated on 1.5T MRI as 
markers of large vessel disease21, whereas lacunes of presumed vascular origin, white 
matter hyperintensities and microbleeds were considered markers of small vessel disease, 
consistent with the STRIVE criteria.16
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Assessment of cognitive functioning
All patients underwent neuropsychological assessment for memory, executive functioning, 
information processing speed and working memory. The tests used to assess each of these 
cognitive domains are described in the Supplementary Material. Domain-specific z scores 
were calculated by converting raw test scores to standardized  z  scores and averaging 
these for each domain prior to the final z  transformation. A global cognitive functioning 
composite z score was calculated by standardizing the averaged domain-specific z scores. 

Assessment of microinfarcts in the deep gray matter
First, all available 7T MRI scans were screened by an experienced neuroradiologist. All 
lesions hypointense on T1-weighted images, hyperintense on T2-weighted images, 
and either hyperintense or hypointense with a hyperintense rim on FLAIR images 
consistent with the imaging criteria set forth in our previous work14 were rated as possible 
microinfarcts. The lesions were restricted to the caudate nucleus, lentiform nucleus or 
thalamus and not appearing as a perivascular space, artery, vein or microbleed on the SWI 
sequence. In addition, the lesion had to be detectable in the axial, coronal, and sagittal 
views. Uncertain lesions were discussed during a consensus meeting to reach agreement. 
Next, all identified possible microinfarcts were inspected by an investigator (RG) using MR 
imaging software and the largest diameter of each lesion was determined on the FLAIR 
sequence. Lesions <5mm in their largest diameter were accepted as microinfarcts as this 
value has been suggested by previous studies on cortical microinfarcts.6, 22-26 Presence and 
number of lesions ≥5mm in the deep gray matter were also recorded as these may act as 
potential confounders in the relation between microinfarcts and cognitive functioning.

Statistical analysis
First, vascular risk factors and MRI markers of cerebrovascular disease were calculated of 
patients with and without microinfarcts in the deep gray matter on 7T MRI, and of the 
entire study sample. Second, relative risks for presence of microinfarcts in the deep gray 
matter were estimated for vascular risk factors and MRI markers of cerebrovascular disease 
using log-binomial regression, adjusted for age. For continuous variables, a relative risk 
for presence of microinfarcts was estimated for one standard deviation increase. For 
dichotomous variables, a relative risk for microinfarcts was calculated for presence of a 
vascular risk factor or MRI marker. Third, to examine the association between microinfarcts 
in the deep gray matter and cognitive functioning, analysis of covariance (ANCOVA) was 
used to estimate age and education level adjusted cognitive functioning z scores for 
patients without microinfarcts, with a single microinfarcts and with multiple microinfarcts. 
Age and education level were entered as covariates as these represent the most important 
potential confounders in the relation between microinfarcts and cognitive functioning. 
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We repeated the abovementioned analyses with additional adjustment for number 
of infarcts ≥5mm in the deep gray matter on 7T MRI. Statistical significance was set at a p 
value of <0.05.

Results

A total of 47 deep gray matter microinfarcts (caudate nucleus; n=17, lentiform nucleus; 
n=9, thalamus; n=21) were identified in 28 patients on 7T MRI (range 1-6 microinfarcts). 
A single microinfarct was seen in 19 patients (68%), while multiple microinfarcts were 
seen in 9 patients (32%). Size of microinfarcts ranged from 2.1 to 4.8mm (caudate nucleus; 
2.1 to 4.7mm, lentiform nucleus; 2.7 to 4.1mm, thalamus; 2.4 to 4.8mm). Of patients with 
microinfarcts (n=28), twelve patients (42%) also showed infarcts ≥5mm in the deep gray 
matter on 7T MRI (Table 1). Examples of deep gray matter microinfarcts are shown in 
Figure 1. Twenty-six patients showed a total of 33 infarcts ≥5mm in the deep gray matter 
on 7T MRI, ranging from 6.7 to 15.7mm in size (Table 1). Of these 33 lesions, 18 (55%) were 
rated as lacunes in the deep gray matter on the corresponding 1.5T MRI scans.     

Baseline characteristics and MRI markers of patients with microinfarcts in the deep 
gray matter (n=28), those without microinfarcts (n=185) and in the total study sample 
(n=213) are shown in Tables 2 and 3, respectively. 

Compared to baseline (2001-2005) characteristics of patients without a 7T brain MRI, 
patients in the study sample with a 7T brain MRI were younger, had more often current 
alcohol intake, less often diabetes mellitus, and showed a slightly lower intima-media 
thickness and a slightly higher ankle brachial index (Supplementary Table 1).

Table 1. Frequency of patients with microinfarcts and with infarcts ≥5mm in the deep gray matter 

on 7T MRI. 

Infarct ≥5mm
Microinfarct (<5mm) No Yes Total 
No 171 14 185
Yes 16 12 28
Total 187 26 213

Vascular risk factors 
Higher age was associated with presence of microinfarcts in the deep gray matter (RR per 
year increase = 1.05, 95%CI: 1.02 to 1.08, p=0.001). In addition, after adjusting for age, a 
history of stroke (RR=2.88, 95%CI: 1.24 to 6.67, p=0.01), hypertension (RR=3.16, 95%CI: 
1.30 to 7.65, p=0.01) and a higher intima-media thickness (RR per 1 SD increase = 1.29, 
95%CI: 1.04 to 1.61, p=0.02) were associated with microinfarcts. Number of smoking 
pack years (RR per SD increase = 1.11, 95%CI: 0.87 to 1.42, p=0.40), carotid artery stenosis 
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≥50% (RR=1.39, 95%CI: 0.70 to 2.75, p=0.34) and presence of metabolic syndrome 
(RR=1.47, 95%CI: 0.74 to 2.91, p=0.27) were not significantly associated with presence of 
microinfarcts in the deep gray matter after adjusting for age (Table 2). 

Table 2. Association of vascular risk factors and presence of microinfarcts in the deep gray matter 

on 7T MRI.  

Patients with 
microinfarcts 
in the deep 
gray matter 
(n=28)

Patients 
without 
microinfarcts in 
the deep gray 
matter (n=185)

All patients 
(n=213)

Microinfarct 
(presence vs. 
absence) 
RR (95% CI)a

Age (years) 70 ± 7 64 ± 9 64 ± 9 1.05 (1.02 to 1.08)b*
Sex, % men 85.7 82.2 82.6 0.78 (0.30 to 2.02)c

History of stroke, % 50.0 23.2 26.8 2.88 (1.24 to 6.67)*

BMI (kg/m2) 28 ± 4 27 ± 4 27 ± 4 1.20 (0.87 to 1.65)
Smoking, packyearsd 27 (0, 56) 20 (0, 47) 22 (0, 49) 1.11 (0.87 to 1.42)
Alcohol intake
    No or <1 unit/week, % 22.2 26.5 25.9 1 (reference)
    1–10 units/week, % 59.3 41.1 43.4 1.55 (0.67 to 3.61)
     ≥11 units/week, % 18.5 32.4 30.7 0.65 (0.22 to 1.98)
Hypertension, % 96.4 72.4 75.6 3.16 (1.30 to 7.65)*
Diabetes mellitus, % 14.3 16.2 16.0 0.85 (0.32 to 2.21)
Carotid stenosis  ≥50%, % 17.9 7.6 8.9 1.39 (0.70 to 2.75)
Hypercholesterolemia, % 77.8 86.4 85.3 1.33 (0.86 to 2.05)
IMT (mm) 1.0 ± 0.3 0.8 ± 0.2 0.9 ± 0.2 1.29 (1.04 to 1.61)*
ABI 1.1 ± 0.2 1.1 ± 0.1 1.1 ± 0.2 0.86 (0.67 to 1.11)
Homocysteine (µmol/l) 13.0 ± 5.2 12.5 ± 4.3 12.5 ± 4.4  1.07 (0.40 to 2.82)
Apo-B (g/l) 0.8 ± 0.2 0.8 ± 0.2 0.8 ± 0.2 0.84 (0.58 to 1.23)
Metabolic syndrome, % 60.7 51.4 52.6 1.47 (0.74 to 2.91)
≥1 Apo-E ε4 allele, % 35.7 28.1 29.1 1.58 (0.79 to 3.20)

Characteristics are presented as mean ± SD or %. RR represents the relative risk for microinfarcts 
in the presence of a risk factor (in case of a dichotomous variable) or for 1 SD increase in the risk 
factor (in case of a continuous variable).  
a Log-binomial regression with adjustment for age. 
b Per year increase.
c Men vs. women. 
 d Median (10th percentile, 90th percentile). Natural log-transformed due to a non-normal distribution 
in the analysis. 
*p<0.05
BMI: body mass index; LDL: low density lipoprotein; HDL: high density lipoprotein; IMT: intima-
media thickness; ABI: ankle brachial index; Apo-B: apolipoprotein B; Apo-E: apolipoprotein E; SD: 
standard deviation; CI: confidence interval. 
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After additionally adjusting for number of infarcts ≥5mm in the deep gray matter on 7T 
MRI, higher age (RR per year increase = 1.04, 95%CI: 1.01 to 1.07, p=0.01) and hypertension 
(RR=5.25, 95%CI: 1.43 to 19.28, p=0.01) remained associated with microinfarcts, whereas a 
history of stroke (RR=2.37, 95%CI: 0.94 to 5.79, p=0.07) and a higher intima-media thickness 
(RR per 1 SD increase = 1.25, 95%CI: 0.98 to 1.57, p=0.07) lost statistical significance.

MRI markers of cerebrovascular disease
For cerebrovascular markers on 1.5T MRI, cerebellar infarcts (RR=2.18, 95%CI: 1.23 to 
3.87, p=0.008), lacunes in the white matter (RR=3.28, 95%CI: 1.79 to 6.04, p<0.0001) and 
lacunes in the deep gray matter (RR=3.93, 95%CI: 1.99 to 7.78, p<0.0001) were associated 
with presence of microinfarcts in the deep gray matter, after adjusting for age. For 
cerebrovascular markers on 7T MRI, cortical microinfarcts (RR=2.33, 95%CI: 1.32 to 4.13, 
p=0.004) were associated with microinfarcts in the deep gray matter after adjusting 
for age. Although the RR was increased, cortical infarcts (RR=1.64, 95%CI: 0.76 to 3.51, 
p=0.21), brainstem infarcts (RR=3.37, 95%CI: 0.95 to 12.0, p=0.07) and periventricular 
WMH volume (RR per SD increase = 1.14, 95%CI: 0.95 to 1.37, p=0.16) on 1.5T MRI were 
not significantly associated with presence of microinfarcts in the deep gray matter after 
adjusting for age. Deep microbleeds (RR=1.60, 95%CI: 0.70 to 3.68, p=0.27) and lobar 
microbleeds (RR=1.27, 95%CI: 0.59 to 2.72, p=0.54) on 7T MRI were also not significantly 
associated with microinfarcts in the deep gray matter after adjusting for age (Table 3). 

After additionally adjusting for number of infarcts ≥5mm in the deep gray matter on 
7T MRI, lacunes in the white matter on 1.5T MRI (RR=2.76, 95%CI: 1.45 to 5.27, p=0.002), 
cerebellar infarcts on 1.5T MRI (RR=2.05, 95%CI: 1.13 to 3.73, p=0.02) and cortical 
microinfarcts on 7T MRI (RR=2.16, 95%CI: 1.20 to 3.90, p=0.01) remained associated with 
microinfarcts. 

Cognitive functioning
Global cognitive functioning z scores differed significantly between patients without 
(n = 185), with a single (n=19) and with multiple microinfarcts (n=9) in the deep gray 
matter (ANCOVA p=0.007), adjusted for age and education level. Specifically, presence of 
multiple microinfarcts in the deep gray matter was associated with worse global cognitive 
functioning compared to absence of microinfarcts or presence of a single microinfarct 
(mean difference in z-score = -0.92, 95%CI: -1.53 to -0.31, p=0.003; -1.10, 95%CI: -1.81 
to -0.39, p=0.002, respectively). This pattern was observed for each cognitive domain. 
The mean estimates of domain-specific z-scores were lower for patients with multiple 
microinfarcts compared to patients with none or a single microinfarct for memory, 
executive functioning, information processing speed and working memory (Figure 2).  
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After additionally adjusting for number of infarcts ≥5mm in the deep gray matter on 
7T MRI, the association between microinfarcts and global cognitive functioning persisted 
(ANCOVA p=0.01; mean difference in z-score between patients with multiple microinfarcts 
versus none = -0.97, 95%CI: -1.66 to -0.28, p=0.006; versus a single microinfarct = -1.13, 
95%CI: -1.88 to -0.39, p=0.003).

Figure 1. Examples of microinfarcts in the deep gray matter on 7T MRI. A: Microinfarct with a 

diameter of 2.3 mm (arrow) in the left thalamus of a 73-year old female on transversal 7T FLAIR. 

B: Microinfarct with a diameter of 2.9 mm (arrow) in the left caudate nucleus of a 64-year old male 

on sagittal 7T FLAIR. C: Two microinfarcts with diameters of 3.0 mm and 3.2 mm (arrows) in the 

left putamen of a 65-year old male on coronal 7T FLAIR. Note that the gliotic rim extends into the 

adjacent external capsule. 

Figure 2. Association between microinfarcts in the deep gray matter and global and domain-specific 

cognitive functioning z-scores. Values are mean ± standard error z scores, adjusted for age and 

educational level. Memory: none;  -0.01 ± 0.07, single; 0.35 ± 0.22, multiple; -0.54 ± 0.32. Executive 



126   |   Chapter 6

functioning: none;  0.05 ± 0.07, single; -0.05 ± 0.21, multiple; -1.02 ± 0.31. Processing speed: none;  0.02 

± 0.06, single; 0.07 ± 0.20, multiple; -0.67 ± 0.29. Working memory: none;  -0.01 ± 0.07, single; 0.22 ± 

0.22, multiple; -0.50 ± 0.37. Global cognition: none;  0.02 ± 0.06, single; 0.20 ± 0.20, multiple; -0.90 ± 0.30.

Discussion

In this cohort of patients with a history of arterial disease, microinfarcts in the deep gray 
matter on 7T MRI were detected in 13% of patients. These lesions were associated with 
older age, a history of stroke, hypertension and a higher intima-media thickness. With 
regard to MRI markers, they were associated with lacunes and cerebellar infarcts on 1.5T 
MRI, and with cortical microinfarcts on 7T MRI. Presence of multiple microinfarcts in the 
deep gray matter was associated with worse global cognitive functioning independent of 
age, education level and number of infarcts ≥5mm. 

We previously reported that small infarcts in the caudate nucleus on 7T MRI can 
be detected with excellent intra-rater and inter-rater agreement, and that the imaging 
characteristics of these lesions are similar to those in the cerebral cortex.14 The present 
study extends our previous findings and emphasizes the potential clinical importance 
of these lesions, which is in accordance with autopsy studies that reported associations 
between microinfarcts in the deep gray matter and ante-mortem cognitive impairment.10, 

12 In addition, we found that the majority of patients with microinfarcts in the deep gray 
matter did not show larger infarcts in the deep gray matter on 7T MRI and, importantly, 
that the relationship between microinfarcts and worse global cognitive functioning was 
independent of infarcts ≥5mm. These findings suggest that microinfarcts in the deep 
gray matter are structural correlates of impaired cognitive functioning that are largely 
undetected on conventional MRI.1 

The association between microinfarcts and worse cognitive functioning may be 
explained by the important role that the basal ganglia play in cognition through receiving 
and processing cortical information in the caudate and lentiform nuclei and sending 
information back to the cerebral cortex through the thalamus.27, 28 Damage to this neuronal 
network may compromise cognition.29 However, we did not find significant differences in 
cognition between patients without microinfarcts and patients with a single microinfarct, 
suggesting that the impact of a single microinfarct on cognition may be weak, contrary to 
the presence of multiple lesions. A possible explanation is that the damage associated with 
a single microinfarct is insufficient to affect neural network integrity and therefore result 
in lower cognitive performance, whereas this may be the case for multiple microinfarcts. 
Alternatively, it may be that patients with multiple microinfarcts are also more likely to 
have smaller lesions that are not discernible on 7T MRI.30

The associations of microinfarcts in the deep gray matter with older age, hypertension, 
a higher intima-media thickness, lacunes and cerebellar infarcts suggest that small vessel 
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and large vessel disease may be involved in the pathogenesis of these lesions. Support 
for this notion is provided by a large postmortem study in which atherosclerosis and 
arteriolosclerosis were associated with subcortical microinfarcts.31 However, as the in vivo 
associations presented in this study are novel, further studies in different populations 
are needed to identify risk factors of microinfarcts that may pose potential targets for 
intervention.

Strengths of our study include the large sample size for a 7T MRI study and the detailed 
information available on vascular risk factors, MRI markers of cerebrovascular disease and 
cognitive functioning that enabled us to examine these relationships within one study. A 
limitation of this study is that microinfarcts in the deep gray matter, cortical microinfarcts 
and microbleeds were rated on 7T MRI data whereas other MRI markers were evaluated 
on 1.5T MRI data. Several remarks have to be made with respect to this matter. First, we 
obtained brain volumes from 1.5T MRI data due to a lack of robust and validated brain 
segmentation software for 7T MRI data. Second, cerebral blood flow measurements were 
obtained from 1.5T MRI data because our standardized 7T MRI protocol did not contain 
phase contrast sequences. Third, it should be noted that the greatest added value of 
ultra-high field 7T MRI lies in its ability to visualize the smallest cerebrovascular lesions 
(i.e.,  microinfarcts and microbleeds) due to the higher signal-to-noise ratio compared to 
conventional 1.5T MRI. Although it would be preferable to determine all cerebrovascular 
lesions on the 7T MRI scans for consistency, it is unlikely that 7T MRI yields a greater 
detection rate for larger lesions such as cortical infarcts. Another limitation is the potential 
overlap that may occur between microinfarcts and lacunes of presumed vascular 
origin in the deep gray matter. According to the STRIVE criteria, lacunes of presumed 
vascular origin are defined as small subcortical infarcts ranging from 3 to 15mm in size.16 
As microinfarcts were previously defined as lesions <5mm, it is possible that larger 
microinfarcts in the range of 4mm may have been classified as lacunes on 1.5T MRI. The 
potential overlap however was limited as the majority of patients with microinfarcts did 
not show lacunes in the deep gray matter on 1.5T MRI. In addition, we controlled for the 
effects of infarcts ≥5mm in the analyses. Another possible limitation of this study is that 
the sample consisted of patients who completed two follow-up measurements and these 
patients represent a slightly healthier subset. This may have led to an underestimation of 
the association of microinfarcts with vascular risk factors, MRI markers of cerebrovascular 
disease and cognitive functioning. A further limitation of this study is that in some 
patients the 7T brain MRI did not coincide with the 1.5T brain MRI, cognitive function 
measurements and vascular risk factor assessment. Especially for the vascular risk factor 
assessment the interval was quite large in some patients. Due to logistical reasons, we 
were not able to repeat the measurement of vascular risk factors at the time of the brain 
MRI and cognitive assessment in these patients, which may have under- or overestimated 
the associations. However, in a previous analysis32 we did not see major changes in the 
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relationship with 7T MRI outcomes when adjusting for the time interval between vascular 
risk factor assessment and 7T brain MRI.

Conclusions

Our findings demonstrate that microinfarcts in the deep gray matter on 7T MRI are 
associated with worse cognitive functioning and vascular risk factors and MRI markers of 
small vessel and large vessel disease in patients with a history of arterial disease. These 
results suggest that microinfarcts in the deep gray matter may be relevant imaging 
markers of vascular brain injury that, together with cortical microinfarcts, could be a 
potential target for future prevention strategies of vascular cognitive impairment. 
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Supplementary Figure 1. Participation flowchart of the SMART-MR study.

 

SMART-MR baseline (2001-2005) 
N=1309 patients 

First follow-up (2006-2009) 
N=754 patients 

Second follow-up (2013-2017) 
N=329 patients 

7T MRI performed (2013-2017) 
N=213 patients 

Study sample  
N=213 patients 

Deceased N=71 
Lost to follow-up N=18 
Refused further participation N=466 

Deceased N=94 
Lost to follow-up N=49 
Refused further participation N=291 

Refused first follow-up N=9 



132   |   Chapter 6

Supplementary Table 1. Baseline vascular risk factors of the study population (n=1309) according 

to presence or absence of 7T brain MRI data. 

Patients with a 
7T brain MRI scan 
(n=213)

Patients without a 
7T brain MRI scan 
(n=1096)

p value

Age (years) 55 ± 8 59 ± 10 <0.001
Sex, % men 82.6 79.1 0.242
History of stroke, % 24.4 22.8 0.611
BMI (kg/m

2
) 27 ± 3 27 ± 4 0.628

Smoking, pack years a 21 (0, 47) 23 (0, 52) 0.772 b

Alcohol use, % current 85 73 <0.001
Hypertension, % 51.2 52.0 0.823
Diabetes mellitus, % 11.5 22.7 <0.001
Carotid artery stenosis  ≥70%, % 7.4 11.9 0.06
IMT (mm) 0.9 ± 0.2  1.0 ± 0.3 <0.001
ABI 1.2 ± 0.2  1.1 ± 0.2 <0.001

Characteristics are presented as mean ± SD or %.  

BMI: body mass index; SD: standard deviation; IMT: intima-media thickness; ABI: ankle brachial index.  
a Median (10th percentile, 90th percentile). 
b Natural log-transformed due to a non-normal distribution in the statistical analysis.
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SUPPLEMENTARY MATERIAL

Vascular risk factors
Baseline smoking habits and alcohol intake were assessed with questionnaires. Packyears 
of smoking was calculated and alcohol intake was categorized as ‘no or <1 unit per 
week’, ‘1-10 units per week’, and ‘≥11 units per week’. Height and weight were measured, 
and the body mass index (BMI) was calculated (kg/m2). Systolic blood pressure (SBP) 
(mmHg) and diastolic blood pressure (DBP) (mmHg) were measured three times with a 
sphygmomanometer, and the average of these measures was calculated. Hypertension 
was defined as a mean SBP of > 140 mmHg, a mean DBP of > 90 mmHg or self-reported 
use of antihypertensive drugs. An overnight fasting venous blood sample was taken 
to determine glucose, lipids, total homocysteine and apolipoprotein-B levels. Diabetes 
mellitus was defined as fasting serum glucose levels of ≥ 7.0 mmol/l, and/or use of glucose-
lowering medication, and/or a known history of diabetes. Hyperlipidemia was considered 
if the serum cholesterol was ≥5.0 mmol/l, a low-density lipoprotein cholesterol of >3.2 
mmol/l, or if the patient was using lipid lowering medication. History of stroke was based 
on a composite scoring made of neurologist-verified self-reported symptoms of previous 
stroke, previous history of carotid artery operation, or a physician diagnosis at study 
inclusion of the following conditions: transient ischemic attack, brain infarct, ischemic 
stroke, cerebral ischemia, amaurosis fugax or retinal infarction. Mean carotid intima-
media thickness (in mm) was calculated for the left and right common carotid arteries 
based on six far-wall measurements on ultrasound. Ankle brachial index measurements 
were made using a Vasoguard Doppler probe (8 MHz) and measurement techniques 
have been described in detail elsewhere.1 Metabolic syndrome was determined by the 
National Cholesterol Education Program Adult Treatment Panel III criteria.2 Genotyping 
for apolipoprotein-E (Apo-E) was performed on coded DNA specimens and has been 
described in detail elsewhere.3

MRI protocol
High-field imaging of the brain was performed on a whole-body 7T MR system (Philips 
Healthcare, Cleveland, OH, USA) with a volume transmit and 32-channel receive head 
coil (Nova Medical, Wilmington, MA, USA). The standardized scan protocol is described in 
detail in previous publications.4, 5

Conventional MR imaging of the brain was performed on a 1.5T whole-body system 
(Gyroscan ACS-NT, Philips Medical Systems, Best, the Netherlands) using a standardized 
scan protocol described in detail in previous work.6, 7 

Assessment of cognitive functioning
Memory was assessed with the 15 Word Learning Test using a composite score of the 
immediate and delayed recall based on five trials, and the Rey-Osterrieth Complex figure 
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test.8, 9 Executive functioning was assessed with the Verbal Fluency test using animals 
as categories (2 minutes) and the letter A (1 minute); the Visual Elevator test (10 trials), 
and the Brixton Spatial Anticipation test.10-12 Working memory was assessed with the 
combined longest span scores and total span scores of the Forward Digit Span and 
Backward Digit Span.13 Processing speed was assessed with the Digit Symbol Substitution 
Test (120 seconds).14 
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Asymptomatic low-grade carotid artery stenosis (LGCS) is a common finding in 

patients with manifest arterial disease, however its relationship with brain MRI 

changes and cognitive decline is unclear. We included 902 patients (58±10 years; 

81% male) enrolled in the Second Manifestations of Arterial Disease – Magnetic 

Resonance (SMART-MR) study without a history of cerebrovascular disease. LGCS 

was defined as 1-49% stenosis on baseline carotid ultrasound, whereas no LGCS 

(reference category) was defined as absence of carotid plaque. Brain and white matter 

hyperintensity (WMH) volumes and cognitive function were measured at baseline 

and after 4 (n=480) and 12 years (n=222) of follow-up. Using linear mixed-effects 

models, we investigated associations of LGCS with progression of brain atrophy, 

WMH, and cognitive decline. LGCS was associated with greater progression of global 

brain atrophy (estimate -0.03; 95%CI, -0.06 to -0.01; p=0.002), and a greater decline in 

executive functioning (estimate -0.02; 95%CI, -0.031 to -0.01; p<0.001) and memory 

(estimate -0.012; 95%CI, -0.02 to -0.001; p=0.032), independent of demographics, 

cardiovascular risk factors, and incident brain infarcts on MRI. No association was 

observed between LGCS and progression of WMH. Our results indicate that LGCS 

may represent an early marker of greater future brain atrophy and cognitive decline.    
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Introduction

Carotid artery stenosis refers to the buildup of atherosclerotic plaque along the lining of 
the carotid arteries and represents a well-recognized cause of atheroembolic stroke.1 At 
the highest levels of stenosis, carotid atheroma may also lead to hemodynamic stroke 
through flow restriction and cerebral ischemic injury.2 

Mild carotid atheroma resulting in low-grade (1-49%) carotid artery stenosis (LGCS) 
is associated with a relatively low risk of atheroembolic stroke compared to moderate 
or severe stenosis3, 4, but is a common finding in older individuals and patients with 
atherosclerotic disease.5-8 In clinical practice, LGCS is frequently identified incidentally in 
asymptomatic patients on imaging studies.9 Results from recent cross-sectional studies 
suggest that asymptomatic LGCS may be of clinical importance as a risk factor for smaller 
brain volumes and worse cognitive performance.10 The cross-sectional design of these 
studies, however, precludes establishing a cause-effect relationship. To the best of our 
knowledge, no previous studies examined the longitudinal relationship of LGCS with 
brain MRI changes and cognitive decline in patients without a history of cerebrovascular 
disease.  

Here, we tested the hypothesis that asymptomatic LGCS may represent a risk factor 
for greater progression of brain atrophy, WMH and cognitive decline. Using data from the 
Second Manifestations of ARTerial disease-Magnetic Resonance (SMART-MR) study, we 
compared trajectories of brain volumes, WMH volumes, and cognitive domains between 
patients with asymptomatic LGCS and patients without LGCS over 12 years of follow-up, 
adjusting for demographics and cardiovascular risk factors. 

Methods

Study population 
We used data from the SMART-MR study, a prospective cohort study at the University 
Medical Center Utrecht to investigate risk factors and consequences of brain changes on MRI 
in patients with manifest arterial disease.11, 12 A total of 1,309 adult patients newly referred 
to the University Medical Center Utrecht for treatment of atherosclerotic disease (manifest 
coronary artery disease, cerebrovascular disease, peripheral arterial disease or abdominal 
aortic aneurysm) between 2001 and 2005 were included for baseline measurements, 
including a 1.5T brain MRI.11, 12 During a 1-day visit to the University Medical Center 
Utrecht, a physical examination, ultrasonography of the carotid arteries, blood and urine 
samplings, and a 1.5T brain MRI scan were performed.11, 12 Neuropsychological assessment 
was added to the research protocol from 2003 onwards. We used questionnaires to assess 
demographics, risk factors, medical history, medication use, and cognitive and physical 
functioning.11, 12 Of the 1,309 patients included, 754 patients had follow-up measurements 
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four years later between January 2006 and May 2009. Between November 2013 and 
October 2017, all patients alive were invited for a second follow-up, including a 1.5T brain 
MRI. Second follow-up measurements were obtained from 329 patients. 

The SMART-MR study was approved by the medical ethics committee of the University 
Medical Center Utrecht according to the guidelines of the Declaration of Helsinki of 1975. 
Written informed consent was obtained from all patients participating in the SMART-MR 
study.

Study sample 
Of the 1,309 patients included in the SMART-MR study, carotid ultrasound data were 
irretrievable or incomplete in 56 patients and 181 patients were categorized as having 
moderate (50-69%) or severe (>70%) carotid stenosis. These patients were excluded 
from the present analyses. In addition, we excluded 170 patients with a history of 
cerebrovascular disease (defined as transient ischemic attack, stroke, cerebral ischemia, 
amaurosis fugax, or retinal infarction)13 as these may include patients with a symptomatic 
LGCS, resulting in a study sample of 902 patients (LGCS n=713; no LGCS n=189). Flow 
diagrams of patients with available neuroimaging and cognition data at each visit are 
shown in Figure 1 and Figure 2 of the Supplemental Material, respectively. 

Carotid stenosis
At baseline, ultrasonography consisting of color Doppler-assisted duplex scanning was 
performed with a 10 MHz linear-array transducer (ATL Ultramark 9) by experienced 
ultrasound technicians to determine the presence and degree of carotid stenosis. The 
severity of carotid stenosis was evaluated based on blood flow velocity patterns and 
presence of plaque, and was recorded on a categorical scale.14, 15 The greatest stenosis 
observed on the right or the left side of the common or internal carotid artery was taken 
to determine the severity of carotid artery disease. Carotid stenosis 1-29% and 30-49% 
were defined as presence of plaque with a peak systolic velocity (PSV) ≤ 100 cm/s and > 
100 to ≤ 150 cm/s, respectively. In the present study, we defined LGCS as 1-49% stenosis, in 
accordance with the North American Symptomatic Carotid Endarterectomy Trial criteria.1 
No LGCS (reference category) was defined as absence of carotid plaque.

MRI protocol
MR imaging of the brain was performed on a 1.5T whole-body system (Gyroscan ACS-
NT, Philips Medical Systems, Best, the Netherlands) using a standardized scan protocol.1 
Transversal T1-weighted [repetition time (TR) = 235 ms; echo time (TE) = 2 ms], T2-
weighted [TR = 2200 ms; TE = 11 ms], fluid-attenuated inversion recovery (FLAIR) [TR = 
6000 m; TE = 100 ms; inversion time (TI) = 2000 ms] and T1-weighted inversion recovery 
images [TR = 2900 ms; TE = 22 ms; TI = 410 ms] were acquired with a voxel size of 1.0 x 1.0 
x 4.0 mm3 and contiguous slices.2 
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Brain infarcts
Although we excluded patients with a history of symptomatic cerebrovascular disease, 
patients in the study sample may show clinically non-manifest brain infarcts on MRI (i.e., 
silent cerebrovascular disease), which may confound the relationship between LGCS 
and change in neuroimaging and cognitive outcomes. We therefore accounted for brain 
infarcts on MRI in our analyses. Brain infarcts were visually rated by a neuroradiologist 
blinded to patient characteristics on the T1-weighted, T2-weighted, and FLAIR images of 
the MRI scans. Lacunes were defined as focal lesions between 3 to 15 mm according to 
the STRIVE criteria 16, whereas non-lacunar lesions were categorized in large infarcts (i.e., 
cortical infarcts and subcortical infarcts not involving the cerebral cortex) and infarcts 
located in the cerebellum or brain stem. 

Brain volume measurements
White matter hyperintensity (WMH) volumes and brain volumes were obtained using the 
k-nearest neighbor (kNN) automated segmentation program on the T1-weighted, FLAIR, 
and T1-weighted inversion recovery sequences of the MRI scans.17 The kNN segmentation 
method has been shown to be suitable for detecting longitudinal brain volume changes.11, 

18 All WMH segmentations were visually checked by an investigator (RG) using an image 
processing framework (MeVisLab 2.7.1., MeVis Medical Solutions AG, Bremen, Germany). 
Incorrectly segmented voxels were added to the correct segmentation volumes using the 
image processing framework. 

Total brain volume (including the volume of the cerebellum) was calculated by 
summing the volumes of gray matter, white matter, WMH and, if present, the volumes of 
brain infarcts. Total intracranial volume (ICV) was calculated by summing the total brain 
volume and the volume of cerebrospinal fluid. Total brain volume, sulcal cerebrospinal 
fluid volume and ventricular volume were normalized for ICV and expressed as brain 
parenchymal fraction (BPF), sulcal cerebrospinal fluid fraction (CSFF) and ventricular 
fraction (VF), and were used as indicators of global, cortical, and subcortical atrophy, 
respectively. Similarly, WMH volume was normalized for ICV. Natural log transformation 
was performed on WMH volumes due to a non-normal distribution. 

Cognitive functioning 
Cognitive functioning was measured at baseline, and first and second follow-up visits 
with a set of standard neuropsychological tests covering the domains of memory and 
executive functioning. Memory was assessed with the 15 Word Learning test (immediate 
recall based on five trials and delayed recall) and with the delayed recall of the Rey-
Osterrieth Complex Figure  test.19, 20 Executive functioning was assessed by the Visual 
Elevator test (10 trials), the Brixton Spatial Anticipation test, and the Verbal Fluency test 
(letter A with a time span of 60 seconds).21-23 Visual Elevator test scores were natural log-
transformed due to a non-normal distribution and multiplied by minus one so that higher 
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scores represented better performance. Similarly, Brixton test scores were multiplied by 
minus one so that higher scores represented better performance. 

To assess change in cognitive functioning, we converted test scores from each visit 
to z-scores based on the baseline population mean and standard deviation (SD). These 
z-scores were averaged to create domain-specific z-scores for memory and executive 
functioning, which were subsequently standardized to the baseline domain-specific 
z-score mean and SD for all patients.  

Covariates
At baseline, age, sex, smoking habits, alcohol intake and highest level of education were 
assessed using questionnaires. Height and weight were measured, and the body mass index 
(BMI) was calculated (kg/m2). Systolic blood pressure (SBP) (mmHg) and diastolic blood 
pressure (DBP) (mmHg) were measured three times with a sphygmomanometer, and the 
average of these measures was calculated. Hypertension was defined as a mean SBP of >160 
mmHg, a mean DBP of >95 mmHg, or self-reported use of antihypertensive drugs. Threshold 
values of SBP and DBP for hypertension were determined according to criteria established in 
2001. An overnight fasting venous blood sample was taken to determine glucose and lipids. 
Diabetes mellitus was defined as fasting serum glucose levels of ≥7.0 mmol/l, and/or use of 
glucose-lowering medication, and/or known history of diabetes. 

Education level was categorized into three categories based on the Dutch education 
system and ranged from no education/primary school to university education. Low level 
education included no education or primary school only (comparable to up to six years 
of education), whereas high level education included higher professional education and 
university education (comparable to ≥15 years of education). All other educational levels 
were defined as intermediate (comparable to around 7-14 years of education).

Statistical analysis
Baseline characteristics of the total study sample, and stratified by presence and absence 
of LGCS were reported with descriptive statistics. 

Linear mixed-effects models
We used linear mixed-effects models with random effects to assess changes in 
neuroimaging outcomes and cognitive functioning over time.24 The age of patients at 
each visit was chosen as the time variable, which was centered at 58 years (the mean 
value at the first visit) and hereinafter referred to as ‘time’. LGCS was represented by a 
dichotomous variable with absence of LGCS as the reference category. 

Models were run in two steps. In the first model, time, LGCS, and an interaction term 
between LGCS and time (our primary coefficient of interest) were entered, together with 
sex, large infarcts on MRI, lacunes on MRI, hypertension, diabetes mellitus, body mass 
index, smoking pack years and alcohol use at baseline as covariates. Models that estimated 
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cognitive change in addition included education level and a practice effect, which was 
modeled using an indicator fixed at the square root of the number of prior visits.25

Incident brain infarcts and lacunes may act as a confounder on the relationship 
between LGCS and change in neuroimaging and cognitive outcomes. Therefore, in a 
second model, the covariates indicating large infarcts and lacunes on baseline MRI were 
replaced with time-varying covariates indicating the presence of large infarcts and lacunes 
at both baseline and follow-up MRI. 

Adequacy of the linear mixed-effects models was determined by examining the 
residuals for approximate normality and homoscedasticity. We concluded that model 
assumptions were adequately met. 

Missing covariates
To reduce the risk of bias due to complete case analysis, we performed chained equations 
imputation on missing baseline covariates to generate 10 imputed datasets using SPSS 
25.0 (Chicago, IL, USA). The linear mixed-effects models were performed on the imputed 
datasets and the pooled results were presented. Statistical significance was set at p ≤ 0.05.

Sensitivity analysis
The substantial attrition during follow-up in the present study may lead to informative 
dropout. To determine whether this was the case in the study sample, we used joint models 
that allow for controlling the results of the linear mixed models for dropout (including 
due to death) using correlated survival data.26 Joint models consist of a longitudinal and 
a survival submodel.26 The longitudinal submodel consisted of the linear mixed-effects 
models used in the primary analyses with adjustment for demographics, cardiovascular 
risk factors and brain infarcts on MRI at baseline. The survival submodel consisted of a Cox 
proportional hazards regression model with baseline age, sex and LGCS (with absence of 
LGCS as the reference category) as predictors. Follow-up data for the survival submodel 
were obtained from questionnaires that patients received biannually and are described in 
detail in previous work.12 We defined dropout (i.e., the “event” in the survival submodel) as 
having a missing outcome for the second follow-up measurement, either due to death or 
any other reason. 

We compared joint models using different baseline hazard functions and we selected 
the baseline hazard function that yielded the lowest Akaike information criterion. The 
Weibull baseline hazard function was chosen for models that estimated change in brain 
volumes, whereas the piecewise baseline hazard function was chosen for models that 
estimated change in cognitive functioning. The JM package for R version 4.0.5 (R Core 
Team, 2021) was used for the joint model analysis.26



146   |   Chapter 7

Results

Baseline characteristics of the study sample (n = 902; mean age 58 ± 10 years; 81% male) 
are shown in Table 1. LGCS was present in 713 patients (79%) at baseline, whereas 189 
patients (21%) did not show any carotid stenosis. 

Patients with LGCS were older, had a less favorable cardiovascular profile, showed 
more often lacunes on baseline MRI, and had lower executive functioning and memory 
z-scores compared to the reference group (Table 1). 

Table 1. Baseline characteristics of patients with low-grade carotid stenosis, patients without 

stenosis and the total study sample. 

Low-grade carotid 
stenosis (n = 713)

No carotid stenosis 
(n = 189)

All patients 
(n = 902)

Age (years) 59 ± 9 51 ± 10 58 ± 10
Sex, % men 81.5 78.3 80.8
BMI (kg/m

2
) 27 ± 4 26 ± 4 27 ± 4 

Smoking, pack years a 20 (0, 52) 14 (0, 42) 19 (0, 49)
Alcohol use, % 
    Current 75 74 75
    Former 10 9 10
    Abstinent 15 17 15
Hypertension, % 48.8 37.6 46.5
Diabetes mellitus, % 20.9 10.1 18.6
Education level, % b

    Low 13.0 8.4 11.9
    Intermediate 67.5 63.5 66.6
    High 19.5 28.1 21.5
Infarcts on MRI, %
    Large 3.5 1.1 3.0
    Cerebellar 2.7 2.7 2.5
    Brainstem 1.4 0.5 1.2
Lacunes on MRI, % 10.9 3.2 9.3
pCBF, ml/min per 100 ml brain 
volume

52.2 ± 10.3 53.2 ± 9.0 52.4 ± 10.1

BPF, % ICV 79.0 ± 2.8 80.7 ± 2.5 79.3 ± 2.8  
CSFF, % ICV 18.9 ± 2.3 17.5 ± 2.0 18.6 ± 2.3
VF, % ICV 2.1 ± 1.1 1.8 ± 1.0 2.0 ± 1.0
WMH volume on MRI, ml a 0.9 (0.2, 5.6) 0.5 (0.1, 2.2) 0.8 (0.2, 4.9)
Executive functioning, z-score -0.02 ± 0.96 0.23 ± 0.98 0.05 ± 0.97
Memory, z-score -0.10 ± 0.97 0.27 ± 0.96 0.00 ± 0.98

Characteristics are presented as mean ± SD or %.  

BMI: body mass index; SD: standard deviation; WMH: white matter hyperintensity; pCBF: parenchymal 
cerebral blood flow; BPF: brain parenchymal fraction; ICV: total intracranial volume; CSFF: sulcal 
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cerebrospinal fluid fraction; VF: ventricular fraction. 
a Median (10th percentile, 90th percentile). 

Mean time between baseline and first follow-up measurements was 3.9 ± 0.4 years 
(range 2.9 – 5.8 years), whereas there were 12.0 ± 0.4 years (range 11.1 – 13.5 years) 
between baseline and the second follow-up measurements. 

Associations between LGCS and brain MRI changes
Mean decrease in BPF per year for the study sample was 0.25% ICV (95% CI, -0.28 to -0.22), 
whereas CSFF and VF were estimated to increase at 0.19% ICV (95% CI, 0.16 to 0.22) and 
0.06% ICV (95% CI, 0.05 to 0.06) per year, respectively (Table 2). Mean increase in WMH per 
year was 0.08 natural log-transformed ml (95% CI, 0.07 to 0.10). 

At age 58 (i.e., intercept), no main effects were observed of LGCS on BPF (estimate 
0.07; 95% CI, -0.30 to 0.40; p=0.717), CSFF (estimate 0.07; 95% CI, -0.23 to 0.37; p=0.661), 
VF (estimate -0.10.15; 95% CI, -0.24 to 0.03; p=0.134), or WMH volume (estimate 0.00; 95% 
CI, -0.18 to 0.17; p=0.978). 

LGCS, compared with no LGCS, was however associated with greater change in BPF 
(estimate -0.03; 95% CI, -0.06 to -0.01; p=0.002), CSFF (estimate 0.03; 95% CI, 0.01 to 0.05; 
p=0.011) and VF (estimate 0.01; 95% CI, 0.002 to 0.02; p=0.019), and these results did not 
substantially change after adjusting for incident large brain infarcts or lacunes (Table 2). 
LGCS was not associated with greater change in WMH volume over time (estimate 0.01; 
95% CI, -0.03 to 0.02; p=0.162). 

In the joint model analysis, parameter estimates for the time effect were slightly 
smaller for BPF, CSFF, VF and WMH compared with the primary analysis (Table 1 in the 
Supplementary Material). Controlling for death/dropout, LGCS versus no LGCS remained 
significantly associated with a greater decline in BPF (estimate -0.036; 95% CI, -0.06 to -0.01; 
p=0.001), and a greater increase in CSFF (estimate 0.03; 95% CI, 0.01 to 0.05; p=0.006) and 
VF (estimate 0.01; 95% CI, 0.002 to 0.017; p=0.013). Consistent with the primary analysis, 
LGCS was not related to a greater change in WMH volume (estimate 0.007; 95% CI, -0.003 
to 0.017; p=0.179). Estimates of association parameters were significant for CSFF (estimate 
0.0485; p=0.036) and VF (estimate 0.143; p=0.002), thereby indicating that death/dropout 
impacted average change in CSFF and VF over time, whereas this was not the case for BPF 
(estimate -0.037; p=0.063) and WMH volume (estimate -0.012; p=0.722) (Table 1 in the 
Supplementary Material). 
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Associations between LGCS and cognitive domain changes
Executive functioning was estimated to decrease by 0.06 z-score units (95% CI, -0.08 to 
-0.05; p<0.001) on average per year. For memory, mean decrease was estimated at 0.06 
z-score units (95% CI, -0.04 to -0.08; p<0.001) per year for the study sample (Table 3). 

Table 3. Output of the linear mixed-effects models with age of patients at each visit as the time 

variable, cognition domain-specific z-scores as dependent variables and low-grade carotid stenosis 

as independent variable. 

Executive functioning Memory
Estimate (95% CI) p value Estimate (95% CI p value

Intercept
    Model 1 -0.84 (-1.37 to -0.32) 0.002 -0.29 (-0.84 to 0.27) 0.311
    Model 2 -0.78 (-1.31 to -0.25) 0.004 -0.30 (-0.86 to 0.26) 0.293
Time
    Model 1 -0.06 (-0.08 to -0.05) <0.001 -0.06 (-0.04 to -0.08) <0.001
    Model 2 -0.06 (-0.07 to -0.04) <0.001 -0.06 (-0.04 to -0.07) <0.001
LGCS a

    Model 1 -0.06 (-0.20 to 0.09) 0.403 0.05 (-0.10 to 0.20) 0.496
    Model 2 -0.04 (-0.18 to 0.10) 0.577 0.04 (-0.11 to 0.19) 0.586
LGCS x Time
    Model 1 -0.020 (-0.031 to -0.01) <0.001 -0.012 (-0.02 to -0.001) 0.032
    Model 2 -0.017 (-0.028 to -0.006) 0.003 -0.010 (-0.02 to 0.001) 0.082

Model 1: adjusted for sex, education level, practice effect, large infarcts on MRI, lacunes on MRI, 
hypertension, diabetes mellitus, body mass index, smoking pack years and alcohol use at baseline. 
Model 2: model 1 with time-varying covariates for large infarcts and lacunes on MRI.
a No LGCS as the reference category.
CI: confidence interval, LGCS: low-grade carotid stenosis. 

At age 58 (i.e., intercept), LGCS versus no LGCS was not associated with a lower 
z-score in executive functioning (estimate -0.06; 95% CI, -0.20 to 0.09; p=0.403) or memory 
(estimate 0.05; 95% CI, -0.10 to 0.20; p=0.496), and these estimates did not substantially 
change after accounting for incident large brain infarcts or lacunes (Table 3). 

LGCS, compared with no LGCS, was however associated with a greater decline in 
executive functioning by 0.02 z-score units (95% CI, -0.031 to -0.01; p<0.001; Figure 1) per 
year. The association between LGCS and change in executive functioning persisted after 
controlling for incident large brain infarcts and lacunes (Table 3). For memory, LGCS versus 
no LGCS was associated with a greater decline by 0.012 z-score units (95% CI, -0.02 to 
-0.001; p=0.032; Figure 2) per year. The association between LGCS and change in memory 
slightly attenuated after controlling for incident large brain infarcts and lacunes (Table 3).
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Figure 1. Longitudinal relationship between executive functioning (z-score), low-grade carotid 

stenosis, and no stenosis. Age of patients at each visit was chosen as the time variable. The shaded 

grey area represents the 95% confidence interval. Results adjusted for sex, education level, large 

infarcts on MRI, lacunes on MRI, hypertension, diabetes mellitus, body mass index, smoking pack 

years, alcohol use and practice effect.   

Figure 2. Longitudinal relationship between memory (z-score), low-grade carotid stenosis, and 

no stenosis. Age of patients at each visit was chosen as the time variable. The shaded grey area 

represents the 95% confidence interval. Results adjusted for sex, education level, large infarcts on 

MRI, lacunes on MRI, hypertension, diabetes mellitus, body mass index, smoking pack years, alcohol 

use and practice effect.     

In the joint model analysis, parameter estimates for the time effect were comparable 
with the primary analyses (Table 1 in the Supplementary Material). Controlling for death/
dropout, LGCS remained associated with a greater decline in executive functioning 
(estimate -0.017; 95% CI, -0.026 to -0.01; p<0.001) and memory (estimate -0.011; 95% CI, 
-0.017 to -0.004; p=0.002). Estimates of association parameters were significant for both 
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executive functioning (estimate -1.34; p<0.001) and memory (estimate -0.546; p<0.001), 
indicating that death/dropout impacted average change in executive functioning and 
memory over time. 

Discussion

In this cohort of patients with manifest arterial disease, we observed that asymptomatic 
low-grade carotid artery stenosis (LGCS) was associated with greater progression of global, 
cortical and subcortical brain atrophy, but not with white matter hyperintensities (WMH) 
compared with absence of stenosis. LGCS was also associated with a greater decline in 
executive functioning and memory throughout the follow-up period of 12 years. These 
relationships were independent of demographics, cardiovascular risk factors and brain 
infarcts on MRI. 

In clinical practice, emphasis is on the detection of carotid stenosis due to the 
associated risk of atheroembolic stroke. The risk of atheroembolic stroke is relatively low 
in LGCS but increases substantially in moderate and severe stenosis.3, 4 The findings of this 
long-term follow-up study, however, suggest that asymptomatic LGCS may be of clinical 
importance as a marker of greater future brain atrophy and cognitive decline. Our results 
are consistent with a recent cross-sectional study in which mild carotid atheroma was 
related to cortical thinning and worse fluid intelligence.10

It is noteworthy that we detected associations between LGCS, progression of brain 
atrophy and cognitive decline in a study population consisting entirely of patients with 
manifest arterial disease. This observation suggests that presence of atherosclerotic 
disease alone may not explain the abovementioned relationships. Cerebral hypoperfusion 
secondary to LGCS is also less likely an explanation as carotid artery stenosis <50% is usually 
considered hemodynamically insignificant. Likewise, symptomatic or silent brain infarcts 
and lacunes are also less likely to explain the observed relationships because we included 
only asymptomatic patients with LGCS, and we adjusted the analyses for prevalent and 
incident silent brain infarcts on MRI. A more likely explanation for our findings may be 
that LGCS represents an early marker of more profound atherosclerotic vascular changes 
within the cerebrum, which may gradually negatively impact brain health over time.10 
These detrimental effects, however, may not become fully apparent until late-life, and 
may not be fully captured by measurable cardiovascular risk factors. We observed that at 
age 58 (the mean baseline age of the study sample), LGCS was not associated with worse 
cognitive functioning or smaller brain volumes, however from age 58 onwards we did 
observe significant differences in trajectories of cognitive domains and brain volumes. 
We also observed that, while patients with LGCS showed a less favorable cardiovascular 
profile at baseline, measurable cardiovascular risk factors, such as smoking or diabetes 
mellitus, did not explain the greater cognitive decline and progression of brain atrophy 
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associated with LGCS. It is therefore possible that the impact of LGCS on brain health is 
indirect as a marker for the cumulative effects of both measurable and non-measurable 
vascular risk factors.10 

To the best of our knowledge, no previous studies compared trajectories of brain 
MRI changes and cognitive functioning between asymptomatic patients with LGCS and 
those without. Studies examining the impact of carotid plaque (irrespective of degree 
of stenosis) on cognitive functioning have reported conflicting findings. In the Northern 
Manhattan Study, carotid plaque was not related to greater cognitive decline throughout 
the follow-up period of 5 years. In the Tromsø Study, however, presence of carotid plaque 
at baseline was associated with lower cognitive test scores measured 7 years later.27 With 
respect to WMH, our findings are in line with a prospective analysis of the Rotterdam Scan 
Study in which increasing carotid plaque severity was not associated with progression of 
WMH over 3 years of follow-up.28  

Limitations of this study include, first, the substantial attrition during follow-up. 
However, we addressed this issue by performing sensitivity analyses using joint models and 
we observed that the relations between LGCS, progression of brain atrophy and cognitive 
decline held after controlling for death/dropout. Second, although executive functioning 
and memory likely represent the most important cognitive domains in clinical practice29, 
cognitive testing in this analysis was limited to only two cognitive domains. Third, the 
volumetric MRI technique used in our study did not allow us to measure region-specific 
brain volume changes. Results from a recent cross-sectional analysis in the Lothian Birth 
Cohort 1936 indicate that carotid atheroma was predominantly associated with smaller 
volumes in specific anterior and posterior cortical regions, whereas regions of the primary 
motor and sensory cortex were spared.10 Fourth, volumetry in this study was performed 
on MRI sequences with a slice thickness of 4 mm instead of 1 mm, which is likely more 
sensitive in detecting brain volume changes.

Strengths of this study are the large number of patients included, the long follow-
up period and the multiple brain MRI and cognitive functioning measurements recorded 
over time. In addition, we accounted for silent cerebrovascular disease on baseline MRI in 
the analyses. Also, we used prospective MRI data to adjust the analyses for incident brain 
infarcts and lacunes during follow-up. Lastly, we also accounted for a potential practice 
effect in the analyses concerning cognitive functioning due to the relatively short interval 
between the baseline and first follow-up measurement of 4 years.

Overall, our findings demonstrate that asymptomatic LGCS is associated with greater 
cognitive decline and greater progression of global, cortical, and subcortical brain 
atrophy over 12 years of follow-up, independent of demographics, cardiovascular risk 
factors, or brain infarcts on MRI. These results indicate that LGCS, a common finding in 
older individuals and patients with manifest arterial disease, may be a clinical marker of 
greater future brain atrophy and cognitive decline.  
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Supplementary Material

Table 1. Joint Model Analysis with brain volumes and cognitive domains as dependent variables

Joint Models Association parameter
Estimate (SE) p values Estimate p values

BPF
    Intercept 92.7 (0.46) <0.001 -0.0374 0.0631
    Time -0.21 (0.006) <0.001
    LGCS a 2.18 (0.66) 0.001
    LGCS x Time -0.036 (0.01) 0.0013
CSFF
    Intercept 8.52 (0.41) <0.001 0.0485 0.0356
    Time 0.16 (0.006) <0.001
    LGCS a -1.55 (0.59) 0.0081
    LGCS x Time 0.0278 (0.01) 0.0057
VF
    Intercept -1.02 (0.16) <0.001 0.1428 0.0021
    Time 0.05 (0.002) <0.001
    LGCS a -0.67 (0.21) 0.0013
    LGCS x Time 0.0097 (0.004) 0.0124
WMH
    Intercept -7.60 (0.23) <0.001 -0.0117 0.772
    Time 0.076 (0.003) <0.001
    LGCS a -0.42 (0.31) 0.1727
    LGCS x Time 0.0073 (0.005) 0.1786
Executive functioning
    Intercept 2.69 (0.22) <0.001 -1.340 <0.001
    Time -0.06 (0.003) <0.001
    LGCS a 1.04 (0.256) <0.001
    LGCS x Time -0.0174 (0.005) <0.001
Memory 
    Intercept 2.59 (0.14) <0.001 -0.546 <0.001
    Time -0.06 (0.002) <0.001
    LGCS a 0.68 (0.20) <0.001
    LGCS x Time -0.011 (0.003) 0.002

The longitudinal submodel was adjusted for sex, large infarcts on MRI, lacunes on MRI, hypertension, 
diabetes mellitus, body mass index, smoking pack years and alcohol use at baseline. Models that 
estimated cognitive change in addition included education level and practice effect as covariates. 
The survival submodel included LGCS, baseline age and sex as predictors.  

Note that the time variable (i.e., age of patients at each visit) was not centered as negative values for 
the time variable are not compatible with the JM package. 

a No LGCS as the reference category.
SE: standard error, LGCS: low-grade carotid stenosis, BPF: brain parenchymal fraction, CSFF: sulcal 
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cerebrospinal fluid fraction, VF: ventricular fraction, WMH: white matter hyperintensity volume.

The estimates of the association parameters in the joint models for CSFF, VF, executive 
functioning and memory were statistically significant, indicating that death/dropout 
impacted change in CSFF, VF, executive functioning and memory throughout the follow-
up period. This was not however the case for BPF and WMH. 
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Figure 1. Participation flow diagram of the 902 patients included in this study for neuroimaging 

analysis. The neuroimaging analysis included patients with consecutive and non-consecutive MRI 

measurements.
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Figure 2. Participation flow diagram of the 902 patients included in this study for cognitive 

analysis. The cognitive analysis included patients with consecutive and non-consecutive cognitive 

functioning assessment.
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Introduction

It has been hypothesized that carotid artery stenosis (CAS) may lead to greater 

atrophy of subserved brain regions, however prospective studies on the impact 

of CAS on progression of hemispheric brain atrophy are lacking. We examined the 

association between CAS and progression of hemispheric brain atrophy. 

Methods

We  included 654 patients (57±9 years) of the SMART-MR study, a prospective 

cohort study of patients with manifest arterial disease. Patients had baseline CAS 

duplex measurements and a 1.5T brain MRI at baseline and after 4 years of follow-

up. Mean change in hemispheric brain volumes (% of intracranial volume (ICV)) was 

estimated between baseline and follow-up for left-sided and right-sided CAS across 

three degrees of stenosis (mild (≤29%), moderate (30 to 69%) and severe (≥70%)), 

adjusting for demographics, cerebrovascular risk factors, and brain infarcts. 

Results 

Mean decrease in left and right hemispheric brain volumes was 1.15 % ICV and 0.82 

% ICV, respectively, over 4 years of follow-up. Severe right-sided CAS, compared to 

mild CAS, was associated with a greater decrease in volume of the left hemisphere (B 

= -0.49 % ICV, 95% CI -0.86 to -0.13), and more profoundly of the right hemisphere (B 

= -0.90 % ICV, 95% CI -1.27 to -0.54). This pattern was independent of cerebrovascular 

risk factors, brain infarcts and white matter hyperintensities on MRI, and was also 

observed when accounting for presence of severe bilateral CAS. Increasing degrees 

of left-sided CAS, however, was not associated with greater volume loss of the left or 

right hemisphere. 

Conclusions

Our data indicate that severe (≥70%) CAS could represent a risk factor for greater 

ipsilateral brain volume loss, independent of cerebrovascular risk factors, brain 

infarcts or white matter hyperintensities on MRI. Further longitudinal studies in 

other cohorts are warranted to confirm this novel finding. 

Ab
st

ra
ct
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Introduction

Brain atrophy is an important hallmark of dementia and is commonly seen in patients 
with atherosclerotic disease[1, 2]. Although brain volume loss occurs with normal 
ageing, accelerated brain atrophy has been shown to represent an important risk 
factor for cognitive impairment and dementia[3-5]. The underlying causes that lead to 
progression of brain atrophy remain largely unknown, however previous studies suggest 
that cerebrovascular disease, male sex and reduced cerebral blood flow may represent 
potential risk factors[6, 7].

Carotid artery stenosis (CAS) may also represent a risk factor for accelerated brain 
atrophy and development of dementia[8, 9]. Several hypotheses linking CAS to accelerated 
brain atrophy have been formulated. First, CAS can lead to atheroembolic stroke, which 
is a risk factor for accelerated brain atrophy[10]. Second, CAS may represent a proxy 
marker for cerebrovascular risk factors, which may negatively impact brain health through 
greater brain tissue loss over time[9]. Third, high-grade CAS may lead to compromised 
blood flow through the affected carotid artery that, if not adequately compensated for by 
collateral circulation, may result in brain tissue loss[11]. Several aspect of the assocation 
between CAS and progression of brain atrophy, however, are unclear. For example, it 
is not known whether CAS represents a risk factor for greater atrophy of the ipsilateral 
cerebral hemisphere, the contralateral cerebral hemisphere, or both. The limited number 
of studies on this relationship reported smaller brain volumes ipsilateral to the side of 
the stenosis[12-15]. The cross-sectional design of these studies, however, precludes 
establishing a cause-effect relationship and, to our knowledge, no previous longitudinal 
studies examined the effects of CAS on hemispheric brain volume changes. 

Here, we hypothesized that CAS was associated with greater ipsilateral hemispheric 
brain atrophy. Using data from the Second Manifestations of ARTerial disease - Magnetic 
Resonance (SMART-MR) study, we examined the longitudinal association of CAS with 
changes in hemispheric and total brain volumes over 4 years of follow-up, adjusting for 
demographics, cerebrovascular disease, and its risk factors.  

Material and methods

Study population 
Data were used from the SMART-MR study, a prospective cohort study at the University 
Medical Center Utrecht with the aim to investigate risk factors and consequences of brain 
changes on magnetic resonance imaging (MRI) in patients with manifest arterial disease. 
In brief, between 2001 and 2005, 1309 middle-aged and older patients newly referred to 
the University Medical Center Utrecht for treatment of manifest arterial disease (manifest 
coronary artery disease (59%), cerebrovascular disease (23%), peripheral arterial disease 
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(22%) or abdominal aortic aneurysm (9%)) were included for baseline measurements. 
During a one-day visit to our medical center, a physical examination, ultrasonography 
of the carotid arteries, blood and urine samplings, neuropsychological assessment and a 
1.5T brain MRI scan were performed. Questionnaires were used to assess demographics, 
risk factors, medical history, and medication use. Between 2006 and 2009, follow-up 
measurements took place, including a 1.5T MRI of the brain. In total, 754 patients of the 
surviving cohort gave written informed consent and participated in the follow-up.

The SMART-MR study was approved by the medical ethics committee of the University 
Medical Center Utrecht according to the guidelines of the Declaration of Helsinki of 1975 
and written informed consent was obtained from all patients.

Assessment of carotid artery stenosis
Presence of CAS was assessed at baseline with ultrasonography consisting of color 
Doppler-assisted duplex. Measurements were performed with a 10MHz linear-array 
transducer (ATL Ultramark 9) by ultrasound technicians. The severity of CAS was evaluated 
on the basis of blood flow velocity patterns [16]. The greatest stenosis observed on the 
right or the left side of the common or internal carotid artery was taken to determine 
the severity of CAS. CAS was classified into groups of mild (≤29%; peak systolic velocity 
(PSV) ≤ 100 cm/s), moderate (30% to 69%; PSV > 100 to ≤ 210 cm/s) and severe (≥70%; 
PSV > 210 cm/s) for each side. In addition, to examine the effects of unilateral CAS on 
brain volumes in the presence of bilateral stenosis, we classified patients into i) mild to 
moderate CAS at both sides, ii) severe unilateral left-sided CAS, iii) severe unilateral right-
sided CAS, and iv) severe bilateral CAS. 

MRI protocol
MR imaging of the brain was performed on a 1.5T whole-body system (Gyroscan ACS-
NT, Philips Medical Systems, Best, The Netherlands) using a standardized scan protocol. 
Transversal T1-weighted [repetition time (TR) = 235 ms; echo time (TE) = 2 ms], T2-
weighted [TR = 2200 ms; TE = 11 ms], fluid-attenuated inversion recovery (FLAIR) [TR = 
6000 m; TE = 100 ms; inversion time (TI) = 2000 ms] and T1-weighted inversion recovery 
images [TR = 2900 ms; TE = 22 ms; TI = 410 ms] were acquired with a voxel size of 1.0 x 1.0 
x 4.0 mm3 and contiguous slices. 

Brain infarcts
Brain infarcts were visually rated by a neuroradiologist blinded to patient characteristics 
on the T1-weighted, T2-weighted and FLAIR images. Lacunes were defined as focal 
lesions between 3 to 15 mm according to the STRIVE criteria[17], whereas non-lacunar 
lesions were categorized in large infarcts (i.e., cortical infarcts and subcortical infarcts not 
involving the cerebral cortex) and infarcts located in the cerebellum or brain stem.
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Brain volume measurements
The T1-weighted, the T1-weighted inversion recovery and FLAIR sequence were used for 
automated brain segmentation. A probabilistic brain segmentation method consisting of 
k-nearest neighbor classification was performed to segment cortical gray matter, white 
matter and deep gray matter, sulcal and ventricular cerebrospinal fluid, and white matter 
hyperintensities (WMH)[18]. The kNN segmentation method has been shown to be 
suitable for detecting longitudinal brain volume changes[19]. Brain infarcts were manually 
segmented, and the other segmentations were corrected for presence of infarcts. All WMH 
segmentations were visually checked by an investigator (RG) using an image processing 
framework (MeVisLab 2.7.1., MeVis Medical Solutions AG, Bremen, Germany) to ensure 
that brain infarcts were correctly removed from the WMH segmentations[20]. 

Total brain volume was calculated by summing the volumes of cortical gray matter, 
white matter, WMH, and, if present, the volume of brain infarcts. Total intracranial volume 
(ICV) was calculated by summing the total brain volume and the volume of cerebrospinal 
fluid. Hemispheric brain volumes were obtained using an automated method based on 
extraction of the midsagittal surface[21]. An illustration of the midsagittal surface is shown 
in Figure 1. Infratentorial volumes were automatically subtracted from the volumes to 
obtain hemispheric cerebral volumes that were used in analyses.  

Figure 1. Illustration of the midsagittal surface (white line) separating the cerebral hemispheres on 

an axial T1-weighted MR image of a 52 year-old male patient. Note that the midsagittal surface also 

accounts for the presence of left-right asymmetry of the occipital lobes (i.e., “brain torque”) in this 

patient. 



166   |   Chapter 8

Cerebrovascular risk factors
At baseline, age, sex, smoking habits, and alcohol intake were assessed using 
questionnaires. Height and weight were measured, and the body mass index (BMI) was 
calculated (kg/m2). Systolic blood pressure (mm Hg) and diastolic blood pressure (mm 
Hg) were measured twice with a sphygmomanometer and the average of these measures 
was calculated. Hypertension was defined as a mean systolic blood pressure of >160 mm 
Hg, a mean diastolic blood pressure of >95 mm Hg, self-reported use of antihypertensive 
drugs, or a known history of hypertension at inclusion. An overnight fasting venous blood 
sample was taken to determine glucose and lipid levels. Diabetes mellitus was defined 
as the use of glucose-lowering drugs, a known history of diabetes mellitus, or a fasting 
plasma glucose level of ≥7.0 mmol/l. Hyperlipidemia was defined as a total cholesterol of 
>5.0 mmol/l, a low-density lipoprotein cholesterol of >3.2 mmol/l, use of lipid-lowering 
drugs, or a known history of hyperlipidemia.

Study sample
Of the 1309 patients included, 15 had no MRI and 12 had no FLAIR sequence. Furthermore, 
brain volume data were missing due to motion or artifacts in 39 patients. Of the remaining 
1243 patients, 695 patients underwent a follow-up MRI. Of these, 16 patients had missing 
brain volume data due to motion or artifacts and CAS measurements were missing in 25 
patients at one or both sides. As a result, the analyses were performed in 654 patients. 

Statistical analysis
To examine the relationship of sidedness of CAS with total and hemispheric brain volume 
changes at follow-up, we chose a mixed model approach using the MIXED procedure of 
SAS (SAS Institute, Cary, NC, USA). We used this statistical approach because mixed models 
can estimate the effects of CAS on hemispheric brain volumes while taking into account 
the effects on the contralateral cerebral hemisphere. Degrees of left-sided and right-sided 
CAS at baseline were entered as independent variables, whereas total brain volume and 
hemispheric brain volumes at follow-up were entered as dependent variables. 

Next, to examine the effects of severe unilateral CAS on brain volumes in the presence 
of severe bilateral CAS, we entered a categorical variable with mild to moderate CAS at 
both sides, severe unilateral left-sided CAS, severe unilateral right-sided CAS and severe 
bilateral CAS as outcomes as the independent variable. Mild to moderate CAS at both sides 
was chosen as the reference category. Total and hemispheric brain volumes at follow-up 
were entered as the dependent variables. 

All of the abovementioned models were run in two steps. In the first model, we 
adjusted for age, sex, and baseline brain volumes. In the second model, we added 
covariates indicating hypertension, diabetes mellitus, body mass index, smoking pack 
years, alcohol use, and number of infarcts (including lacunes) and WMH volume on 
baseline and follow-up MRI. 
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As a supplementary analysis, we used analysis of covariance (ANCOVA) to estimate 
changes in hemispheric brain volumes for degrees of left-sided and right-sided CAS. Age, 
sex and the abovementioned cerebrovascular risk factors were added as covariates in 
addition to the number of infarcts and WMH volume on baseline and follow-up MRI in 
the cerebral hemisphere ipsilateral to the side of stenosis. This supplementary analysis 
allowed us to estimate changes in hemispheric brain volumes while specifically taking 
into account cerebrovascular lesions on the side of the stenosis. We excluded patients 
with a severe bilateral CAS from these analyses. 

Estimates were considered statistically significant when their 95% confidence intervals 
(CI) excluded zero. 

Results

Baseline characteristic of the study sample (n = 654, 57 ± 10 years, 81% male) and stratified 
according to the highest degree of CAS are shown in Table 1. At baseline, mean total brain 
volume of the study sample was 79.4 ± 2.6 % ICV. Mean right hemispheric volume was 
79.9 ± 2.6 % ICV, whereas mean left hemispheric volume was 78.8 ± 2.7 % ICV. Severe CAS 
was present in 64 patients (left-sided: 37 (6%), right-sided: 43 (7%)) (Table 1). Patients with 
moderate or severe CAS were on average older, had a worse cardiovascular profile, and 
showed more infarcts and a greater WMH volume on MRI compared to patients with mild 
CAS (Table 1).

Mean decrease of total brain volume was 0.97 % ICV, of left hemispheric brain volume 
1.15 % ICV and of right hemispheric brain volume 0.82 % ICV over 3.9 years of follow-up 
for the study sample.

Sidedness of CAS and brain volume changes
Compared to mild right-sided CAS, moderate right-sided CAS was associated with 
a greater decrease in total brain volume (B = -0.20 % ICV, 95% CI -0.55 to -0.14), left 
hemispheric volume (B = -0.20 % ICV, 95% CI -0.58 to 0.18) and, more strongly, in right 
hemispheric volume (B = -0.37 % ICV, 95% CI -0.76 to 0.02), although these estimates did 
not reach statistical significance (Table 2). Stronger associations, but in a similar pattern, 
were observed for severe right-sided CAS in relation to change in total brain volume (B = 
-0.69 % ICV, 95% CI -1.02 to -0.37), left hemispheric volume (B = -0.49 % ICV, 95% CI -0.86 
to -0.13) and right hemispheric volume (B = -0.90 % ICV, 95% CI -1.27 to -0.54). Estimates 
slightly attenuated after adjusting for cerebrovascular risk factors, and number of infarcts 
and WMH volume on baseline and follow-up MRI (Table 2). 
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Table 1. Baseline characteristics of the study sample and stratified according to the highest degree 

of CAS.

Total sample 
(n = 654)

Mild CAS 
(n = 541)

Moderate CAS  
(n = 49)

Severe CAS 
(n = 64)

Age (years) 57 ± 10 57 ± 10 61 ± 7 60 ± 8
Sex, % men 81 82 74 84
History of stroke, % 22 16 28.6 70.3
BMI (kg/m2) 27 ± 3 27 ± 4 26 ± 3 27 ± 3
Smoking, pack yearsa 22 (0, 49) 20 (0, 48) 12 (0, 72) 26 (0, 54)
Alcohol intake, % current 77 78 79 78
Hypertension, % 46.8 43.4 55.1 68.8
Diabetes mellitus, % 15 13.5 22.4 26.6
Large infarcts on MRI, % 10 6.1 6.1 20.8
Lacunes on MRI, % 17 14.2 12.2 46.9
Number of infarcts on MRIb

    Total 0.6 ± 1.3 0.4 ± 1.1 0.6 ± 1.2 2.0 ± 2.1
    Left hemisphere 0.2 ± 0.7 0.2 ± 0.6 0.2 ± 0.6 0.8 ± 1.4
    Right hemisphere 0.3 ± 0.8 0.2 ± 0.6 0.2 ± 0.7 1.1 ± 1.7
WMH volume on MRI, ml
    Total 2.2 ± 5.1 2.2 ± 5.3 2.3 ± 3.2 2.5 ± 3.4
    Left hemisphere 1.1 ± 2.6 1.1 ± 2.6 1.2 ± 1.8 1.4 ± 2.5
    Right hemisphere 1.1 ± 2.6 1.1 ± 2.7 1.1 ± 1.6 1.1 ± 1.5
Brain volumes, % ICV 
    Total 79.4 ± 2.6 79.6 ± 2.5 78.7 ± 2.4 78.1 ± 2.7
    Left hemisphere 78.8 ± 2.7 79.0 ± 2.6 78.1 ± 2.5 77.6 ± 2.9
    Right hemisphere 79.9 ± 2.6 80.1 ± 2.6 79.1 ± 2.2 78.6 ± 2.7
CAS, n (%)
    Left-sided CAS
        Mild (≤29%) 580 (88) - - -
        Moderate (30% to 69%) 37 (6) - - -
        Severe (≥70%) 37 (6) - - -
    Right-sided CAS - - -
        Mild (≤29%) 576 (88) - - -
        Moderate (30% to 69%) 35 (5) - - -
        Severe (≥70%) 43 (7) - - -

Characteristics are presented as mean ± SD, n (%) or %.
ICV = intracranial volume; WMH = white matter hyperintensity; CAS = carotid artery stenosis
a Median (10th percentile, 90th percentile). 
b Including large infarcts, lacunes, cerebellar infarcts, and brain stem infarct

For left-sided CAS, a severe stenosis was associated with a greater decrease in volume 
of the left hemisphere (B = -0.32 % ICV, 95% CI -0.71 to 0.06), however this estimate 
did not reach statistical significance and attenuated after additionally adjusting for the 
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abovementioned covariates (Table 2). No associations were observed between degrees of 
left-sided CAS and change in total or right-hemispheric volumes (Table 2). 

Table 2. Associations between degrees of carotid artery stenosis according to sidedness and 

changes in total and hemispheric brain volumes after a median of 3.9 years of follow-up compared 

to mild (≤29%) stenosis on the same side. 

Change in total brain 
volume 
(% ICV)

Change in brain 
volume left 
hemisphere (% ICV)

Change in brain 
volume right 
hemisphere (% ICV)

B 95% CI B 95% CI B 95% CI

Left-sided CAS
    Moderate (30% to 69%)
        Model 1 0.22 -0.11 to 0.55 0.32 -0.06 to 0.69 0.21 -0.16 to 0.59
        Model 2 0.27 -0.07 to 0.61 0.32 -0.05 to 0.70 0.22 -0.16 to 0.60
    Severe (≥70%)
        Model 1 -0.14 -0.50 to 0.22 -0.32 -0.71 to 0.06 0.09 -0.30 to 0.49
        Model 2 0.03 -0.33 to 0.40 -0.16 -0.55 to 0.23 0.27 -0.13 to 0.67
Right-sided CAS
    Moderate (30% to 69%)
        Model 1 -0.20 -0.55 to 0.14 -0.20 -0.58 to 0.18 -0.37 -0.76 to 0.02
        Model 2 -0.30 -0.65 to 0.05 -0.22 -0.60 to 0.16 -0.38 -0.77 to 0.01
    Severe (≥70%)
        Model 1 -0.69 -1.02 to -0.37* -0.49 -0.86 to -0.13* -0.90 -1.27 to -0.54*
        Model 2 -0.59 -0.93 to -0.25* -0.36 -0.72 to 0.00 -0.78 -1.15 to -0.41*

Model 1: Adjusted for age, sex and baseline brain volumes. Model 2: model 1 with adjustment for 
hypertension, diabetes mellitus, body mass index, smoking pack years, alcohol use, number of 
infarcts on baseline and follow-up MRI, and white matter hyperintensity volume on baseline and 
follow-up MRI. ICV: intracranial volume; CI: confidence interval. CAS: carotid artery stenosis. 
* p < 0.05

Repeating the analyses after exclusion of patients with large infarcts showed a 
similar pattern (Supplementary Table 1), with severe right-sided CAS being significantly 
associated with a greater decrease in brain volumes compared to mild right-sided CAS, 
most profoundly of the right hemispheric volume (B = -1.19 % ICV, 95% CI -1.68 to -0.69). 

Unilateral and bilateral severe CAS and brain volume changes
Consistent with the previous analysis, a severe unilateral right-sided CAS was associated 
with a greater decrease in total brain volume (B = -0.72 % ICV, 95% CI -1.09 to -0.35) 
and more profoundly in the right hemispheric volume (B = -0.97 % ICV, 95% CI -1.39 to 
-0.55), compared to mild to moderate CAS at both sides. These estimates attenuated but 
remained significant after adjusting for cerebrovascular risk factors, number of infarcts 
and WMH volume on baseline and follow-up MRI (Table 3). A severe unilateral right-sided 
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CAS was also associated with a greater decrease in left hemispheric volume, however 
this relationship lost significance after adjusting for the abovementioned covariates (B = 
-0.27% ICV, 95% CI -0.69 to 0.15; Table 3). 

Compared to mild to moderate CAS at both sides, a severe unilateral left-sided CAS 
was associated with a greater decrease in volume of the left hemisphere (B = -0.41 % ICV, 
95% CI -0.88 to 0.04), however this relationship did not reach statistical significance and 
attenuated after adjusting for the abovementioned covariates (Table 3). No significant 
associations were observed between a severe unilateral left-sided CAS and decrease in 
total and right hemispheric brain volumes (Table 3). 

Table 3. Associations between sidedness of ≥70% carotid artery stenosis and changes in total and 

hemispheric brain volumes after a median of 3.9 years of follow-up compared to <70% stenosis at 

both sides. 

Change in total brain 
volume 
(% ICV)

Change in brain 
volume left 
hemisphere (% ICV)

Change in brain 
volume right 
hemisphere (% ICV)

B 95% CI B 95% CI B 95% CI
Severe (≥70%) unilateral 
left-sided CAS
    Model 1 -0.31 -0.73 to 0.11 -0.41 -0.88 to 0.04 -0.18 -0.64 to 0.29
    Model 2 -0.10 -0.53 to 0.32 -0.20 -0.66 to 0.26 0.05 -0.42 to 0.52
Severe (≥70%) unilateral 
right-sided CAS
    Model 1 -0.72 -1.09 to -0.35* -0.45 -0.86 to -0.04* -0.97 -1.39 to -0.55*
    Model 2 -0.56 -0.95 to -0.17* -0.27 -0.69 to 0.15 -0.80 -1.22 to -0.37*
Severe (≥70%) bilateral 
CAS
    Model 1 -0.72 -1.20 to -0.25* -0.81 -1.34 to -0.28* -0.64 -1.17 to -0.10*
    Model 2 -0.54 -1.04 to -0.05* -0.60 -1.13 to -0.07* -0.42 -0.96 to 0.12

Model 1: Adjusted for age, sex and baseline brain volumes. Model 2: model 1 with adjustment for 
hypertension, diabetes mellitus, body mass index, smoking pack years, alcohol use, number of 
infarcts on baseline and follow-up MRI, and white matter hyperintensity volume on baseline and 
follow-up MRI.  
ICV: intracranial volume; CI: confidence interval. CAS: carotid artery stenosis. 
Number of patients with <70% CAS at both sides (reference): 590 (91%), ≥70% unilateral left-sided 
CAS: 21 (3%), ≥70% unilateral right-sided CAS: 27 (4%), ≥70% bilateral CAS: 16 (2%). 
* p < 0.05

Severe bilateral CAS, compared to mild to moderate CAS at both sides, was 
significantly associated with a greater decrease in total brain volume (B = -0.72 % ICV, 
95% CI -1.20 to -0.25), right hemispheric volume (B = -0.64 % ICV, 95% CI -1.17 to -0.10), 
and more profoundly in left hemispheric volume (B = -0.81 % ICV, 95% CI -1.34 to -0.28). 
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These estimates slightly attenuated after additionally adjusting for the abovementioned 
covariates (Table 3). 

Supplementary analysis
Change in right hemispheric brain volume differed significantly among degrees of right-
sided CAS (ANCOVA p=0.002). Consistent with the primary analysis, moderate and severe 
right-sided CAS were associated with a greater decrease in right hemispheric volume (mean 
difference -0.29 % ICV, 95% CI -0.66 to 0.08; -0.74 % ICV, 95% CI -1.18 to -0.30, respectively) 
compared to mild right-sided CAS, adjusting for demographics, cerebrovascular risk 
factors, and number of infarcts and WMH volume in the right hemisphere on baseline and 
follow MRI (Supplemental Table 2). 

Change in left hemispheric brain volume did not differ significantly among degrees 
of left-sided CAS (ANCOVA p=0.36). Similarly, change in left hemispheric brain volume 
did not differ between degrees of right-sided CAS (ANCOVA p=0.19), and change in right 
hemispheric brain volume did not differ significantly between degrees of left-sided CAS 
(ANCOVA p=0.88). 

Discussion

In this cohort of patients with manifest arterial disease, we found that severe right-sided 
carotid artery stenosis (CAS) was associated with a greater decrease in right hemispheric 
brain volume over 4 years of follow-up. This relationship was independent of age, sex, 
cerebrovascular risk factors, brain infarcts and WMH on baseline and follow-up MRI. 
A severe left-sided CAS, however, was not associated with a greater decrease of left 
hemispheric volume. 

As noted in the introductory section, several hypotheses have been formulated 
that may explain the relation between CAS and progression of brain atrophy. First, 
brain infarcts may mediate the association between carotid atherosclerosis and brain 
atrophy[22]. Second, it has been hypothesized that carotid atherosclerosis may represent 
a proxy marker for cerebrovascular risk factors that result in both carotid atheroma 
formation and progression of brain atrophy[9]. Third, CAS may lead to reduced cerebral 
blood flow that, if not adequately compensated for by collateral circulation, may result 
in greater brain atrophy [11]. Until now, however, no previous studies to our knowledge 
reported on the assocation of CAS with progression of ipsilateral and contralateral brain 
atrophy. The findings of the present study suggest that severe CAS could represent a risk 
factor for greater tissue loss of the ipsilateral cerebral hemisphere. Our observation that 
this relationship was largely independent of brain infarcts and WMH on MRI suggests 
that mechanisms other than ischemic cerebrovascular disease may underlie the relation 
between CAS and brain atrophy. Given the novelty of our findings, however, further 
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longitudinal studies in other cohorts are needed to the replicate the present association 
and to further investigate the exact underlying mechanisms. 

As noted previously, a limited number of cross-sectional studies examined the 
association between CAS and hemispheric brain volumes[12-15]. A study in patients with 
≥70% unilateral CAS reported smaller hemispheric brain volumes ipsilateral to the side 
of CAS but only in patients with moderate or severe WMH[13]. In our study, however, we 
observed that the association between severe right-sided CAS and right hemispheric 
atrophy was independent of WMH volume on baseline and follow-up MRI. In two studies 
comparing regional brain volumes between patients with ≥70% unilateral CAS and 
healthy controls, it was found that patients with ≥70% CAS showed smaller cortical gray 
matter volumes ipsilateral to the side of stenosis[14, 15]. Similarly, a study comparing 
cortical thickness in patients with ≥80% unilateral CAS reported smaller cortical gray 
matter volumes on the side of stenosis[12]. 

Our study has several limitations. First, we observed that some estimates, in particular 
those reflecting change between mild and moderate left-sided CAS, were positive (i.e., 
suggesting an increase in brain volume over time). Although none of these estimates were 
statistically significant, an underlying technical measurement error cannot be excluded. 
Second, the present study had a relatively short follow-up period and a relatively small 
number of patients with a severe CAS, which may have led to reduced statistical power 
to detect small differences in brain volume change. Third, we did not adjust the analyses 
for multiple comparisons. Fourth, the volumetric technique that we used did not allow 
us to measure region-specific brain volume changes. We therefore could not determine 
whether brain atrophy was due to volume loss of the gray matter, white matter or both. 

Strengths of our study are the longitudinal design, the use of a large cohort of patients 
with varying degrees of CAS and volumetric assessment of total and hemispheric brain 
volumes. In addition, the data on cardiovascular risk factors and cerebrovascular lesions 
allowed us to determine whether the association between CAS and ipsilateral hemispheric 
brain atrophy was independent of potential confounders. 

In conclusion, our findings indicate that severe (≥70%) CAS could represent a risk 
factor for greater ipsilateral brain volume loss in patients with manifest arterial disease, 
independent of cerebrovascular risk factors, brain infarcts or WMH on MRI. Further 
longitudinal studies in other cohorts are needed to confirm this novel finding.  
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Supplemental Table 1. Associations between degrees of carotid artery stenosis according to 

sidedness and changes in total and hemispheric brain volumes after a median of 3.9 years of follow-

up compared to mild ≤29% stenosis on the same side in patients without large brain infarcts (n = 

572). 

Change in total brain 
volume 
(% ICV)

Change in brain 
volume left 
hemisphere (% ICV)

Change in brain 
volume right 
hemisphere (% ICV)

Ba 95% CI Ba 95% CI Ba 95% CI
Left-sided CAS
    Moderate (30% to 69%) 0.12 -0.05 to 0.41 0.22 -0.07 to 0.37 0.13 -0.29 to 0.54
    Severe (≥70%) 0.17 -0.22 to 0.54 0.07 -0.47 to 0.59 0.19 -0.33 to 0.62
Right-sided CAS
    Moderate (30% to 69%) -0.31 -0.68 to 0.05 -0.21 -0.61 to 0.19 -0.41 -0.81 to -0.01*
    Severe (≥70%) -1.01 -1.47 to -0.56* -0.81 -1.30 to -0.31* -1.19 -1.68 to -0.69*

a Adjusted for baseline brain volumes, age, sex, hypertension, diabetes mellitus, body mass index, 
smoking pack years, alcohol use, number of infarcts (lacunar, cerebellum and brainstem) on baseline 
and follow-up MRI, and white matter hyperintensity volume on baseline and follow-up MRI. 
Number of patients with mild ≤29%) left-sided CAS: 524 (91%), moderate (30% to 69%) left-
sided CAS: 26 (5%), severe (≥70%) left-sided CAS: 25 (4%), mild ≤29%) right-sided CAS: 524 (91%), 
moderate (30% to 69%) right-sided CAS: 30 (5%), severe (≥70%) right-sided CAS: 35 (6%).
ICV: intracranial volume; CI: confidence interval. CAS: carotid artery stenosis. 
* p < 0.05
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Supplemental Table 2. Association between degrees of carotid artery stenosis according to 

sidedness and change in hemispheric brain volumes after a median of 3.9 years of follow-up 

compared to mild (≤29%) stenosis on the same side. Patients with severe (≥70%) bilateral stenosis 

(n=16) were excluded from the analyses. 

Change in brain volume  
left hemisphere (% ICV)

Change in brain volume  
right hemisphere (% ICV)

Ba 95% CI Ba 95% CI
Left-sided CAS
    Moderate (30% to 69%) 0.26 -0.10 to 0.62 0.04 -0.54 to 0.62
    Severe (≥70%) -0.01 -0.48 to 0.46 -0.00 -0.48 to 0.47
Right-sided CAS
    Moderate (30% to 69%) -0.19 -0.55 to 0.18 -0.29 -0.66 to 0.08
    Severe (≥70%) -0.33 -0.74 to 0.08 -0.74 -1.18 to -0.30*

a Adjusted for age, sex, baseline brain volumes, hypertension, diabetes mellitus, body mass index, 
smoking pack years, alcohol use, and number of infarcts and white matter hyperintensity volume on 
baseline and follow-up MRI in the cerebral hemisphere ipsilateral to the side of stenosis.  
ICV: intracranial volume; CI: confidence interval. CAS: carotid artery stenosis. 
* p < 0.05
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Global cerebral hypoperfusion may be involved in the etiology of brain atrophy, 

however long-term longitudinal studies on this relationship are lacking. We examined 

whether reduced cerebral blood flow was associated with greater progression of 

brain atrophy. Data was used of 1165 patients (61±10 years) from the SMART-MR 

study, a prospective cohort study of patients with arterial disease, of whom 689 

participated after 4 years and 297 again after 12 years. Attrition was substantial. 

Total brain volume and total cerebral blood flow were obtained from MRI scans and 

expressed as brain parenchymal fraction (BPF) and parenchymal cerebral blood 

flow (pCBF). Mean decrease in BPF per year was 0.22 % total intracranial volume 

(95% CI:-0.23 to -0.21). Mean decrease in pCBF per year was 0.24 ml/min per 100 

ml brain volume (95% CI:-0.29 to -0.20). Using linear mixed models, lower pCBF at 

baseline was associated with a greater decrease in BPF over time (p=0.01). Lower 

baseline BPF, however, was not associated with a greater decrease in pCBF (p=0.43). 

These findings indicate that reduced cerebral blood flow is associated with greater 

progression of brain atrophy and provide further support for a role of cerebral blood 

flow in the process of neurodegeneration. 

Ab
st

ra
ct



Parenchymal cerebral blood flow and brain atrophy   |   181   

9

Introduction

Brain atrophy is a common finding on magnetic resonance imaging (MRI) in older 
individuals and individuals with manifest arterial disease.1-3 Although brain atrophy occurs 
with normal ageing, previous studies have demonstrated that accelerated brain atrophy is 
associated with cognitive decline and dementia.4-8 The underlying causes that can lead to 
progression of brain atrophy, however, remain largely unknown.9 

Reduced cerebral blood flow has been postulated as a possible risk factor for brain 
tissue loss.2, 10-13 In physiological conditions, cerebral blood flow is regulated by the 
cerebral vasculature in order to maintain an adequate delivery of oxygen and nutrients to 
the brain.14 Failure of these mechanisms can lead to a reduced cerebral blood flow, which 
has been associated with mortality and an increased risk of dementia in large cohort 
studies.15, 16 Whether these relationships are mediated by progression of brain atrophy is 
not known as few studies have reported on the relationship between cerebral blood flow 
and brain atrophy.2, 10-12 In addition, there is some evidence to suggest that the relationship 
between cerebral blood flow and brain atrophy may be bidirectional, such that smaller 
brain volumes are a risk factor for greater decline in cerebral blood flow.11 Examining the 
long-term longitudinal relationship between cerebral blood flow and brain atrophy is of 
importance as cerebral blood flow can be modified and may pose a potential target for 
future prevention strategies of brain atrophy and dementia.17-19

In the current study, we examined the longitudinal relationship between cerebral 
blood flow and brain atrophy in a large cohort of patients with manifest arterial disease 
over 12 years of follow-up.

Methods

Study population
Data were used from the Second Manifestations of ARTerial disease-Magnetic Resonance 
(SMART-MR) study, a prospective cohort study at the University Medical Center Utrecht 
with the aim to investigate risk factors and consequences of brain changes on MRI in 
patients with symptomatic arterial disease.20 Between 2001 and 2005, 1309 middle-aged 
and older adult individuals newly referred to the University Medical Center Utrecht for 
treatment of symptomatic atherosclerotic disease (manifest coronary artery disease 
(59%), cerebrovascular disease (23%), peripheral arterial disease (22%) or abdominal 
aortic aneurysm (9%)) were included for baseline measurements, including a 1.5T brain 
MRI. Presence of neurodegenerative disease was not considered an exclusion criterion. 
Of these, 754 persons had follow-up measurements four years later between January 
2006 and May 2009. During a one day visit to our medical center, a physical examination, 
ultrasonography of the carotid arteries to measure the intima-media thickness (mm), 
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blood and urine samplings, neuropsychological assessment and a 1.5T brain MRI scan 
were performed. The height and weight were measured, and the body mass index (kg/m2) 
was calculated. Questionnaires were used for the assessment of demographics, risk factors, 
medical history, medication use and cognitive and physical functioning. Since November 
2013, all patients alive were invited for a second follow-up, including a 1.5T brain MRI, of 
which 329 persons had second follow-up measurements between November 2013 and 
October 2017. A flowchart of the SMART-MR study is shown in Figure 1.

The SMART-MR study was approved by the medical ethics committee of the University 
Medical Center Utrecht according to the guidelines of the Declaration of Helsinki of 1975 
and written informed consent was obtained from all patients.

Vascular risk factors
At baseline, age, sex, smoking habits and alcohol intake were assessed with questionnaires. 
Height and weight were measured, and the body mass index (BMI) was calculated (kg/m2). 
Systolic blood pressure (SBP) (mmHg) and diastolic blood pressure (DBP) (mmHg) were 
measured three times with a sphygmomanometer, and the average of these measures 
was calculated. Hypertension was defined as a mean SBP of >160 mmHg, a mean DBP of 
>95 mmHg or self-reported use of antihypertensive drugs. An overnight fasting venous 
blood sample was taken to determine glucose and lipids. Diabetes mellitus was defined as 
fasting serum glucose levels of ≥7.0 mmol/l, and/or use of glucose-lowering medication, 
and/or a known history of diabetes. Ultrasonography was performed with a 10MHz linear-
array transducer (ATL Ultramark 9) and the degree of the carotid artery stenosis at both 
sides was assessed with color Doppler-assisted duplex scanning. The severity of carotid 
artery stenosis was evaluated on the basis of blood flow velocity patterns and the greatest 
stenosis observed on the right or the left side of the common or internal carotid artery 
was taken to determine the severity of carotid artery disease. Carotid artery stenosis ≥70% 
was defined as peak systolic velocity >210 cm/s.21

MRI protocol
MR imaging of the brain was performed on a 1.5T whole-body system (Gyroscan ACS-
NT, Philips Medical Systems, Best, the Netherlands) using a standardized scan protocol.20 
Transversal T1-weighted [repetition time (TR) = 235 ms; echo time (TE) = 2 ms], T2-
weighted [TR = 2200 ms; TE = 11 ms], fluid-attenuated inversion recovery (FLAIR) [TR = 
6000 m; TE = 100 ms; inversion time (TI) = 2000 ms] and T1-weighted inversion recovery 
images [TR = 2900 ms; TE = 22 ms; TI = 410 ms] were acquired with a voxel size of 1.0 x 1.0 
x 4.0 mm3 and contiguous slices. For cerebral blood flow measurements, a 2-dimensional 
phase-contrast section was positioned at the level of the skull base to measure the volume 
flow in the basilar artery and in the internal carotid arteries on the basis of a localizer 
MR angiographic slab in the sagittal plane.22 The 2-dimensional phase-contrast section 
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was positioned through the basilar artery and the internal carotid arteries  (TR/TE, 16/9 
milliseconds; flip angle 7.5˚; FOV 250 x 250 mm; matrix size 256 x 256; slice thickness 5.0 
mm; 8 acquired signals; velocity sensitivity 100 cm/s).

Cerebral blood flow measurements
Phase-contrast MR angiography was used to measure total cerebral blood flow, as this 
method has been demonstrated to be a fast, reproducible, and noninvasive method to 
measure total cerebral blood flow in large cohorts.23, 24 Previous studies established that 
phase-contrast MR angiography correlates well with arterial spin-labeled perfusion MRI, 
although estimates tend to be somewhat higher and more variable than arterial spin-
labeled perfusion MRI.25 Post processing of the flow measurements was performed by 
investigators blinded to patient characteristics. The flow through the basilar and internal 
carotid arteries was summed to calculate the total cerebral blood flow. Total cerebral 
blood flow was expressed per 100 ml brain parenchymal volume to obtain parenchymal 
cerebral blood flow (pCBF).16 Parenchymal CBF was measured at baseline, and at the first 
and second follow-up visits.

Brain volume measurements
White matter hyperintensity (WMH) volumes and brain volumes were obtained using 
the k-nearest neighbor (kNN) automated segmentation program on the T1-weighted, 
FLAIR, and T1-weighted inversion recovery sequences of the MRI scans.26 The kNN 
segmentation method has been shown to be suitable for detecting longitudinal brain 
volume changes.20, 27 All WMH segmentations were visually checked by an investigator 
(RG) using an image processing framework (MeVisLab 2.7.1., MeVis Medical Solutions AG, 
Bremen, Germany) to ensure that brain infarcts were correctly removed from the WMH 
segmentations. Incorrectly segmented voxels were added to the correct segmentation 
volumes using the image processing framework. Periventricular WMH were defined as 
lesions ≤1 cm of the lateral ventricles and deep WMH were defined as lesions that were 
located >1 cm of the lateral ventricles. Total brain volume was calculated by summing 
the volumes of gray matter, white matter, total WMH and, if present, the volumes of brain 
infarcts. Total intracranial volume (ICV) was calculated by summing the total brain volume 
and the volume of the cerebrospinal fluid. Total brain volume was normalized for ICV and 
expressed as brain parenchymal fraction (BPF). Brain volumes were measured at baseline, 
and at the first and second follow-up visits. 
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Figure 1. MRI participation flowchart of the SMART-MR study. Numbers in the boxes represent the 

numbers of patients who underwent a 1.5T MRI at each time point. 
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Brain infarcts
Brain infarcts were visually rated by a neuroradiologist blinded to patient characteristics 
on the T1-weighted, T2-weighted and FLAIR images of the MRI scans. Lacunes were 
defined as focal lesions between 3 to 15 mm according to the STRIVE criteria 28, whereas 
non-lacunar lesions were divided into large infarcts (i.e. cortical infarcts and subcortical 
infarcts not involving the cerebral cortex) and those located in the cerebellum or brain 
stem. 

Study sample
At baseline, 1165 patients had both pCBF and BPF measurements, whereas this was the 
case for 689 and 297 patients at the first and second follow-up, respectively. The study 
sample included patients with consecutive and non-consecutive pCBF and/or BPF 
measurements. 

Statistical analysis
Baseline characteristics of patients with BPF and pCBF measurements at baseline (n = 
1165) were reported as means or percentages where applicable. Baseline characteristics 
of patients with follow-up measurements and those without were compared using an 
independent samples t-test and Chi square test for continuous and dichotomous variables, 
respectively. 

Linear mixed models were used to analyze change in BPF and change in pCBF over 
time.29, 30 As the time intervals between MRI measurements differed between patients, 
the age of patients at the MRI measurements was chosen as the time variable. Age was 
centered on 61 years, the mean value at which the first MRI measurement was performed. 
BPF and pCBF were analyzed per standard deviation decrease. To minimize the risk of bias 
due to complete case analysis, chained equations imputation was performed on missing 
covariates to generate 10 imputed datasets using SPSS 25.0 (Chicago, IL, USA).31 The 
statistical analyses were performed on these datasets and pooled results were presented. 
In chained equations imputation, linear and logistic regression is used to impute 
continuous and categorical covariates, respectively, using other covariates as predictors.31

First, we modeled longitudinal measurements of BPF (dependent variable) with 
pCBF as time-varying predictor, with age at time of MRI as the time-scale and adjusted 
for baseline age and sex. In a second model, we additionally adjusted for large infarcts, 
lacunes and WMH volume on MRI, diastolic blood pressure, hypertension, carotid stenosis 
≥70%, body mass index and smoking pack years at baseline. To determine whether 
baseline pCBF was a risk factor for subsequent BPF decline, we modeled change in BPF 
with baseline pCBF. Baseline pCBF, time, baseline age, sex and the interaction between 
baseline pCBF and time were entered in a model. Next, we additionally adjusted for 
large infarcts, lacunes and WMH volume on MRI, hypertension, diabetes mellitus, carotid 
stenosis ≥70%, body mass index and smoking pack years at baseline. 
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Second, we modeled longitudinal measurements of pCBF (dependent variable) with 
BPF as time-varying predictor with age at time of MRI as the time-scale and adjusted 
for baseline age and sex. In a second model, we additionally adjusted for large infarcts, 
lacunes and WMH volume on MRI, hypertension, diabetes mellitus, carotid stenosis ≥70%, 
body mass index and smoking pack years at baseline. To determine whether baseline BPF 
was a risk factor for subsequent pCBF decline, we modeled change in pCBF with baseline 
BPF. Next, we additionally adjusted for large infarcts, lacunes and WMH volume on MRI, 
hypertension, diabetes mellitus, carotid stenosis ≥70%, body mass index and smoking 
pack years at baseline.

In all models, a random intercept and random slope with time was assumed, meaning 
that the models accounted for individual variation in the starting level of BPF or pCBF 
(intercept) and in change of BPF or pCBF over time (slope), respectively. Adequacy of all 
models was determined by examining the residuals for homoscedasticity and normality.32 
We concluded that model assumptions were adequately met. Statistical significance was 
set at p ≤ 0.05. Due to the exploratory nature of the analyses, no adjustment of p values 
was made for multiple comparison. SAS 9.4 (SAS Institute, Cary, NC, USA) and SPSS 25.0 
(Chicago, IL, USA) were used to perform the statistical analyses. 

As sensitivity analyses, we assumed a fixed slope with time and repeated the analyses 
with baseline pCBF as predictor and change in BPF as outcome, and with baseline BPF 
as predictor and change in pCBF as outcome. In addition, to examine whether multiple 
imputation affected the results, we repeated the analyses in patients without missing data 
(i.e. complete case analysis). Lastly, to examine the effect of attrition on the results of the 
longitudinal analyses, we hypothesized that dropout due to death may represent a form 
of informative dropout. We examined the effect of dropout due to death on the results of 
the linear mixed models using a joint modelling approach that includes a time-to-event 
submodel.33 For the time-to-event submodel, data on occurrence of death and survival 
times was obtained from questionnaires that patients received biannually. Acquisition of 
data relating to occurrence of death and survival times is described in detail elsewhere.34 
The JM package for R version 3.6.3 (R Core Team, 2019) was used to perform the joint 
model analysis.33        

Results

Baseline characteristics of the study sample (n = 1165) are shown in Table 1. The mean age 
at baseline was 61 ± 10 years and 80% was male. Mean pCBF was 51.4 ± 10.6 ml/min 
per 100 ml brain volume. 

Mean time between baseline and first follow-up measurements for patients with 
available pCBF and BPF data (n = 689) was 3.9 ± 0.4 years (range 2.9 – 5.8 years). Mean 
time between the first follow-up and second follow-up measurements for patients with 
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available pCBF and BPF data (n = 297) was 8.2 ± 0.4 years (range 7.3 – 9.5 years). Mean time 
between baseline and the second follow-up measurements was 12.0 ± 0.4 years (range 
11.1 – 13.5 years) for patients with available pCBF and BPF data on the second follow-up (n 
= 297). Mean decrease in BPF per year for the study sample was 0.22 % ICV (95% CI: -0.23 
to -0.21). Mean decrease in pCBF per year was 0.24 ml/min per 100 ml brain volume (95% 
CI: -0.29 to -0.20). 

Table 1. Characteristics of the study population with available pCBF and BPF data at baseline (n = 

1165). 

Age (years) 61 ± 10
Sex, % men 80.3
History of stroke, % 23.3
BMI (kg/m2) 27 ± 4
Smoking, pack years a 19 (0, 50)
Alcohol use, % 
    Current 75.0
    Former 8.7
    Never 16.3
Hypertension, % 50.9
Diabetes mellitus, % 20.6
Carotid artery stenosis  ≥70%, % 10.6
Infarcts on MRI, %
    Large 12.2
    Cerebellar 4.0
    Brainstem 2.9
Lacunes on MRI, % 18.5
WMH volumes on MRI, ml a

   Total 0.9 (0.2, 6.5)
    Periventricular 0.6 (0.1, 4.2)
    Deep 0.3 (0.0, 2.5)
BPF, % ICV 79.0 ± 2.9
pCBF, ml/min per 100 ml brain volume 51.4 ± 10.6

Characteristics are presented as mean ± SD or %.  

BMI: body mass index; SD: standard deviation; 
WMH: white matter hyperintensity; BPF: brain parenchymal fraction; 
ICV: total intracranial volume; pCBF: parenchymal cerebral blood flow.  
a Median (10th percentile, 90th percentile). 

Patients with follow-up measurements (n = 754) were younger (p <0.001), more 
often male (p = 0.011), had more often current alcohol use (p = 0.001), had less often 
hypertension (p = 0.001), diabetes mellitus (p <0.001) and carotid artery stenosis ≥70% 
(p = 0.04), and had a greater BPF (p <0.001) and smaller WMH volumes on MRI (p <0.001) 
compared to patients without follow-up measurements (n = 555) (Table 2).  
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Time-varying pCBF as a predictor of time-varying BPF
Lower pCBF was associated with lower BPF at baseline and follow-up, adjusted for age 
and sex. Specifically, each standard deviation decrease in pCBF at a given time point was 
associated with an additional 0.10 % ICV lower BPF at that given time point (95% CI: -0.17 
to -0.04, p = 0.001). This relationship remained statistically significant after adjusting for 
large infarcts, lacunes and WMH volume on MRI, hypertension, diabetes mellitus, carotid 
stenosis ≥70%, body mass index, alcohol use and smoking pack years at baseline (B = 
-0.09 % ICV, 95% CI: -0.15 to -0.03, p = 0.005). 

Table 2. Baseline characteristics of the study population (n = 1309) according to participation in 

follow-up visits. 

Patients with one or 
two follow-up visits 
(n = 754)

Patients without 
follow-up visits (n 
= 555)

p value

Age (years) 58 ± 9 60 ± 11 <0.001
Sex, % men 82.1 76.4 0.011
History of stroke, % 23.7 22.2 0.503
BMI (kg/m

2
) 27 ± 4 27 ± 4 0.568

Smoking, pack years a 20 (0, 49) 17 (0, 53) 0.253 b

Alcohol use, % current 79 70 0.001
Hypertension, % 47.9 57.3 0.001
Diabetes mellitus, % 16.3 27.1 <0.001
Carotid artery stenosis  ≥70%, % 9.6 13.3 0.04
Infarcts on MRI, %
    Large 11.3 14.0 0.152
    Cerebellar 3.8 4.5 0.528
    Brainstem 2.7 3.2 0.490
Lacunes on MRI, % 17.3 20.7 0.117
WMH volumes on MRI, ml a

   Total 0.8 (0.2, 4.8) 1.1 (0.3, 8.8) <0.001 b

    Periventricular 0.5 (0.1, 3.0) 0.8 (0.1, 5.7) <0.001 b

    Deep 0.2 (0.0, 2.1) 0.3 (0.0, 3.6) <0.001 b

BPF, % ICV 79.3 ± 2.6 78.5 ± 3.2 <0.001
pCBF, ml/min per 100 ml brain volume 51.6 ± 10.4 51.0 ± 10.9 0.336

Characteristics are presented as mean ± SD or %.  

BMI: body mass index; SD: standard deviation; WMH: white matter hyperintensity; BPF: brain 
parenchymal fraction; ICV: total intracranial volume; pCBF: parenchymal cerebral blood flow.  
a Median (10th percentile, 90th percentile). 
b Natural log-transformed due to a non-normal distribution in the statistical analysis.

Baseline pCBF as a predictor of longitudinal BPF 
Adjusted for age and sex, lower baseline pCBF was associated with greater subsequent 
decreases in BPF. Specifically, each standard deviation decrease in baseline pCBF was 
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associated with an additional 0.01 % ICV decrease per year in BPF (95% CI: -0.02 to -0.004, 
p = 0.004) (Table 3). This relationship remained statistically significant after adjusting for 
large infarcts, lacunes and WMH volume on MRI, hypertension, diabetes mellitus, carotid 
stenosis ≥70%, body mass index, alcohol use and smoking pack years at baseline (B = 
-0.01 % ICV, 95% CI: -0.02 to -0.003, p = 0.010). 

Table 3. Results of the linear mixed model with BPF as dependent variable and baseline pCBF as 

independent variable. Estimates represent fixed effects of the linear mixed model with their 95% 

confidence intervals for a 1 unit increase of a continuous variable or presence of a dichotomous 

variable unless stated otherwise. 

Model 1 Model 2
Estimate (95% CI) p value Estimate (95% CI) p value

Intercept 78.50 (78.35 to 78.64) <0.001 78.61 (77.71 to 79.51) <0.001

Baseline pCBF a -0.19 (-0.32 to -0.07) 0.002 -0.12 (-0.24 to 0.00) 0.051
Rate of change
    Time b -0.24 (-0.25 to -0.22) <0.001 -0.23 (-0.25 to -0.22) <0.001
    Time x baseline pCBF -0.01 (-0.02 to -0.004) 0.004 -0.01 (-0.02 to -0.003) 0.010
Age b -0.04 (-0.06 to -0.03) <0.001 -0.05 (-0.07 to -0.04) <0.001
Sex c 0.90 (0.59 to 1.21) <0.001 0.86 (0.55 to 1.17) <0.001
Large infarcts on MRI - -0.61 (-1.00 to -0.20) 0.003
Lacunes on MRI - -0.60 (-0.94 to -0.26) <0.001
WMH volume on MRI d - -0.01 (-0.11 to 0.09) 0.836
Hypertension - -0.19 (-0.43 to 0.05) 0.117
Diabetes mellitus - -1.05 (-1.35 to -0.74) <0.001
Carotid stenosis ≥70% - -0.17 (-0.61 to 0.27) 0.460
Body mass index - 0.03 (-0.01 to 0.06) 0.109
Smoking pack years - -0.01 (-0.02 to -0.01) <0.001
Alcohol use
    Current - 0 (reference) -
    Former - -0.41 (-0.84 to 0.01) 0.056
    Never - 0.06 (-0.28 to 0.40) 0.728

Model 1: adjusted for age and sex.
Model 2: additionally adjusted for large infarcts on MRI, lacunes on MRI, WMH volume on MRI, 
hypertension, diabetes mellitus, carotid stenosis ≥70%, body mass index, alcohol use and smoking 
pack years at baseline.  
ICC model 1: 0.87. ICC model 2: 0.86. Marginal R2 Model 1: 0.48. Conditional R2 Model 1: 0.94. Marginal 
R2 Model 2: 0.53. Conditional R2 Model 2: 0.94.
a Per standard deviation decrease. 
b Per year increase. 
c Females vs. males. 
d Natural log-transformed due to a non-normal distribution and normalized for total intracranial volume.
BPF: brain parenchymal fraction, pCBF: parenchymal cerebral blood flow, CI: confidence interval, 
WMH: white matter hyperintensity.
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Table 4. Results of the linear mixed model with pCBF as dependent variable and baseline BPF as 

independent variable. Estimates represent fixed effects of the linear mixed model with their 95% 

confidence intervals for a 1 unit increase of a continuous variable or presence of a dichotomous 

variable unless stated otherwise. 

Model 1 Model 2
Estimate (95% CI) p value Estimate (95% CI) p value

Intercept 50.31 (49.57 to 51.06) <0.001 51.56 (47.46 to 55.67) <0.001

Baseline BPF a -0.48 (-1.20 to 0.37) 0.185 -0.06 (-0.80 to 0.67) 0.868

Rate of change
    Time b -0.35 (-0.45 to -0.26) <0.001 -0.36 (-0.45 to -0.27) <0.001
    Time x baseline BPF 0.02 (-0.03 to 0.07) 0.439 0.02 (-0.03 to 0.07) 0.429
Age b -0.18 (-0.30 to -0.07) <0.001 -0.22 (-0.34 to -0.11) <0.001
Sex c 3.56 (2.22 to 4.89) <0.001 4.17 (2.78 to 5.55) <0.001
Large infarcts on MRI - -1.40 (-3.17 to 0.37) 0.121
Lacunes on MRI - 0.68 (-0.81 to 2.17) 0.371
WMH volume on MRI d - -0.50 (-0.97 to -0.04) 0.034
Hypertension - -1.32 (-2.39 to -0.24) 0.016
Diabetes mellitus - -0.36 (-1.74 to 1.02) 0.609
Carotid stenosis ≥70% - -4.98 (-6.88 to -3.08) <0.001
Body mass index - -0.06 (-0.21 to 0.08) 0.410
Smoking pack years - 0.02 (-0.01 to 0.04) 0.184
Alcohol use
    Current - 0 (reference)
    Former - -1.28 (-3.21 to 0.64) 0.191
    Never - 0.45 (-1.05 to 1.96) 0.556

Model 1: adjusted for age and sex.
Model 2: additionally adjusted for large infarcts on MRI, lacunes on MRI, WMH volume on MRI, 
hypertension, diabetes mellitus, carotid stenosis ≥70%, body mass index, alcohol use and smoking 
pack years at baseline.  
ICC model 1: 0.54. ICC model 2: 0.52. Marginal R2 Model 1: 0.27. Conditional R2 Model 1: 0.65. Marginal 
R2 Model 2: 0.33. Conditional R2 Model 2: 0.65.
a Per standard deviation decrease. 
b Per year increase. 
c Females vs. males. 
d Natural log-transformed due to a non-normal distribution and normalized for total 
intracranial volume.
pCBF: parenchymal cerebral blood flow, BPF: brain parenchymal fraction, CI: confidence interval, 
WMH: white matter hyperintensity.

Time-varying BPF as a predictor of time-varying pCBF
Lower BPF was associated with lower pCBF at baseline and follow-up, adjusted for age and 
sex. Each standard deviation decrease in BPF at a given time point was associated with 
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an additional 0.90 ml/min per 100 ml brain volume lower pCBF at that given time point 
(95% CI: -1.57 to -0.24, p = 0.008). The estimate attenuated and lost statistical significance 
after adjusting for large infarcts, lacunes and WMH volume on MRI, hypertension, diabetes 
mellitus, carotid stenosis ≥70%, body mass index, alcohol use and smoking pack years at 
baseline (B = -0.58 ml/min per 100 ml brain volume, 95% CI: -1.28 to 0.12, p = 0.104). 

Baseline BPF as a predictor of longitudinal pCBF
Adjusted for age and sex, lower baseline BPF was not associated with greater subse-
quent decreases in pCBF (B = 0.02 ml/min per 100 ml brain volume, 95% CI: -0.03 to 0.07, 
p = 0.439) (Table 4). This relationship did not change after adjusting for large infarcts, la-
cunes and WMH volume on MRI, hypertension, diabetes mellitus, carotid stenosis ≥70%, 
body mass index, alcohol use and smoking pack years at baseline (B = 0.02 ml/min per 
100 ml brain volume, 95% CI: -0.03 to 0.07, p = 0.429). 

Sensitivity analyses
Lower baseline pCBF was associated with a greater subsequent decrease in BPF when 
assuming a fixed slope with time or when performing the analysis only in patients 
without missing data, adjusted for age, sex, large infarcts, lacunes and WMH volume on 
MRI, hypertension, diabetes mellitus, carotid stenosis ≥70%, body mass index, alcohol use 
and smoking pack years at baseline (Supplementary Table 1 and Supplementary Table 
2, respectively). Baseline BPF was not associated with change in pCBF over time when 
assuming a fixed slope with time or when performing the analysis only in patients without 
missing data. 

A total of 167 patients (14%) died during the study. Accounting for dropout due to 
death, lower baseline pCBF was associated with a greater subsequent decline in BPF (B 
= -0.02, 95% CI: -0.03 to -0.002, p = 0.009) in a joint model that included age, sex, large 
infarcts, lacunes, WMH volume, hypertension, diabetes mellitus, carotid stenosis ≥70%, 
body mass index, alcohol use and smoking pack years at baseline as covariates in the 
linear mixed and time-to-event submodels.  

Discussion

In this cohort of patients with manifest arterial disease, we observed that a reduced pCBF 
was associated with smaller total brain volumes, and that smaller total brain volumes 
were associated with reduced pCBF throughout the follow-up period of 12 years. Reduced 
pCBF at baseline was associated with a greater subsequent decline in BPF in a model 
that controlled for sex, cardiovascular risk factors, brain infarcts and small vessel disease. 
However, reduced BPF at baseline was not associated with a greater decline in pCBF.  
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Our finding that lower pCBF was associated with lower BPF at baseline and at follow-up 
is in line with previous cross-sectional studies that reported smaller total brain volumes in 
patients with reduced cerebral blood flow.12, 13, 35 A study in patients with a history of arterial 
disease found a significant correlation between total cerebral blood flow measured using 
phase-contrast MR angiography and total brain volume.13 Similarly, a smaller population-
based study revealed that decreased total brain perfusion measured using arterial spin 
labeling MRI was associated with smaller total brain volumes.12 A study comparing 
patients with Alzheimer’s disease with age-matched controls showed that reduced total 
cerebral blood flow was associated with smaller total brain volumes only in patients with 
Alzheimer’s disease, whereas this relation was not found in the control group.35 To our 
knowledge, only one previous study reported on the longitudinal relationship between 
cerebral blood flow and total brain volume.11 In this population-based cohort study, 
reduced total cerebral blood flow was associated with greater progression of brain atrophy 
only in older patients, whereas a smaller brain volume at baseline was associated with a 
steeper decrease in total cerebral blood flow in the whole population.11 Direct comparison 
with the findings of the present study, however, is only possible to a limited extent due 
to the shorter follow-up period and the use of total cerebral blood flow instead of pCBF.  

We found that reduced baseline pCBF was significantly associated with greater decline 
in BPF, however the effect size was modest when taking into account the estimated 
mean annual decline in BPF. A number of remarks should be made with respect to this 
finding. First, the volumetric technique used in our study did not allow us to measure 
region-specific brain volume changes. Recent cross-sectional studies using arterial spin 
labeling and dynamic-susceptibility contrast MRI reported regional effects of reduced 
cerebral blood flow on specific brain volumes, predominantly the temporal lobes.12, 35, 36 
Similarly, the use of phase-contrast MR angiography did not allow us to measure region-
specific cerebral blood flow. It is therefore possible that the association between pCBF 
and progression of brain atrophy in the present study reflects regional effects of cerebral 
blood flow on specific brain regions. Second, the longitudinal analysis included patients 
with multiple BPF measurements and these patients may represent a healthier group, 
which may have led to an underestimation of the association of pCBF with progression 
of brain atrophy. Nonetheless, the significant longitudinal relationship between pCBF 
and BPF in the present study supports a role of cerebral blood flow in the process of 
neurodegeneration and, from a clinical perspective, strengthens the notion that cerebral 
blood flow could be a potential target for future prevention strategies of brain atrophy.17-19

In the present study, we chose a bidirectional modelling approach between pCBF and 
BPF for the following reasons. First, although experimental studies using animal models 
suggest that reduced cerebral blood flow may be a risk factor for brain tissue loss37, some 
studies hypothesized that smaller brain volumes may lead to reduced metabolic demand, 
which in turn may lead to a greater decrease in cerebral blood flow over time.38 Second, 
a previous longitudinal study with a shorter follow-up period reported that smaller brain 
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volumes at baseline were associated with a greater decline in cerebral blood flow.11 The 
results of the present study, however, provide support for the notion that reduced pCBF is 
a risk factor for greater subsequent brain atrophy.  

Strengths of the present study are the longitudinal design with pCBF and BPF 
measurements at three time points, the large sample size and the relatively long 
follow-up period. In addition, the detailed information on cardiovascular risk factors 
and cerebrovascular lesions allowed us to adjust for these possible confounders in the 
association between pCBF and BPF over time. Also, we used a statistical modelling 
approach that allowed patients to have a variable number of measurements and 
accounted for differences in time intervals between measurements. 

Limitations are, first, that cerebral autoregulatory mechanisms to maintain adequate 
cerebral blood flow and cardiac output were not considered in this study, which is a major 
limitation. Second, as mentioned above, the volumetric technique used in our study did 
not allow us to measure region-specific brain volume changes and phase-contrast MR 
angiography did not allow region-specific assessment of blood flow, which is likely more 
sensitive in detecting associations with brain atrophy. Third, volumetry was performed on 
MRI sequences with a slice thickness of 4 mm instead of 1 mm, which is more sensitive in 
detecting brain volume changes. Fourth, our study sample consisted of mostly males with 
a relatively young age and a history of arterial disease, which may limit the generalizability 
of our results. Lastly, although the MRI scan protocol did not change throughout the study, 
each patient was not necessarily scanned using the exact same MRI scanner over time and 
scanner stability was not determined. 

In conclusion, our findings demonstrate that reduced parenchymal cerebral blood 
flow is independently associated with greater progression of brain atrophy in patients 
with manifest arterial disease. These findings provide further support for a role of cerebral 
blood flow in the process of neurodegeneration.
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Supplementary Table 1. Results of the linear mixed model with BPF as dependent variable and 

baseline pCBF as independent variable assuming a fixed slope with time. Estimates represent fixed 

effects of the linear mixed model with their 95% confidence intervals for a 1 unit increase of a 

continuous variable or presence of a dichotomous variable unless stated otherwise. 

Estimate (95% CI) p value
Intercept 78.40 (77.50 to 79.30) <0.001
Baseline pCBF a -0.10 (-0.22 to 0.02) 0.096
Rate of change
    Time b -0.23 (-0.24 to -0.22) <0.001
    Time x baseline pCBF -0.01 (-0.02 to -0.003) 0.007
Age b -0.05 (-0.07 to -0.03) <0.001
Sex c 0.84 (0.53 to 1.15) <0.001
Large infarcts on MRI -0.64 (-1.04 to -0.25) 0.001
Lacunes on MRI -0.54 (-0.87 to -0.21) 0.001
WMH volume on MRI d -0.02 (-0.12 to 0.09) 0.748
Hypertension -0.21 (-0.45 to 0.03) 0.087
Diabetes mellitus -1.04 (-1.34 to -0.74) <0.001
Carotid stenosis ≥70% -0.16 (-0.59 to 0.27) 0.465
Body mass index 0.03 (-0.00 to 0.06) 0.082
Smoking pack years -0.01 (-0.02 to -0.01) <0.001
Alcohol use
    Current 0 (reference) -
    Former -0.44 (-0.86 to -0.01) 0.043
    Never 0.11 (-0.22 to 0.44) 0.522

a Per standard deviation decrease. 
b Per year increase. 
c Females vs. males. 
d Natural log-transformed due to a non-normal distribution and normalized for total intracranial 
volume.
BPF: brain parenchymal fraction, pCBF: parenchymal cerebral blood flow, CI: confidence interval, 
WMH: white matter hyperintensity.  
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Supplementary Table 2. Results of the linear mixed model with BPF as dependent variable and 

baseline pCBF as independent variable in patients without missing data. Estimates represent fixed 

effects of the linear mixed model with their 95% confidence intervals for a 1 unit increase of a 

continuous variable or presence of a dichotomous variable unless stated otherwise. 

Estimate (95% CI) p value
Intercept 78.69 (77.75 to 79.62) <0.001
Baseline pCBF a -0.12 (-0.25 to 0.00) 0.053
Rate of change
    Time b -0.24 (-0.25 to -0.22) <0.001
    Time x baseline pCBF -0.01 (-0.02 to -0.003) 0.011
Age b -0.05 (-0.07 to -0.03) <0.001
Sex c 0.75 (0.43 to 1.08) <0.001
Large infarcts on MRI -0.65 (-1.07 to -0.22) 0.003
Lacunes on MRI -0.56 (-0.91 to -0.21) 0.002
WMH volume on MRI d -0.01 (-0.11 to 0.10) 0.907
Hypertension -0.17 (-0.42 to 0.08) 0.171
Diabetes mellitus -1.09 (-1.40 to -0.77) <0.001
Carotid stenosis ≥70% -0.15 (-0.60 to 0.30) 0.509
Body mass index 0.02 (-0.01 to 0.06) 0.150
Smoking pack years -0.01 (-0.02 to -0.01) <0.001
Alcohol use
    Current 0 (reference) -
    Former -0.44 (-0.86 to 0.01) 0.054
    Never 0.09 (-0.25 to 0.44) 0.596

a Per standard deviation decrease. 
b Per year increase. 
c Females vs. males. 
d Natural log-transformed due to a non-normal distribution and normalized for total intracranial 
volume.
BPF: brain parenchymal fraction, pCBF: parenchymal cerebral blood flow, CI: confidence interval, 
WMH: white matter hyperintensity.
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The present thesis fills several gaps in the current body of literature with respect to 
pathologic brain parenchymal changes on magnetic resonance imaging (MRI). Specifically, 
in the present thesis we focused on white matter hyperintensities of presumed vascular 
origin, cerebral microinfarcts in the deep gray matter and brain atrophy. 

Quantitative MRI markers in cerebrovascular diseases

In the first part of this thesis, we examined the detection and quantification of advanced 
white matter hyperintensity (WMH) markers on MRI and their relation to lacunes and 
clinical outcomes. As noted in the introductory section of this thesis, WMH of presumed 
vascular origin constitute a hallmark feature of cerebral small vessel disease (CSVD).1 The 
severity of WMH on MRI is conventionally rated using semi-qualitative scales such as 
the Fazekas scale2. However, with the advent of MRI segmentation techniques it is now 
possible to accurately determine the volume of WMH in each patient.3 Several studies 
demonstrated that increasing WMH volume on MRI was associated with a greater 
risk of stroke and mortality.4, 5 Recent histopathologic studies, however, suggest that 
other features of WMH such as shape and location may also provide clinically relevant 
information on severity of CSVD.6, 7 To test this hypothesis, we developed an automated 
algorithm to obtain WMH volume, type and shape from 1.5T brain MRI scans. In Chapter 2, 
we first applied this automated algorithm to brain MRI scans of 999 patients participating 
in the SMART-MR study. After successfully obtaining information on WMH markers, we 
then performed cross-sectional analyses to determine the relationship between WMH 
markers and presence of lacunes on MRI. Lacunes and WMH both represent hallmark 
features of CSVD8, however how the two are related is not clear. We found that presence 
of lacunes was associated with greater WMH volumes, an increased risk of a confluent 
WMH type, and a more irregular shape of WMH, all characteristics that correspond to more 
severe small vessel changes in histopathologic studies.6, 9 

After establishing that we can obtain quantitative WMH markers from brain MRI 
scans using our automated algorithm, we then investigated whether quantitative WMH 
markers on MRI are related to risk of mortality and ischemic stroke in Chapter 3. In the 
same group of 999 patients, we found that a greater volume and a more irregular shape 
of periventricular and confluent WMH were associated with a higher risk of death and 
ischemic stroke over a median follow-up period of 12.5 years. These results indicate that 
several features of WMH may provide information on CSVD severity and prognosis. 

After we obtained quantitative advanced WMH markers, we took a step further by 
performing a combined analysis of brain parenchymal changes on MRI in relation to 
detrimental clinical outcomes in 1003 patients participating in the SMART-MR study. This 
study sample consisted of the 999 patients in which we determined the WMH markers 
using our automated algorithm, together with four patients that did not show any WMH 
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on their 1.5T brain MRI. The reasoning for a combined analysis is that neurodegenerative 
and cerebrovascular diseases can lead to heterogeneous brain parenchymal changes on 
MRI.10 Often, several types of brain parenchymal changes on MRI are present in one patient, 
making it difficult to determine the clinical and prognostic relevance of these changes. 
Therefore, in Chapter 4, we used hierarchical clustering (a machine learning method 
based on artificial intelligence) to identify 11 distinct MRI phenotypes. After correlating 
these MRI phenotypes with follow-up data, we observed that the risk of mortality and 
ischemic stroke differed considerably between the 11 MRI phenotypes. Specifically, we 
observed that patients in the subgroup with brain atrophy, WMH and lacunes showed an 
almost fourfold risk of mortality compared to subgroups with limited brain parenchymal 
changes on MRI.  

Microinfarcts in the deep gray matter on MRI

In the second part of this thesis, we examined microinfarcts in the deep gray matter on 7T 
brain MRI. The term “cerebral microinfarct” originates from the field of neuropathology and 
refers to small ischemic lesions that are not visible to the naked eye on gross pathology, 
but can be seen on microscopy.11 Although small, it is believed that the effects of cerebral 
microinfarct on neural network integrity extends well beyond their lesion boundaries.12 
Neuropathological studies showed that cerebral microinfarcts can occur in the white 
matter, deep gray matter and in the cerebral cortex.13 The seminal work of van Veluw et 
al. showed for the first time that microinfarcts in the cerebral cortex can be detected in 
vivo using ultra-high field 7T brain MR imaging.14 The ability to detect microinfarcts in 
the cerebral cortex in vivo has led to a considerably greater understanding of their 
pathogenesis and impact on cognitive functioning.15 Subsequent studies demonstrated 
that cortical cerebral microinfarcts are associated with cognitive impairment and 
dementia, independent of cardiovascular risk factors.16   

Although the clinical relevance of cortical cerebral microinfarcts has been established, 
studies on subcortical microinfarcts, and in particular those located in the deep gray matter, 
are lacking. Data from neuropathological studies indicate that microinfarcts in the deep 
gray matter were associated with worse ante mortem cognitive functioning, suggesting 
that these lesions could be a potential target for future prevention strategies of vascular 
cognitive impairment.17-19 Therefore, in the present thesis we investigated whether these 
lesions can be detected on 7T brain MR imaging, and if so, their risk factors and relation to 
cognitive functioning. First, in Chapter 5, we examined whether small ischemic lesions in 
the caudate nucleus can be detected on 7T brain MR imaging. We found that the imaging 
criteria for small infarcts in the caudate nucleus is similar to that of cortical cerebral 
microinfarcts on the T1-weighted, T2-weighted and FLAIR MRI sequences. Importantly, 
we also observed that the intra-observer and inter-observer agreement for presence, 
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number and individual locations of these lesions was excellent. With the ability to reliably 
detect microinfarcts in the caudate nucleus on 7T MRI, we expanded our work by also 
examining microinfarcts in the thalamus and lentiform nucleus in Chapter 6. Using our 
previously established imaging criteria, we observed that in a large group of 213 patients 
from the SMART-MR study, most microinfarcts were located in the thalamus. When we 
examined the cardiovascular risk factors and MRI correlates of microinfarcts in the deep 
gray matter, we noted that these lesions were associated with markers of both large vessel 
and small vessel disease. Another important finding was that microinfarcts in the deep 
gray matter were associated with cortical microinfarcts, suggesting that these lesions may 
have a common pathogenesis. We also examined the relation between microinfarcts and 
cognitive functioning, and found that presence of multiple microinfarcts in the deep gray 
matter was associated with poorer global cognitive functioning and across all cognitive 
domains. 

Our findings presented in Chapter 5 and Chapter 6 of this thesis have several 
implications. First, we demonstrated the feasibility of ultra-high field 7T MRI to reliably 
detect microinfarcts in the deep gray matter in vivo. Second, our data indicate that 
microinfarcts in the deep gray matter may be manifestations of both small vessel and 
large vessel disease, suggesting that their pathogenesis is diverse, similar to cortical 
microinfarcts15. Third, microinfarcts in the deep gray matter may be clinically relevant 
lesions due to their association with worse cognitive performance. 

Determinants of brain atrophy progression on MRI

In the third part of this thesis, we examined potential determinants of brain atrophy 
progression on MRI. In older individuals and patients with manifest atherosclerotic 
disease, brain atrophy is a common finding on MRI.20 Brain atrophy occurs with normal 
ageing, however there is increasing evidence to suggest that accelerated brain atrophy is 
a risk factor for cognitive decline and dementia.21-23 In addition, in patients with manifest 
atherosclerotic disease, smaller brain volumes were shown to be associated with an 
increased risk of mortality and ischemic stroke.24 As noted in the introductory section of 
this thesis, the determinants of  brain atrophy progression are not entirely clear, however 
increasing age, male sex, diabetes mellitus and CSVD have been suggested as potential 
risk factors in previous longitudinal studies.25 

Carotid artery stenosis (CAS) may also represent a risk factor for brain atrophy 
progression.26, 27 There are however several gaps in the current body of literature with 
respect to this relationship. First, only severe CAS has been linked in longitudinal studies 
to greater progression of brain atrophy.26 Recent cross-sectional analyses, however, 
indicate that even low-grade (i.e., mild) CAS may relate to smaller brain volumes.28 The 
cross-sectional design of these studies, however, precludes establishing a potential 
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cause-effect relationship, and longitudinal studies examining the impact of low-grade 
CAS on progression of brain atrophy are lacking. Second, it remains to be determined 
whether the impact of CAS is on both cerebral hemispheres, or primarily on one cerebral 
hemisphere. Examining this topic may aid future research in elucidating the exact 
mechanisms underlying CAS and brain atrophy. Therefore, in Chapter 7, we investigated 
whether asymptomatic (i.e., in patients without a history of cerebrovascular disease) low-
grade CAS at baseline (measured on ultrasound) was associated with change in several 
MRI indices of brain atrophy. We also examined whether low-grade CAS at baseline was 
associated with change in executive functioning and memory throughout the 12 year 
follow-up period. Interestingly, compared to patients without CAS, low-grade CAS was 
related to greater brain atrophy progression and cognitive decline, but not to change in 
WMH volume. These results suggest that low-grade CAS, a common finding in the general 
population and in patients with manifest atherosclerotic disease, may represent a novel 
marker for greater neurodegenerative changes in the future, independent of traditional 
cardiovascular risk factors. In Chapter 8, we found evidence to support the hypothesis 
that CAS leads to greater brain atrophy of the cerebral hemisphere ipsilateral to the side 
of stenosis. Specifically, in 654 patients who had a follow-up brain MRI after 4 years, we 
observed that increasing degrees of right-sided CAS on baseline ultrasound was associated 
with greater progression of atrophy of the right cerebral hemisphere. Importantly, this 
relationship was independent of brain infarcts and WMH on baseline and follow-up MRI, 
suggesting that mechanisms other than ischemic cerebrovascular disease may underlie 
the relation between CAS and brain atrophy. 

In Chapter 9, we examined whether reduced parenchymal cerebral blood flow (pCBF) 
was a risk factor for greater progression of brain atrophy and vice versa. Both pCBF and 
total brain volumes were measured on 1.5T brain MRI scans. We used data of 1165 patients 
participating in the SMART-MR study of whom 689 participated after 4 years and 297 again 
after 12 years. Both total brain volume and pCBF declined over time in the study sample. 
We observed that a reduced pCBF was associated with smaller total brain volumes at 
each measurement, and that a reduced pCBF at baseline was associated with a greater 
subsequent decline in total brain volume throughout the 12 years follow-up period. 
Conversely, reduced total brain volumes at baseline were not associated with a greater 
decline in pCBF. Our findings are an important addition to the current body of literature 
on the relation between cerebral blood flow and brain atrophy for several reasons. First, 
they indicate that global cerebral hypoperfusion may be involved in the aetiology of brain 
atrophy. Second, they provide support for the notion that cerebral blood flow, which can 
be modified by lifestyle modifications and pharmacological interventions29, 30, may pose a 
potential target for future prevention strategies of brain atrophy.  
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Future prospects for research

The automated algorithm used in this thesis to quantify volume, shape and type of WMH 
of presumed vascular origin represents a considerable step forward in the in vivo analysis 
of WMH. Future studies are needed to determine whether the observed associations 
between advanced WMH markers and detrimental clinical outcomes in Chapter 3 are 
also present in population based cohorts as an external validation. In addition, it should 
be noted that WMH are heterogeneous lesions that are not only of presumed vascular 
origin but can also be related to auto-immune diseases such as multiple sclerosis.31, 32 
Quantitative WMH analysis using our automated algorithm may also be applied to brain 
MRI scans of patients with auto-immune diseases to determine whether WMH markers 
may provide clinically relevant information on disease severity and prognosis.33

With respect to cerebral microinfarcts in the deep gray matter, future studies are 
warranted to examine several aspects of these lesions. First, the prevalence of microinfarcts 
in the deep gray matter needs to be determined in population based cohorts. In the 
SMART-MR study, we observed that 13% of patients showed one or more microinfarct 
in the deep gray matter (Chapter 6), however our study sample consisted entirely of 
patients with manifest atherosclerotic disease and these lesions may be less prevalent in 
the general population. Second, studies are needed to determine whether microinfarcts 
in the deep gray matter are also discernible on 3T MRI due to the limited availability of 7T 
MRI.16 Third, although our cross-sectional analyses showed that presence of microinfarcts 
in the deep gray matter was associated with worse cognitive performance, longitudinal 
studies are needed to establish an etiologic link between these lesions and cognitive 
impairment. 

A key strength of the SMART-MR study is the relatively large number of patients 
included and the long follow-up period of 12 years with two follow-up brain MRI scans. 
These characteristics of the study provided us with valuable data on progression of brain 
atrophy. Although we found evidence that low-grade CAS and reduced pCBF at baseline 
may lead to greater progression of brain atrophy and cognitive decline (Chapter 7 and 
Chapter 9), several questions remain unanswered. Low-grade CAS may be a marker for the 
cumulative effects of both measurable and non-measurable vascular risk factors on the 
brain.28 Alternatively, low-grade CAS may lead to cerebral micro-emboli that negatively 
impact brain health.34 To determine whether this is the case, future longitudinal studies 
should also take into account carotid plaque characteristics on ultrasound or MRI.35 
Furthermore, low-grade CAS on ultrasound should be correlated with presence and 
occurrence of cerebral microinfarcts on MRI (as a possible manifestation of micro-emboli), 
preferably in the cerebral hemisphere ipsilateral to the side of the carotid plaque. With 
respect to reduced pCBF as a potential risk factor for brain atrophy progression, we were 
not able to measure regional brain volumes or region-specific cerebral blood flow.36 To 
determine an etiologic link between cerebral blood flow and brain atrophy, longitudinal 



General discussion   |   207   

10

studies using advanced MR techniques such as arterial spin labelling in large study samples 
are warranted to investigate regional effects of cerebral blood flow on brain regions. 

Translation into clinical practice

In the first part of this thesis, we presented several novel findings with respect to 
quantitative imaging markers of cerebrovascular disease and their relation to clinical 
outcomes. Specifically, we showed that several markers of WMH of presumed vascular 
origin (volume, type and shape) and several MRI phenotypes obtained using hierarchical 
clustering were related to an increased risk of ischemic stroke and death. Although these 
findings provide valuable insights into the influence of brain parenchymal abnormalities 
on health outcomes, a key question remains as to how these results may eventually 
benefit the patient. In the context of WMH of presumed vascular origin (Chapter 3), one 
such way would be to apply quantitative MRI techniques in the clinical radiological setting 
to efficiently and rapidly extract information on WMH markers from brain MRI scans using 
our automated algorithm. The quantitative neuroradiology initiative (QNI) can potentially 
be used as model framework for this purpose.37 Quantitative WMH analysis in the clinical 
setting may provide several key advantages. First, such an algorithm may identify patients 
with excessive or irregular WMH and predict the associated risk of vascular-related 
death or ischemic stroke. In our study, for example, we determined that patients with as 
little as 2 mL of WMH had a considerably increased risk of ischemic stroke compared to 
patients with little or no WMH. Secondary analyses of randomized clinical trials suggest 
that these patients may benefit from interventions such as blood pressure lowering to 
ameliorate the risk of stroke.38 A second advantage of quantitative MRI techniques is that 
WMH characteristics of an individual patient can be compared to age- and sex-matched 
normative data from the population to differentiate between normal (i.e., age-related) 
and excessive WMH. For patients with manifest atherosclerotic disease, curves depicting 
the distribution of WMH volume per age can be determined from our data. A third 
advantage is that the use of quantitative WMH analysis in the clinical setting will likely 
reduce the intra- and inter-observer variability of neuroradiologists in determining WMH 
severity. Lastly, quantitative analysis may also support the clinician in their discussion with 
patients regarding the potential significance and implications of WMH encountered on 
their brain MRI.39 

Several challenges however need to be overcome prior to implementation of WMH 
quantification into clinical neuroradiology practice. First, large normative datasets from 
the general population are needed to allow comparison of a patient’s WMH characteristics 
to a range of normal values in order to contextualize the findings. Second, technical 
validation of the quantitative WMH tool is necessary to assess reproducibility and the 
impact of image artefacts. Third, quantitative WMH data obtained using automated 
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algorithms require integration into a radiology report in a clinically meaningful and 
structured manner.37  

Key findings of this thesis

 Both quantitative white matter hyperintensity markers on MRI as well as MRI  
 phenotypes are associated with risk of mortality and ischemic stroke in patients  
 with manifest arterial disease.
 Lacunes on MRI are associated with quantitative white matter hyperintensity  

 markers that correspond to more severe small vessel changes. 
 Microinfarcts in the deep gray matter can be reliably detected on 7T brain MRI, are  

 associated with markers of both large vessel and small vessel disease, and may  
 represent structural correlates of impaired cognitive performance. 
 Reduced cerebral blood flow and low-grade carotid artery stenosis are associated  

 with greater progression of brain atrophy in patients with manifest arterial  
 disease.
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Dutch summary (Nederlandse samenvatting)

Cerebrovasculaire ziekten zijn aandoeningen waarbij pathologische veranderingen 
optreden in de bloedvaten van de hersenen. Deze veranderingen kunnen leiden tot 
afwijkingen in het hersenparenchym die middels beeldvorming of histologie gedetecteerd 
kunnen worden. Cerebral small vessel disease (CSVD) en large vessel disease (LVD) zijn 
veelvoorkomende cerebrovasculaire ziekten waarbij pathologische veranderingen 
optreden in respectievelijk de kleine en grote bloedvaten van de hersenen. 

Het gebruik van magnetische resonantie beeldvorming (MRI) heeft geleid tot 
een aanzienlijke toename in kennis omtrent veranderingen in het hersenparenchym 
bij cerebrovasculaire ziekten. Desalniettemin is er een tekort aan kennis over een 
aantal belangrijke onderwerpen. Zo is recent aangetoond dat microinfarcten in de 
hersenschors middels ultrahoog veld 7 tesla MRI gevisualiseerd kunnen worden, maar 
kennis over microinfarcten in de diepe grijze stof ten aanzien van detectie, risicofactoren 
en relatie tot cognitief functioneren ontbreekt. Van witte stofafwijkingen van vasculaire 
origine, een belangrijke manifestatie van CSVD, is reeds bekend dat een grote volume 
op MRI geassocieerd is met mortaliteit, cognitieve achteruitgang en het optreden van 
dementie. Histologisch onderzoek suggereert echter dat ook andere kenmerken van 
witte stofafwijkingen zoals vorm en type informatie over de ernst van CSVD kunnen 
verschaffen. In vivo onderzoek middels MRI over de relatie tussen deze kenmerken 
van witte stofafwijkingen en klinische uitkomsten ontbreekt echter. Hersenatrofie op 
MRI kan een teken zijn van versnelde cognitieve achteruitgang en is geassocieerd met 
mortaliteit, maar er is weinig bekend over de determinanten van hersenatrofie. Recente 
studies suggereren dat een verlaagde cerebrale bloedflow en laaggradige carotisstenose 
risicofactoren kunnen vormen voor progressie van hersenatrofie. Deze onderzoeken 
zijn echter gebaseerd op cross-sectionele analyses, terwijl longitudinale studies (die 
doorgaans beter in staat zijn om een oorzaak-gevolg relatie aan te tonen) ontbreken.   

Het doel van dit proefschrift is om de detectie, determinanten en relatie tot klinische 
uitkomsten van een aantal hersenparenchymafwijkingen op MRI te onderzoeken. 
Deze afwijkingen omvatten witte stofafwijkingen van vasculaire origine, cerebrale 
microinfarcten in de diepe grijze stof en hersenatrofie. In dit proefschrift werd gebruik 
gemaakt van data van de Second Manifestations of ARTerial disease-Magnetic Resonance 
(SMART-MR) studie, een prospectief cohortonderzoek van het Universitair Medisch 
Centrum Utrecht onder patiënten met manifest arterieel vaatlijden.

Deel I van dit proefschrift richt zich op het bepalen van geavanceerde kenmerken van 
witte stofafwijkingen van vasculaire origine op MRI en hun relatie tot klinische uitkomsten. 
In de eerste studie (Hoofdstuk 2) worden deze geavanceerde kenmerken (volume, type 
en vorm) bepaald uit de MRI-scans van 999 patiënten middels een geautomatiseerd 
algoritme. Vervolgens werd het cross-sectioneel verband tussen deze kenmerken 
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en aanwezigheid van lacunes op MRI bepaald. Lacunes en witte stofafwijkingen van 
vasculaire origine zijn beide uitingen van CSVD, maar hun onderlinge relatie is onduidelijk. 
Lacunes bleken geassocieerd te zijn met grotere volumes en een meer irregulaire vorm 
van witte stofafwijkingen, kenmerken die correleren met uitgebreidere witte stofschade 
in histologische studies. Uit de tweede studie (Hoofdstuk 3) bleek dat grotere volumes en 
een meer irregulaire vorm van witte stofafwijkingen geassocieerd waren met een hogere 
kans op mortaliteit en het optreden van een herseninfarct gedurende follow-up. In de 
derde studie (Hoofdstuk 4) werden MRI fenotypes bepaald op basis van geavanceerde 
kenmerken van witte stofafwijkingen en overige afwijkingen van het hersenparenchym 
op MRI middels hiërarchische clusteranalyse, een techniek gebaseerd op kunstmatige 
intelligentie. Het risico op overlijden en het optreden van een herseninfarct bleek 
aanzienlijk te verschillen tussen de MRI fenotypes. Patiënten met een MRI fenotype 
bestaande uit hersenatrofie, lacunes en uitgebreide witte stofafwijkingen bleken het 
grootste risico op overlijden te hebben. Deze bevindingen suggereren dat geavanceerde 
kenmerken van witte stofafwijkingen en MRI fenotypes mogelijk in de toekomst gebruikt 
kunnen worden om bij individuele patiënten het risico op overlijden door vaatlijden in te 
schatten.  

Deel II omvat studies die betrekking hebben op detectie, determinanten en relatie tot 
cognitief functioneren van microinfarcten in de diepe grijze stof op 7 tesla MRI. In de eerste 
studie (Hoofdstuk 5) werd geconstateerd dat microinfarcten en kleine infarctjes in de 
nucleus caudatus op 7 tesla MRI betrouwbaar gedetecteerd kunnen worden. Uit tweede 
studie (Hoofdstuk 6) bleek dat microinfarcten in de diepe grijze stof geassocieerd zijn met 
risicofactoren van zowel CSVD als LVD. Deze observatie suggereert dat de pathogenese 
van microinfarcten divers is. Daarnaast bleken microinfarcten in de diepe grijze stof 
geassocieerd te zijn met slechter algeheel cognitief functioneren, wat suggereert dat 
deze afwijkingen van klinische betekenis zijn. 

Deel III van dit proefschrift richt zich op mogelijke risicofactoren voor progressie van 
hersenatrofie. In de eerste studie (Hoofdstuk 7) werd de relatie onderzocht tussen 
laaggradige carotisstenose op duplexonderzoek en veranderingen in hersenvolumes en 
cognitief functioneren over de tijd. De resultaten toonden dat laaggradige carotisstenose 
(vergeleken met afwezigheid van carotisstenose) geassocieerd was met meer hersenatrofie 
en cognitief verval, maar niet met veranderingen in volumes van witte stofafwijkingen. 
Toen de relatie tussen zijdigheid van carotisstenose en atrofie van afzonderlijke cerebrale 
hemisferen onderzocht werd (Hoofdstuk 8), bleek dat een ernstige carotisstenose 
geassocieerd was met meer atrofie van de cerebrale hemisfeer ipsilateraal aan de stenose. 
Tenslotte werd de relatie tussen cerebrale bloedflow (gemeten op MRI) en progressie 
van hersenatrofie onderzocht (Hoofdstuk 9). Uit de resultaten bleek dat een verlaagde 
cerebrale bloedflow geassocieerd was met meer hersenatrofie onafhankelijk van 
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cardiovasculaire risicofactoren. Deze bevindingen suggereren dat interventies gericht op 
carotisstenose en cerebrale bloedflow mogelijk kunnen leiden tot minder hersenatrofie.  

De belangrijkste bevindingen van dit proefschrift waren dat 1) MRI fenotypes en 
kwantitatieve MRI markers van witte stofafwijkingen van vasculaire origine geassocieerd 
zijn met het risico op mortaliteit en het optreden van een herseninfarct, 2) lacunes op MRI 
geassocieerd zijn met kwantitatieve MRI markers van witte stofafwijkingen die correleren 
met uitgebreidere witte stofschade, 3) microinfarcten in de diepe grijze stof betrouwbaar 
gedetecteerd kunnen worden op 7 tesla MRI, geassocieerd zijn met markers van zowel 
CSVD als LVD, en mogelijk kunnen leiden tot slechter cognitief functioneren, en 4) een 
verlaagde cerebrale bloedflow en laaggradige carotisstenose risicofactoren kunnen 
vormen voor hersenatrofie en cognitief verval. 
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