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Chapter 01 Introduction

Introduction

Cerebral small vessel disease

Cerebral small vessel disease is a term often used to refer to lacunar infarcts and white matter lesions; ischemic 
lesions that are thought to be caused by changes in the small vessels of the brain. Lacunar infarcts and white 
matter lesions are commonly found on magnetic resonance imaging (MRI) scans. Almost a quarter of the people 
of 65 years and older have lacunar infarcts, of which almost 90% are asymptomatic.1 White matter lesions are 
even more common, more than 90% of the people above the age of 60 has some degree of white matter lesions, 
with the severity of the lesions increasing with age.2 Although the term cerebral small vessel disease is currently 
directly related with the occurrence of ischemic lesions, patients with cerebral small vessel disease also have 
an increased risk of hemorrhage.3 Recently, microhemorrhages or microbleeds are increasingly recognized as 
another manifestation of cerebral small vessel disease.4,5 Microbleeds are also commonly observed on MRI. 
Although prevalence estimates differ between studies, prevalences up to 24% are found in the general elderly 
population.6 Lacunar infarcts, white matter lesions and microbleeds may be small and often asymptomatic, but 
their clinical relevance should not be underestimated.7 Previous studies have shown that lacunar infarcts and 
white matter lesions predict the risk of stroke, dementia and mortality.8-10 In addition, microbleeds are associated 
with cognitive impairment, functional dependence and death.4,11,12 Although still under debate, the presence 
of microbleeds could be of importance in patients with ischemic stroke receiving anticoagulation, as it might 
indicate a higher risk of future intracerebral haemorrhage.13-15 

The pathophysiology of cerebral small vessel disease is largely unknown. Cerebral small vessel disease is 
hypothesized to be caused by changes in the small, perforating arteries in the brain.18-20 These perforating arteries 
can only be assessed post-mortem or in vivo with conventional clinical imaging techniques via intra-arterial digital 
subtraction angiography or rotational angiography.21-23 In the 1950s pathology studies showed changes in the 
arterial vessel wall of the perforating arteries in patients with lacunar infarcts. These specific changes have been 
called lipohyalinosis and are sometimes referred to as arteriolosclerosis.18,19 One of the problems of studying the 
underlying pathology of cerebral small vessel disease in post-mortem studies is that only very few patients die 
from these lesions. This makes autopsy material relatively scant and difficult to interpret, as death may occur long 
after occurrence of the lesions.16 Recently, evidence has increased that endothelial dysfunction plays a role in the 
pathophysiology of cerebral small vessel disease.24-26 The problems with in vivo visualization of the perforating 
arteries, however, are the invasiveness and radiation dose of angiography. Therefore, conventional angiography 
cannot be used in studies with a relatively large number of patients.

MRI is a promising technique to study cerebral small vessel disease in larger studies, because it is not invasive 
and does not use radiation. However, current imaging techniques using 1.5 and 3T MRI platforms are not 
sensitive enough to visualize the small vessels in the brain. As a result, lacunar infarcts, white matter lesions 
and microbleeds are adopted as marker of cerebral small vessel disease, and cerebral small vessel disease has 
become a synonym of brain parenchyma lesions.3 On MRI, lacunar infarcts are defined as hypointense foci on 
T1-weighted sequences with a maximum diameter of 15 or 20 mm. Lacunar infarcts are typically located in the 
deep white matter, basal ganglia, internal capsule, thalamus, and pons.3,16 White matter lesions are bilaterally 
and symmetrically located, patchy or diffuse areas of hyperintensities on T2-weighted and fluid-attenuated 
inversion recovery images on MR imaging.3,17 Microbleeds appear as black or hypointense lesions surrounded 
by brain parenchyma on MRI sequences that are particularly sensitive to susceptibility effects, such as T2*-
weighted gradient-recalled echo MRI or susceptibility weighted imaging.4 Because lacunar infarcts, white matter 
lesions and microbleeds are all manifestations of ischemic or hemorrhagic damage of the brain tissue, imaging 
techniques need to be improved to identify biomarkers of cerebral small vessel disease at an earlier stage of the 
disease. Earlier detection can be important to improve the knowledge about cerebral small vessel disease and 
to study possible treatment options. 
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at 7T to show perforating branches from the posterior communicating artery and to investigate the presence of 
visible perforating branches in relation to the size of the feeding posterior communicating artery. In chapter 4 
we describe the use of dual echo T2*-weighted imaging at 7T for the visualization of microbleeds, with the 
advantages of two echo times. Whether this dual echo T2*-weighted technique at 7T also improves the detection 
of microbleeds compared to the commonly used single echo T2*-weighted technique at 1.5T, is investigated 
in chapter 5. In chapter 6 we focus on determinants of iron deposition in the basal ganglia, with use of T2* 
measurements, and compare iron deposition between patients with lacunar infarcts, white matter lesions or 
microbleeds and patients without these lesions. In chapter 7 the relation between cerebrovascular reactivity and 
the presence of lacunar infarcts, white matter lesions and microbleeds is studied. The findings of the different 
studies described in this thesis are discussed in chapter 8 and summarized in chapter 9.

Study population

The research described in this thesis is performed within the Second Manifestations of ARTerial disease (SMART) 
study.36 In the SMART study  patients with symptomatic vascular disease or vascular risk factors are screened for 
additional risk factors and severity of vascular disease. Since cerebral small vessel disease is common in patients 
with vascular disease,37 the SMART cohort can be a useful population to explore imaging biomarkers of early 
stages of cerebral small vessel disease.

7 Tesla MRI

Recently, clinical MRI systems with a field strength of 7 Tesla have become available for clinical research in a 
small number of academic institutions. The use of this ultra-high field strength has several advantages that may 
help identifying earlier stages of cerebral small vessel disease and more direct biomarkers of the underlying 
pathophysiology of lacunar infarcts, white matter lesions and microbleeds. First, the contrast in MRI is based 
on tissue-characteristics referred to as relaxation-times. The T1 relaxation-times increase with increasing field 
strength,27 generating new possibilities for contrast at 7T. Longer T1 relaxation times at 7T improve background 
suppression in MR angiography, resulting in increased contrast between the arteries and the background.12 

Furthermore, with increasing field strength the signal-to-noise ratio increases.28 This increase in signal-to-noise 
ratio can be used to scan at a high spatial resolution. This results in a high resolution scan with good contrast 
between arteries and background tissue. Time-of-flight MR angiography at 7T shows clear delineation of the 
perforating (or lenticulostriate) branches from the anterior and medial cerebral artery.29,30 These perforating 
arteries can be a more direct biomarker for cerebral small vessel disease.

A second advantage of ultra-high field MRI is that the susceptibility effect increases with increasing field strength. 
The magnetic susceptibility is the extent to which a substance becomes magnetized when placed within a 
magnetic field. Specific MRI-sequences, such as T2*-weighted sequences, are very sensitive to this susceptibility 
effect and therefore to structures with a high susceptibility. As the effect scales with the magnetic field, the 
detection of substances with a high susceptibility, such as haemosiderin, ferritin and deoxyhemoglobin, is 
substantially improved at ultra-high field strengths. As microbleeds are haemosiderin deposits, which have a high 
magnetic susceptibility, imaging at 7T can be beneficial for the visualization of microbleeds.31 

Besides the visualization of microbleeds, the increased susceptibility effect also improves the detection of ferritin 
deposition in the brain. Lacunar infarcts, white matter lesions and microbleeds are associated with endothelial 
dysfunction and increased permeability of blood-brain barrier,24-26 and increased permeability of the blood-
brain barrier is also associated with iron deposition in the brain. Therefore the increased blood-brain barrier 
permeability in cerebral small vessel disease could also result in increased iron deposition in the basal ganglia as 
a secondary consequence.32 This makes iron deposition in the basal ganglia an interesting possibility for a new 
imaging biomarker of cerebral small vessel disease. The dramatic increase in susceptibility contrast, sensitivity 
and resolution at 7T33 could be very useful to detect subtle changes in iron concentration.

Deoxyhemoglobin is paramagnetic and will contribute to magnetic susceptibility contrast as well. Since blood 
oxygenation level-dependent functional MRI (BOLD-fMRI) is based on the magnetic effect of deoxyhemoglobin, 
it benefits from the increased susceptibility effect at 7T.34 BOLD-fMRI can be used as a measure for reactivity 
of the brain vasculature.35 As lacunar infarcts, white matter lesions and microbleeds are thought to result from 
changes in the small vessels of the brain, these changes may lead to changes in cerebrovascular reactivity. 
Cerebrovascular reactivity could therefore also be a potentially interesting imaging biomarker for cerebral small 
vessel disease.

Aim and outline of this thesis
  
The overall aim of this thesis is to explore imaging biomarkers of early stages of cerebral small vessel disease 
with 7 Tesla MRI.

First, in chapter 2 we investigate the clinical relevance of cerebral small vessel disease in patients with atherosclerotic 
disease. We assess whether the presence of lacunar infarcts and white matter lesions increases the risk of 
vascular and non-vascular death and future vascular events. Chapter 3 focuses on the ability of MR angiography 
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Abstract

Background and Purpose

Cerebral small vessel disease may be related to both vascular and non-vascular pathology. We assessed whether 
lacunar infarcts and white matter lesions (WML) on MRI increased the risk of vascular and non-vascular death and 
future vascular events in patients with atherosclerotic disease.

Methods

Brain MRI was performed in 1309 patients with atherosclerotic disease from the Second Manifestations of ARTerial 
disease-Magnetic Resonance (SMART-MR) study. Infarcts were scored visually and volumetric assessment of 
WML was performed. Patients were followed for a median duration of 4.5 years (range 0.2-7.1 years) for death, 
ischemic stroke and ischemic cardiac complications. 

Results

Cox regression models showed that presence of lacunar infarcts (n=223) was associated with increased risk of 
vascular death (HR 2.6, 95% CI 1.4-4.9) and non-vascular death (HR 2.7, 95% CI 1.3-5.3), after adjusting for 
age, sex, vascular risk factors, non-lacunar infarcts and WML. These risks were similar for patients with silent 
lacunar infarcts. WML-volume (relative to total intracranial volume) increased the risk of vascular death (HR per ml 
increase 1.03, 95% CI 1.01-1.05) and patients in the upper quintile of WML showed an increased risk of ischemic 
stroke as compared to patients in the four lower quintiles (HR 2.6, 95% CI 1.3-4.9). 

Conclusion

This study shows that cerebral small vessel disease, with or without a history of stroke, is associated with an 
increased risk of death and ischemic stroke in patients with atherosclerotic disease. 
 

Introduction

In cerebral small vessel disease, ischemic lesions are located in the supplying areas of the small perforating 
arteries in the basal ganglia or in the deep white matter of the brain. Both macrovascular disease, such as 
atherosclerosis and hypertension, and microvascular disease, such as endothelial dysfunction and leakage of the 
blood brain barrier, have been associated with cerebral small vessel disease.1-4 On MRI, markers of cerebral small 
vessel disease are visible as white matter lesions (WML) and lacunar infarcts. They increase the risk of stroke, 
cognitive decline, dementia and death, both in the general population and in stroke patients.5-8 Patients with 
atherosclerosis have a high risk of vascular events. It is not known whether the presence of lacunar infarcts or 
WML imposes an additional risk of death or vascular events on top of  preexistent vascular disease. The clinical 
relevance of lacunar infarcts and WML in patients with atherosclerosis is important, as atherosclerosis is still an 
increasing problem in the world9 and WML and silent infarcts are common in patients with atherosclerosis.10 The 
only study that investigated WML in patients with established atherosclerotic disease showed that WML increased 
the risk of ischemic stroke and myocardial infarction.11 There are no studies concerning adverse outcomes in 
patients with atherosclerotic disease in relation to lacunar infarcts.

In population-based studies cerebral small vessel disease has also been associated with retinopathy and 
nephropathy.12,13 It is assumed that underlying generalized small vessel disease is responsible for this association, 
which is supported by the observation that similar pathological changes (e.g. hyaline arteriolosclerosis) are 
found in kidneys of patients with hypertensive nephropathy and in brains of patients with cerebral small vessel 
disease.14,15 Nephropathy itself is associated with increased all cause mortality,16 and as WML are associated with 
non-vascular pathology such as pneumonia,17 it can be hypothesized that patients with lacunar infarcts or WML 
are at risk for both vascular and non-vascular events.

We investigated whether WML and lacunar infarcts were associated with increased risk of death, including 
vascular and non-vascular death, and risk of future vascular events in a large cohort of patients with symptomatic 
atherosclerotic disease. 

Methods

SMART-MR Study

Data were used from the Second Manifestations of ARTerial disease-Magnetic Resonance (SMART-MR) study, 
a prospective cohort study aimed to investigate brain changes on MRI in 1309 patients with symptomatic 
atherosclerotic disease. Details of the design and patients have been described elsewhere.10 In brief, between 
May 2001 and December 2005, all patients newly referred to the University Medical Center Utrecht with manifest 
coronary artery disease, cerebrovascular disease, peripheral arterial disease or an abdominal aortic aneurysm, 
and without MR contraindications were invited to participate. During a 1-day visit to our medical center, a MRI 
of the brain was performed, in addition to a physical examination, ultrasonography of the carotid arteries, and 
blood and urine sampling. Risk factors, medical history, and functioning were assessed with questionnaires that 
the patients completed before their visit to the medical center. The SMART-MR study was approved by the ethics 
committee of our institution and written informed consent was obtained from all patients.
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Magnetic Resonance Imaging Protocol

The MR investigations were performed on an 1.5-Tesla whole-body system (Gyroscan ACS-NT, Philips Medical 
Systems, Best, the Netherlands). The protocol consisted of transversal T1-weighted (TR/TE: 235/2 ms),                   
T2-weighted (TR/TE: 2200/11 ms and 2200/100 ms), fluid-attenuating inversion recovery (FLAIR) (TR/TE/
inversion time (TI): 6000/100/2000 ms) and inversion recovery (IR) (TR/TE/TI: 2900/22/410 ms) sequences. Field 
of view was 230x230 mm, matrix size 180x256, slice thickness 4.0 mm, no gap, 38 slices. 

Brain segmentation and white matter lesions

We used the T1-weighted, IR and FLAIR sequence for the probabilistic segmentation technique that has been 
described elsewhere.18,19 The segmentation program distinguishes cortical gray matter, white matter, cerebrospinal 
fluid (CSF), and lesions. The results of the segmentation analysis were visually checked for the presence of 
infarcts and adapted if necessary to make a distinction between WML and infarct volumes. Total brain volume 
was calculated by summing the volumes of gray and white matter and, if present, the volumes of WML and 
infarcts. All volumes cranial to the foramen magnum were included. As a result, the total brain volume includes 
the cerebrum, brainstem and cerebellum. Total intracranial volume (ICV) was calculated by summing the total 
brain volume and the volume of the CSF. Volumes of WML were normalized for ICV by dividing WML volume by 
ICV and multiplying this value by the mean ICV of the study population.

In 188 patients the IR and T1-weighted sequence were missing due to a temporary change in MRI protocol, 
and the brain segmentation was based on the FLAIR sequence. Intraclass correlation coefficients between the 
segmentation using all 3 sequences and FLAIR only based on a subset of 740 patients were 0.995, 0.996, 0.961, 
0.996, 0.996, and 0.985 for ICV, total brain volume, CSF, ventricular volume, gray and white matter volume, and 
white matter lesion volume, respectively.

Infarcts 

The whole brain was visually searched for infarcts by a trained investigator and a neuroradiologist. Raters were 
blinded for the history and diagnosis of the patient. Discrepancies in rating were re-evaluated in a consensus 
meeting. Infarcts were defined as focal hyperintensities on T2-weighted images of at least 3 mm in diameter. 
Hyperintensities located in the white matter had to be hypointense on T1-weighted and FLAIR images in order 
to distinguish them from WML. Dilated perivascular spaces were distinguished from infarcts on the basis of their 
location, form, and the absence of gliosis. Brain infarcts were categorized as lacunar and non-lacunar (cortical 
infarcts, large subcortical infarcts, infratentorial infarcts). We defined lacunar infarcts as infarcts sized 3 to 15 mm 
in diameter in plane and located in the subcortical white matter, thalamus or basal ganglia. 

Vascular risk factors

During the patient’s visit to the medical center, an overnight fasting venous blood sample was taken to determine 
glucose and lipid levels. Height and weight were measured and the body mass index (BMI) was calculated (kg/m2). 
Blood pressure was measured twice with a sphygmomanometer and the average of the two measures was 

calculated. Hypertension was defined as mean systolic blood pressure ≥160 mm Hg or mean diastolic blood 
pressure ≥95 mm Hg or self reported use of antihypertensive drugs. Diabetes mellitus was defined as a history of 
diabetes mellitus, glucose ≥7.0 mmol/L or self reported use of oral antidiabetic drugs or insulin. Hyperlipidemia 
was defined as total cholesterol >5.0 mmol/L, low-density lipoprotein cholesterol >3.2 mmol/L or self reported 
use of lipid lowering drugs. Smoking habits and alcohol intake were assessed with questionnaires. Packyears 
of smoking were calculated. Alcohol intake was categorized as never, former, or current. Patients who had quit 
drinking during the past year were assigned to the category current alcohol intake. 

Study sample

In total, 1309 patients participated in the SMART-MR study. Of these, MR data were irretrievable for 19 patients 
and 14 had no FLAIR sequence; these were excluded from the study sample. In 44 patients brain volume data 
were missing due to motion or artefacts. Of the remaining 1232 patients, follow-up data were missing in four 
patients. Consequently, the analyses were performed in 1228 patients.

Follow-up 

The occurrence of new vascular events was continuously monitored by sending the patients a questionnaire 
every 6 months to provide information on hospitalization and outpatient clinic visits. If a cardiovascular event was 
reported, original source documents were retrieved and reviewed to determine the occurrence of cardiovascular 
disease. All possible events were audited independently by three physicians of the Endpoint Committee. Patients 
were followed until death or refusal of further participation. The main outcomes of interest for this study were 
death, ischemic stroke and ischemic cardiac complications. Definitions of outcomes are given in table 1. 

Statistical Analysis

The time between date of MRI-scan until death, loss to follow-up or end of follow-up in March 2009, whichever 
came first, was calculated to establish the follow-up time. To determine the relation between the presence of 
lacunar infarcts and the occurrence of death, ischemic stroke or ischemic cardiac complications Cox proportional 
hazards regression analysis was done with resulting hazard ratios and corresponding 95% confidence intervals. 

Chapter 02 Cerebral small vessel disease and the risk of death, ischemic stroke and cardiac 

complications in patients with atherosclerotic disease. The SMART-MR study

Chapter 02 Cerebral small vessel disease and the risk of death, ischemic stroke and cardiac

 complications in patients with atherosclerotic disease. The SMART-MR study

All cause death   Death of a vascular or non-vascular cause

Death of a vascular cause  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, rupture of abdominal aortic aneurysm 

     or death from another vascular cause.

Death of a non-vascular cause Death caused by infection, cancer, unnatural death, or death from another 

     non-vascular cause.

Ischemic stroke   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.

Ischemic cardiac complications Myocardial infarction, sudden death or fatal congestive heart failure. 

Table 1 Definition of Outcomes 
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In the first model adjustments were made for age and sex, in the second model we additionally adjusted for 
hypertension, diabetes mellitus, BMI, smoking, alcohol consumption and hyperlipidemia. In the third model we 
additionally adjusted for presence of non-lacunar infarcts on MRI or a clinical history of stroke. Clinical history 
of stroke was defined as self-reported stroke or carotid-operation in the clinical history or inclusion in the study 
with stroke or TIA as diagnosis. We repeated the analyses for the presence of silent lacunar infarcts, defined as 
patients with lacunar infarcts on the MRI scan but without a clinical history of stroke, compared with patients 
without a clinical history of stroke and no silent lacunar infarcts. In this case model three was not adjusted for 
clinical history of stroke. 

The same models were used to analyse the relation between the volume of WML and the occurrence of death, 
ischemic stroke or cardiac complications. The volume of WML was analysed as a continuous variable per mL 
relative to ICV. To investigate the risk in patients with the largest volume of WML, the analysis was also done for 
severe WML (upper quintile) compared to the four lower quintiles combined. The same adjustments were made 
as in the models for lacunar infarcts, except for model 3 where we adjusted for all infarcts or clinical history of 
stroke. 

As final step, all the above described analyses were additionally adjusted for the diagnosis of atherosclerotic 
disease at inclusion, and stratified analysis according to atherosclerotic diagnosis at inclusion were done. SPSS 
version 15.0 (Chicago, IL, USA) was used to analyse the data. 

Results

Baseline characteristics of the 1228 patients are shown in table 2. There were 101 patients with lacunar infarcts 
who had no clinical history of stroke, and 845 patients without lacunar infarcts and no clinical history of stroke. 
Patients in the upper quintile of WML had a median WML-volume of 7.7 mL (10th-90th percentile: 4.6-22.5 mL). 
In total, 106 patients died during a median follow-up of 5.3 years (range 0.2-8.1 years).

All cause death

The presence of one or more lacunar infarcts increased the risk of all cause death after adjusting for age and sex 
(HR 3.0, 95% CI 2.0-4.4, p<0.001). This association remained after additional adjustment for vascular risk factors 
and presence of non-lacunar infarcts, WML and history of stroke (table 3). In patients without clinical history of 
stroke (n=946), silent lacunar infarcts also increased the risk of all cause death after adjusting for age and sex (HR 
3.6, 95% CI 2.2-6.0, p<0.001), and also after additional adjustment for vascular risk factors, non-lacunar infarcts 
and WML (HR 3.2, 95% CI 1.8-5.5, p<0.001). 

The HR of all cause death per mL increase in WML volume was 1.02 (95% CI 1.01-1.04, p<0.001) after adjustment 
for age, sex, vascular risk factors, and infarcts on MRI or history of stroke. Compared with patients with less 
WML, patients in the upper quintile of WML (> 4.2 ml) also had an increased risk of all cause death (HR 1.7, 95% 
CI 1.1-2.7, p=0.001) (table 3).
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Table 2 Baseline Characteristics of the Patients in SMART-MR study

          All patients (n=1228)

Male sex (%)         79.6

Age (years)         58.6 ± 10.1

Hypertension (%)        51.5

Diabetes mellitus (%)       20.1

Packyears of smoking       28.9 (0-50.4)

Body mass index (kg/m2)       26.8 ± 3.8

Alcohol consumption 

 -  Never (%)        15.9

 -  Former (%)         9.1

 -  Current/recently quit (%)       75.0 

Hyperlipidemia (%)        77.7

Clinical history of stroke (%)       23.0

One or more lacunar infarcts (%)      18.2

White matter lesion volume relative to total intracranial volume (mL) 1.58 (0.49-7.73)

Age and BMI are expressed 

as means with standard 

deviations. Packyears 

of smoking and white 

matter lesions volume are 

expressed as median with 

10th and 90th percentile.

Table 3 Relationship between the Presence of Lacunar Infarcts and White Matter Lesions and Death

Model 1: adjusted 

for age and sex

Model 2: additionally 

adjusted for hyper

tension, diabetes 

mellitus, body mass 

index, smoking 

(packyears), alcohol 

consumption and 

hyperlipidemia

Model 3: Lacunar 

infarcts: additionally 

adjusted for non

lacunar infarcts 

on MRI or clinical 

history of stroke, 

and white matter 

lesions 

White matter lesions: 

additionally adjusted 

for all other infarcts 

on MRI or clinical 

history of stroke

*   p < 0.05 

** p < 0.01

All cause death  

Lacunar infarcts 

      Absent (n=1005)

      Present (n=223) 

White matter lesions 

Per ml (n=1228)

Upper quintile (n=246)

Vascular death

Lacunar infarcts 

      Absent (n=1005)

      Present (n=223) 

White matter lesions 

Per ml (n=1228)

Upper quintile (n=246)

Non-vascular death

Lacunar infarcts 

      Absent (n=1005)

      Present (n=223) 

White matter lesions 

Per ml (n=1228)

Upper quintile (n=246)

Model 1

1 [reference]

3.0 (2.0-4.4)**

1.03 (1.02-1.05)**

2.1 (1.4-3.2)**

1 [reference]

3.6 (2.1-6.2)**

1.04 (1.02-1.06)**

2.9 (1.6-5.1)**

1 [reference]

2.5 (1.4-4.4)**

1.02 (0.99-1.05)

1.4 (0.7-2.6)

Model 2

1 [reference]

2.6 (1.7-3.9)**

1.03 (1.01-1.05)**

2.0 (1.3-3.0)**

1 [reference]

3.2 (1.8-5.6)**

1.04 (1.02-1.06)**

2.8 (1.6-5.0)**

1 [reference]

2.3 (1.2-4.2)**

1.02 (0.99-1.05)

1.2 (0.6-2.4)

Model 3

1 [reference]

2.5 (1.6-4.0)**

1.02 (1.01-1.04)**

1.7 (1.1-2.7)*

1 [reference]

2.6 (1.4-4.9)**

1.03 (1.01-1.05)**

2.4 (1.3-4.2)**

1 [reference]

2.7 (1.3-5.3)**

1.02 (0.98-1.05)

1.1 (0.6-2.2)

No. of

deaths

56

50

106

48

27

30

57

30

28

20

48

17

No. per 

1000 

person 

years

10.4

42.4

16.1

38.3

5.0

25.5

8.7

23.9

5.2

17.0

7.3

13.6

Hazard Ratio (95% CI)
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Secondary analyses

Although the study was performed in a population of atherosclerotic patients, some of them had symptomatic 
lacunar infarcts as a single diagnosis at inclusion. In total 22 patients were included with symptomatic lacunar 
infarcts without concomitant coronary artery disease, peripheral artery disease, abdominal aortic aneurysm, 
or carotid artery stenosis of >50%. Exclusion of these patients did not change the results of our study (data 
not shown). Likewise, non-lacunar infarcts can be caused by either atherosclerosis or cardioembolism and are 
therefore not necessarily a manifestation of atherosclerosis. Only 37 patients had non-lacunar infarcts without 
other manifestations of atherosclerotic disease. Exclusion of these patients did also not change the results (data 
not shown).

Vascular death

In 57 patients (53.8%) the cause of death was vascular. The cause of death was in 18 patients sudden death, in 
10 patients stroke, in 7 patients congestive heart failure, in 4 patients myocardial infarction, in 4 patients rupture 
of a abdominal aortic aneurysm and in 14 patients other vascular causes. The HR of vascular death was 3.6 
(95% CI 2.1-6.2, p<0.001) for patients with lacunar infarcts after adjustment for age and sex, and was attenuated 
to 2.6 (95% CI 1.4-4.9, p<0.001) after additional adjustment for vascular risk factors, presence of non-lacunar 
infarcts, WML and history of stroke. For the presence of silent lacunar infarcts the risk of vascular death was even 
more increased (HR 4.1, 95% CI 1.9-8.7, p<0.001), adjusted for all covariates.

For every mL increase in WML the HR of vascular death increased with 4% (HR 1.04, 95% CI 1.02-1.06, 
p<0.001) after adjustment for age and sex, and remained similar after additional adjustment for vascular risk 
factors, infarcts on MRI and history of stroke (table 3). The HR for vascular death in patients with severe WML 
compared to patients with less WML was 2.4 (95% CI 1.3-4.2, p<0.001), adjusted for all co-variates.

Non-vascular death

The risk of non-vascular death was significantly increased for patients with lacunar infarcts (HR 2.7, 95% CI 1.3-
5.3, p=0.009), after adjusting for all covariates (table 3). Silent lacunar infarcts also increased the risk of non-
vascular death after adjusting for all covariates (HR 2.6, 95% CI 1.1-6.0, p=0.028). WML were not associated 
with non-vascular death (table 3).

Ischemic stroke

Presence of symptomatic lacunar infarcts as well as silent lacunar infarcts significantly increased the risk 
of ischemic stroke; however, after adjustment for non-lacunar infarcts, WML and history of stroke, this risk 
decreased and was no longer statistically significant (table 4). Analysis of WML per mL gave similar results, with a 
HR that was attenuated and no longer significant after adjustment for infarcts on MRI or history of stroke (table 4). 
However, severe WML significantly increased the risk of ischemic stroke, even after adjustment for all covariates 
(HR 2.6, 95% CI 1.3-4.9, p<0.001).

Ischemic cardiac complications

Symptomatic as well as silent lacunar infarcts, and WML were not significantly associated with risk of ischemic 
cardiac complications (table 4).

 
Diagnosis of atherosclerotic disease at inclusion

Additional adjustment for the diagnosis of atherosclerotic disease at inclusion in all the above described analyses 
resulted in similar effect estimates and did not change the significance levels (data not shown). Stratification 
according to the atherosclerotic disease at inclusion showed similar trends, however the number of events were 
too low to be able to perform all analyses for every atherosclerotic condition (data not shown).
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Table 4 Relationship between the Presence of Lacunar Infarcts and White Matter Lesions and    
   Ischemic Stroke and Ischemic Cardiac Complication

Ischemic stroke  

Lacunar infarcts 

      Absent (n=1005)

      Present (n=223) 

White matter lesions 

Per ml (n=1228)

Upper quintile (n=246)

Ischemic cardiac 

complication

Lacunar infarcts 

      Absent (n=1005)

      Present (n=223) 

White matter lesions 

Per ml (n=1228)

Upper quintile (n=246)

Model 1

1 [reference]

3.7 (2.0-6.7)**

1.04 (1.01-1.07)**

3.9 (2.1-7.6)**

1 [reference]

1.4 (0.8-2.4)

1.01 (0.98-1.04)

1.7 (1.01-2.9)*

Model 2

1 [reference]

3.2 (1.7-5.8)**

1.04 (1.01-1.06)**

3.6 (1.9-6.9)**

1 [reference]

1.5 (0.8-2.5)

1.01 (0.98-1.04)

1.5 (0.9-2.7)

Model 3

1 [reference]

1.5 (0.8-3.0)

1.02 (0.99-1.05)

2.6 (1.3-4.9)**

1 [reference]

1.7 (0.9-3.2)

1.01 (0.98-1.04)

1.5 (0.9-2.6)

No. of

vascular 

events

25

21

46

22

 

52

20

72

25

No. per 

1000 

person 

years

4.7

18.6

7.1

18.3

9.9

17.4

10.9

20.5

Hazard Ratio (95% CI)

Model 1: adjusted 

for age and sex

Model 2: additionally 

adjusted for hyper

tension, diabetes 

mellitus, body mass 

index, smoking 

(packyears), alcohol 

consumption and 

hyperlipidemia

Model 3: Lacunar 

infarcts: additionally 

adjusted for non

lacunar infarcts 

on MRI or clinical 

history of stroke, 

and white matter 

lesions

White matter lesions: 

additionally adjusted 

for all other infarcts 

on MRI or clinical 

history of stroke

*  p < 0.05 

** p < 0.01
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Discussion

We found that the presence of one or more lacunar infarcts on MRI, irrespective whether they were symptomatic 
or asymptomatic, increased the risk of vascular as well as non-vascular death in patients with symptomatic 
atherosclerotic disease. Lacunar infarcts also increased the risk of future ischemic stroke, but this could be 
explained by concomitant infarcts on MRI and a clinical history of stroke. Greater WML-volume increased the risk 
of vascular, but not non-vascular death or ischemic cardiac complications. Severe WML load increased risk of 
ischemic stroke, irrespective of concomitant cerebrovascular disease.

Our finding that WML and lacunar infarcts lead to an increased risk of all-cause death is consistent with other 
studies in different study populations.5,8,17 Even more interesting was that lacunar infarcts were not only associated 
with vascular death, but also with non-vascular death. Of course, this finding is dependent on the definition of 
non-vascular death; in our cohort the majority of the non-vascular deaths were due to fatal malignancy (72.5%). 
As was previously shown for nephropathy,16 these results show that the presence of lacunar infarcts is associated 
with increased morbidity and mortality which is not exclusively due to vascular events. In this light, lacunar infarcts 
may be a marker of an overall increased vulnerability to adverse outcomes. This indicates the clinical relevance to 
detect lacunar infarcts in patients with manifestations of atherosclerotic disease outside the brain, as the presence 
of lacunar infarcts is relevant for the prognosis of these patients. Furthermore, our results show that silent lacunar 
infarcts, which are in general not treated, are actually important for the prognosis of patients. Previous studies 
have shown that treatment with statins can improve vascular function in patients with symptomatic lacunar 
infarcts and WML.20 However, further research is needed to investigate whether this treatment also improves the 
clinical outcome and prognosis of patients with asymptomatic lacunar infarcts and WML.

For lacunar infarcts the increased risk of ischemic stroke was explained by other infarcts on MRI and a clinical 
history of stroke. Patients with severe WML load did have an increased risk of ischemic stroke after adjusting for 
other infarcts and history of stroke. This is in line with two other studies in older populations that found a relation 
between WML and risk of ischemic stroke, although those were not adjusted for other infarcts.11, 21 
Interesting are the differential associations of lacunar infarcts and WML with non-vascular death and ischemic 
stroke. Although it is thought that lacunar infarcts and WML are both caused by changes in the small vessels in 
the brain, our findings suggest that the prognosis may be different and we tentatively hypothesize that lacunar 
infarcts and WML may actually be two separate forms of cerebral small vessel disease. Further studies of lacunar 
infarcts and WML within one study population and in population-based studies are needed to investigate this 
hypothesis.

Strengths of our study are the large number of patients included, the virtually complete follow-up, the rigorous 
assessment of clinical outcomes, the analyses within patients without clinical history of stroke, the automated 
brain segmentation, and the adjustment of confounders. Besides that, the large number of patients enabled us 
to do the analysis in patients with silent lacunar infarcts. Although most silent infarcts are lacunar infarcts, also 
non-lacunar infarcts can be silent. Previously published studies investigated silent infarcts in general and did not 
look specifically at lacunar infarcts.7 Furthermore, our study is the first to specifically investigate non-vascular 
death. A limitation of our study may be that it is difficult to verify if silent infarcts are really clinically asymptomatic. 
We tried to minimize misclassification by excluding patients who had TIA or stroke at inclusion or reported a TIA 
or stroke in the past.

In conclusion, lacunar infarcts and white matter lesions on MRI are risk factors for adverse outcomes in patients 
with atherosclerotic diseases. Further research is needed to investigate whether the presence of lacunar infarcts or 
white matter lesions have added value in models to predict prognosis in patients with atherosclerotic disease.
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Abstract

Background and Purpose 

The aim of this study was to investigate the ability of time-of-flight (TOF) magnetic resonance (MR) angiography 
at 7 Tesla to show the perforating branches of the posterior communicating artery (PCoA), and to investigate 
the presence of such visible perforating branches in relation to the size of the feeding PCoA. The secondary aim 
was to visualise and describe the anterior choroidal artery and the perforating branches of the P1-segment of 
posterior cerebral artery (P1). 

Methods
 
Forty-six healthy volunteers underwent TOF MR angiography at 7 Tesla MRI. Presence of a PCoA and anterior 
choroidal artery and presence of perforating arteries of the PCoA and P1 were analysed. The diameter of the 
P1-segment of the posterior cerebral artery (P1), PCoA and perforating artery were measured by taking the full-
width-at-half-maximum of the intensity profiles.

Results 

With 7 Tesla imaging, we visualised for the first time perforating arteries originating from the PCoA in vivo, without 
the use of contrast agents. A perforating artery from the PCoA was found in a large proportion of the PCoAs 
(64%). The presence was associated with a larger diameter of the underlying PCoA (1.23 mm versus 1.06 mm, 
p = 0.03). The anterior choroidal artery was visible bilaterally in all participants. In 83% of all P1’s one or two 
perforating branches were visible. 

Conclusion 

Non-invasive assessment of the perforating arteries of the PCoA together with the anterior choroidal artery and 
the perforating arteries of the P1 at 7 Tesla may increase our understanding of infarcts in the deep brain structures 
supplied by these arteries.

Introduction

The posterior communicating artery (PCoA) is an important component of the circle of Willis. A large variability 
exists in the configuration of the PCoA, which can be large, hypoplastic or even absent in some cases. In addition, 
two configurations of the posterior part of the circle of Willis can be distinguished: a non-foetal configuration, 
when the diameter of the PCoA is smaller than the diameter of the ipsilateral P1 segment of the posterior cerebral 
artery (P1), and a foetal configuration, when the diameter of the PCoA is larger than the diameter of the ipsilateral 
P1.

A small or absent PCoA appears to be a risk factor for ischaemic lesions of the brain. Ischaemic cerebral 
infarctions are more often found in patients with a small or absent PCoA than in patients with a large PCoA, 
independent of the presence of internal carotid artery occlusion.1,2 A foetal variant of the PCoA has been found 
to be less common in patients with occipital lobe infarctions than in healthy controls.3 Besides ischaemic cerebral 
infarctions, the PCoA also seems to be an important determinant in the aetiology of white matter lesions. A study 
among patients with clinical manifestations of atherosclerotic disease demonstrated a decreased deep white 
matter lesion load in patients with a foetal configuration of the circle of Willis,4 although these results were not 
confirmed in a different population.5

  
Lacunar infarctions are thought to result from occlusion of deep perforating arteries, also called the 
thalamoperforating arteries.6,7 A potential protective effect of a large PCoA against ischaemic brain lesions may 
be explained by the perforating arteries branching from the PCoA, which feed the deep brain structures and 
deep white matter.1-4 Thus far, these perforating arteries could only be assessed post-mortem or via intra-arterial 
digital subtraction angiography (iaDSA) 8,9 or rotational angiography.10 Therefore, limited studies have investigated 
the perforating arteries and little is known about the perforating arteries branching from the PCoA. Recently, MR 
angiography at the field strength of 7 Tesla was introduced as a non-invasive alternative to depict the perforating 
branches of the circle of Willis.11 This ultra-high field strength makes it possible to visualise submillimeter vessels 
for the first time in vivo without the use of any contrast agents.

The primary aim of the present study is to assess the ability of time-of-flight MR angiography at 7 Tesla to 
show the perforating branches of the posterior communicating artery, and to investigate the presence of such 
perforating branches in relation to the size of the feeding posterior communicating artery and the configuration 
of the posterior part of the circle of Willis. The secondary aim is to assess the ability to visualise the perforating 
branches of the P1, and to describe these branches and to describe the anterior choroidal artery. 
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Methods

Participants

Forty-six healthy volunteers (25 men and 21 women, mean age of 30 (±12.6) years) from the local university were 
included. None of them reported a history of neurological or vascular disease.

The study was approved by the medical ethics committee of the Medical Center in Utrecht and written informed 
consent was obtained from all participants.

MR Imaging

MR imaging was performed with a 7 Tesla whole-body system (Philips Healthcare, Cleveland, OH, USA), using a 
volume transmit and a 16-channel receive-only head coil (Nova Medical, Wilmington, MA, USA). Time-of-flight (TOF) 
MR angiography was performed in each participant using a turbo field echo sequence, with a presaturation slab 
positioned superior to the imaging volume to suppress the venous blood and applied once per 230 ms to avoid 
specific absorption rate (SAR) constraints. Two variants of the TOF angiography were used, with a slightly different 
resolution. In the first variant the acquired voxel size was 0.6 x 0.6 x 0.6 mm3, for the second variant this was 0.4 x 0.5 
x 1.0 mm3. The other imaging parameters were: field of view (FOV) 200 x 181 x 68 mm; acquired matrix of 332 x 294 
for the variant with 0.6 x 0.6 mm in-plane resolution and 500 x 354 for the variant with 0.4 x 0.5 mm in-plane resolution; 
repetition time (TR) 23 ms and echo time (TE) 2.3 - 2.6 ms, depending on the resolution and angulation. Excitation 
pulses consisted of tilt-optimised non-saturated excitation (TONE) pulses with nominal flip angle variation of 16°-24° in 
the feet–head direction over the slab. The slab was acquired in a series of 4 thinner chunks (17.5 mm each) to increase 
the inflow effect. Sensitivity encoding (SENSE) was applied in the RL direction with an acceleration factor of 3. The 
images were reconstructed to 0.3 mm isotropic voxels, and the built-in phase correction and partial-echo filter of the 
scanner was applied during reconstruction. The imaging duration was approximately 9 minutes and 30 seconds.

 
Post-processing

All images were exported to an offline workstation, equipped with the same viewing software as the 7 Tesla MR 
system. The post-processing of the angiographic data was performed on the standard console. Maximum intensity 
projections (MIPs) were reconstructed for transversal slabs (thickness 3 mm, 2 mm overlap, 30 slices) and for 
sagittal slabs (thickness 3 mm, 2 mm overlap, 50 slices and thickness 0.3 mm, no overlap, 250 slices), and a 
coronal reconstruction (thickness 0.3 mm, no overlap, 150 slices) was made from the axial source dataset of the 
TOF MR angiograms.

On the transversal slab MIP intensity profiles for both the left and right P1 were obtained, as illustrated in figure 
1 (a, b). The software programme Matlab (v. 7.6, MathWorks, Natick, MA) was used to calculate the full width at 
half maximum (FWHM) of the profiles. We took the FWHM as an estimate of the diameter of the P1.

The thin 0.3-mm sagittal slab MIP was used to investigate whether the PCoA was visible on the left and the right 
sides and, when a PCoA was found, to identify perforating arteries branching from the PCoA. If no perforating 
branches were visible, an intensity profile was made at one point of the PCoA and the FWHM was calculated to 
estimate the diameter. If an image did show a perforating artery branching from the PCoA, intensity profiles were 

obtained both anterior to the branch and posterior to the branch. For the overall diameter of the PCoA, the mean 
of the diameter anterior and posterior of the branch was calculated. To estimate the diameter of the branch itself, 
an additional intensity profile was obtained for which the FWHM was calculated.

To obtain a rough estimate of the length of the perforating branches, measurements were performed by drawing 
a line from the most distal part, where the branch was still visible, back to the origin of the branch at the level 
of the PCoA on the sagittal 7-mm slab MIP reconstructions (figure  1c). Although this method does not take the 
curvature of the vessel into account and is measured on a slab MIP projection, this measurement was only used 
to get an indication of the length over which the perforators are visible on 7 Tesla MR angiography.

The 3-mm sagittal slab MIP was used to obtain intensity profiles of the left and right anterior choroidal artery to 
calculate the FWHM. Because of the variation in diameter of the anterior choroidal artery, three intensity profiles 
were obtained per artery between the origin of the artery at the internal carotid artery and the point were the 
anterior choroidal artery diverges from the PCoA. Of these three measurements, the mean was taken as the 
diameter of the anterior choroidal artery.

The presence of perforating branches from the P1 was investigated on the thin 0.3-mm coronal reconstruction, 
and the branches from the left and right P1 were counted. Because of the relatively low contrast between the 
arteries and the background and their rather tortuous course it was not possible to obtain a diameter or length 
measurement of these arteries.

Figure 1 | [A] Timeof

flight angiography image of 

the circle of Willis and the 

anterior choroidal artery 

(AChA) on 7 Tesla MRI, 

transversal slab maximum 

intensity projection 

(thickness 7mm). A line 

was set perpendicular 

to the left P1 and the 

corresponding intensity 

profile [B] is shown. [C] This 

image shows the posterior 

communicating artery with 

a perforating branch on 

a sagittal slab maximum 

intensity projection (thick

ness 7mm). A line was 

set from the origin of the 

perforator to the last point 

at which the perforator was 

visible to obtain a rough 

estimate of the length of 

the perforator
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Statistical analysis

In participants in whom a PCoA was found, we used the unpaired t-test to test for differences in PCoA diameter 
between PCoAs with and without a perforating branch. The sides on which no PCoA was found were left out of the 
analysis. The two configurations of the posterior part of the circle of Willis, the non-foetal configuration (diameter 
PCoA < diameter P1) and the foetal configuration (diameter PCoA > diameter P1), were analysed. The presence 
of a perforating PCoA branch was compared in these two configurations with use of the chi-squared test.

For all measurements together and for the left and the right hemispheres separately, the correlation between the 
diameter of the P1 and the diameter of the ipsilateral PCoA were evaluated. The correlation between the left and 
right hemispheres was analysed for the diameter of the P1, the diameter of the PCoA and the diameter of the P1 
divided by the diameter of the PCoA (P1/PCoA ratio). A p value < 0.05 was considered significant. 

Results

Figure 2 shows a typical example of a perforating artery branching from the PCoA in a sagittal slab MIP. 

      
       

There was bilateral absence of a visible PCoA in 2 of the 46 participants (4.4%), unilateral absence was found 
in 7 (15.2%), and in 37 participants (80.4%) the PCoA was visible bilaterally (table 1). Taking the left and right 
hemispheres together, a PCoA was visible in 81 of the 92 hemispheres (88.1%), of which 52 (64.2%) had a visible 
perforating artery and 29 (35.8%) had no perforating artery.

Within the left hemisphere 39 (84.8%) of the 46 participants had a visible PCoA, of whom 23 (59.0%) showed a 
perforator and 16 (41.0%) did not show a perforator. In the right hemisphere a PCoA was found in 42 out of 46 

participants (91.3%), 29 (69.0%) with a perforator and 13 (31.0%) without a perforator. Two visible perforators 
branching from one PCoA were found for two PCoAs, both in the right hemisphere (figure 3). 

The mean diameter of the perforating arteries was 0.72 mm (SD 0.15). With the method we used to indicate the 
length, the mean length of the perforating arteries was 19.3 mm (SD 6.4), ranging from 6.1 mm to 36.0 mm.

No correlation was found between the diameter of the P1, the diameter of the PCoA or the presence of a 
perforating artery and age or gender. 

The mean diameter of all PCoAs with a visible accompanying perforator was 1.23 mm (SD 0.35); this was 
1.22 mm (SD 0.33) for the left hemisphere and 1.24 mm (SD 0.38) for the right hemisphere. For the PCoAs 
without a perforator present, the mean diameter was smaller, 1.06 mm (SD 0.34) for all PCoAs together; 1.05 mm 
(SD 0.32) for the left hemisphere and 1.07 mm (SD 0.38) for the right hemisphere. Taking the left and right 
hemispheres together, the overall difference in diameter is 0.18 mm (SD 0.08, p = 0.030) in favour of the PCoA 
with a perforator; 0.18 mm (SD 0.11, p = 0.101) for the left and 0.18 mm (SD 0.13, p = 0.172) for the right 
hemispheres separately.

Of all the 81 hemispheres in which a PCoA was present, there was a foetal configuration (diameter PCoA > 
diameter P1) in 16 hemispheres and a non-foetal configuration (diameter PCoA < diameter P1) in 65 hemispheres. 
Of those with a foetal configuration, 12 (75.0%) had a visible perforating branch; this was 40 (61.5%) for the 
participants with a non-foetal configuration (table 2). Although a perforating branch was present more often in 
cases of foetal configuration, this difference was not significant (p = 0.392).

Figure 3 | Timeofflight 

angiography image of the 

posterior communicating 

artery with two perforating 

branches, sagittal slab 

maximum intensity projection 

(thickness 10 mm)

Figure 2 | Timeofflight 

angiography image of the 

posterior communicating 

artery with a perforating 

branch on 7 Tesla MRI, 

sagittal slab maximum 

intensity projection (thickness 

7 mm)

Table 1 Unilateral and bilateral absence and presence of a visible PCoA 

PCoA    Participants/hemispheres (%)

Bilateral absent     2/4  (4.3%)

Unilateral absent     7/14  (15.2%)

Bilateral present    37/74  (80.4%)

Total      46/92  (100%)

Table 2 Configuration of the posterior part of the circle of Willis and presence of a perforator

Configuration Hemispheres (%) Perforator present | not present (%)

Fetal (PCoA > P1) 16 (17.4%) Present:  12 (75.0%)  Not present:    4 (25.0%)

Non-fetal (PCoA < P1) 65 (70.7%)  Present: 40 (61.5%)  Not present:  25 (38.5%)

  Subtotal 81 (88.1%) Present   52 (64.2%)  Not present: 29 (35.8%)

No PCoA 11 (11.9%)  Present:   0 (0%)  Not present:  11 (100%)

Total 92 (100%)  Present: 52 (56.5%)  Not present:  40 (43.5%)
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Discussion

Time-of-flight MR angiography at 7 Tesla showed the presence of a clearly visible perforating branch of the 
PCoA on 52 of the 81 sides on which a PCoA was present (64.2%). The presence of a perforating branch from 
the posterior perforating artery was associated with a larger diameter of the posterior communicating artery. 
Furthermore, a significant correlation was found between the diameter of the P1 and the diameter of the PCoA, 
and a significant correlation between the left and right halves of the posterior part of the circle of Willis for the 
diameter of the P1, the diameter of the PCoA and the P1/PCoA ratio.
 
In the present study with TOF MR angiography at 7 Tesla we found bilateral absence of a visible PCoA in only 
4.3% and unilateral absence in 15.2%. In a previous study with TOF MR angiography at 1.5 Tesla, the absence 
of a visible PCoA was higher: the authors found bilateral absence of a PCoA in 11% of the participants and 
unilateral absence in 34% of the participants.12 These results suggest that the number of unilateral or bilateral 
invisible PCoAs is lower at 7 Tesla, which shows the higher sensitivity of a smaller vasculature and a low flow at 
a higher field strength. According to the post-mortem examinations of the circle of Willis, the bilateral absence of 
a PCoA is very rare (0.25%) and the unilateral absence of a PCoA is found in 2.25-3.0%.13 Therefore, in most of 
the participants in the present study without a visible PCoA this will probably be caused by low flow through the 
PCoA or a very small diameter. The PCoA is a unique artery that forms a connection between the anterior and 
posterior cerebral circulation. Thus, in the case of a balanced blood supply anteriorly and posteriorly through the 
circle of Willis, the blood flow through the PCoA can be very low compared with the diameter.

In our study we show the presence of a visible perforating branch originating from the PCoA in 64.2% of the sides 
on which a PCoA is visible. Compared with post-mortem studies the current prevalence of perforators branching 
from the posterior communicating artery will also be an underestimation because of very low flow velocities in 
smaller perforating arteries, which make these arteries invisible even on the current TOF MR angiography images 
at 7 Tesla. Besides that, due to intravoxel dispersion effects (‘partial volume’), signal reduction occurs. As a result 
the signal of these very small arteries might be too low to be detectable as an artery. 

The diameter measurements of the perforating branch of the posterior communicating artery reveal that we can 
detect perforators with a minimal size of about 0.41 mm. The ability to show these perforators over a length of 
up to approximately 36.0 mm in their course into the deep brain structures demonstrates the sensitivity of the 
current technique for these perforating arteries. Furthermore, two perforators branching from one PCoA were 
also detected in 2 out of 52 hemispheres with these perforators. 

When measuring the diameter of a vessel on an angiogram with use of the FWHM-method, the accuracy of the 
FWHM-method on vessels with a diameter that is close to the voxelsize, should be considered. The smallest 
artery we measured in this study was the perforating artery from the PCoA. The mean diameter of this artery was 
0.72 mm (SD 0.15 mm), so this measurement will be in most cases based on about 1 to 2 acquired pixels in the 
lumen of the vessel. According to a study of the accuracy of vessel diameter measurement in MR angiography, 
measurements with one to three pixel/diameter will give an error in the estimation of the diameter, which can be 
an overestimation, but even an underestimation.14 This error is approximately 30% at most, so in case of a vessel 
of 0.41 mm, the actual diameter will lie between 0.29 mm and 0.53 mm.

An overall association was found between the presence of a perforator originating from the PCoA and a larger 
size of the PCoA, although this was only significant for the left and right sides combined. A possible explanation 
for this association could be that more flow via the PCoA is needed to supply such a branch, resulting in a larger 
diameter of the PCoA on flow-weight MR angiography images. However, the expected amount of blood needed 
to feed a perforating artery is most likely too small to cause a measurable change in diameter. Therefore, we 
consider that the relation between a perforator branching from the PCoA has its origin in the developmental 
phase of the cerebral vasculature. In its embryological development there will be a higher chance of a perforator 

Furthermore, we analysed the correlation between the diameter of the P1 and the diameter of the PCoA. Overall, 
a correlation with a correlation coefficient of -0.575 (p < 0.001, figure 4) was found; for the P1 and the PCoA 
in the left hemisphere separately the correlation coefficient was -0.598 (p <0.001) and for the right hemisphere 
separately this was -0.663 (p < 0.001). 

The data showed a correlation between the left and the right halves of the posterior part of the circle of Willis      
for the diameter of the P1 (R = 0.457, p = 0.002), the diameter of the PCoA (R = 0.554, p < 0.001) and for the 
P1/PCoA ratio (R = 0.462, p = 0.005).

A visible anterior choroidal artery was found bilaterally in all participants, with a mean diameter of 0.83 mm
(SD 0.14). 

Figure 5 shows an example of perforating arteries originating from the left and right P1. Taking the left and right P1 
together, no perforators were visible in 16% of the P1’s, one single perforator was visible in 63% and two visible 
perforators were present in 20% of the P1’s. There was no significant difference in diameter between a P1 with 
one or two perforating arteries and a P1 without a perforating artery.

Figure 4 | Correlation 

between the diameter of 

the P1 and the PCoA for 

P1 and the PCoA of the left 

and right sides together. 

Correlation coefficient 

0.575 (p < 0.001). 

P1: P1 segment of the 

posterior cerebral artery; 

PCoA: posterior 

communicating artery

Figure 5 | Timeofflight 

angiography image of the 

left and right P1 segment 

of the posterior cerebral 

artery (P1) with two 

perforating branches, one 

perforating artery originates 

from the left P1 and one 

originates from the right 

P1. Coronal slab maximum 

intensity projection, 

thickness 10 mm.
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originating from the PCoA from a large than a perforator originating from a small PCoA. That the results are not 
significant for the left and right sides separately is possibly because of the relatively small number of participants 
in the study. We would expect this association to become significant when analysed in a larger study.

The correlation between the left and right halves of the posterior part of the circle of Willis, for the P1, the PCoA 
and the P1/PCoA ratio, shows us the relation between the blood supply of the left and the right hemispheres. 
If one side has a large diameter, the other side will probably also have a relatively large diameter. Not only the 
diameter of the P1 and the diameter of the PCoA show this relation, which can be caused by larger vessels in 
general within one person, but also the P1/PCoA ratio is related. This indicates that the blood supplies in the left 
and right hemispheres, originating from the circle of Willis, are associated. As with the P1/PCoA ratio itself, it is 
most likely that the relation between the left and right sides of the circle of Willis is also already determined in the 
developmental stage of the brain.
 
In this study we also found a significant correlation between the diameter of the P1 and the diameter of the PCoA. 
It shows that with a larger diameter of the P1, the diameter of the PCoA in general will be smaller. This could be 
expected, because when there is more blood supply via the P1, the diameter will be larger and less blood flow 
via the PCoA is needed, so the diameter of the PCoA will be smaller. The observation of a smaller diameter of 
the PCoA suggests that the overall blood supply to the posterior part of the brain might be regulated by both P1 
and PCoA.
 
The present MR angiography technique, with a detailed depiction of perforating branches of the arteries at the 
level of the circle of Willis, may be helpful in increasing understanding of the variations in normal anatomy in vivo 
and to improve knowledge of the pathophysiology of ischaemia in the deep brain structures. The presence of 
a large perforating branch from the PCoA may protect the deep brain structures, such as the thalamus, from 
ischaemia.2 In addition to lacunar infarcts, the presence of perforating branches may enhance our understanding 
of small vessel disease, resulting in leukoaraiosis. We speculate that the smaller amount of lacunar infarcts 
and white matter lesions observed in previous studies in patients with a larger PCoA might be explained by a 
protective effect of the presence of a large perforating branch from the PCoA.
 
Although only the PCoA has been investigated in relation with ischemic brain lesions, also the collateral 
bloodsupply is important in case of ischaemic lesions. The anterior choroidal artery and the perforating arteries 
that originate from the P1 are important arteries to provide collateral bloodsupply to the area supplied by the 
perforating arteries originating from the PCoA. Especially in the case of ischaemic brain lesions these vessels 
can play an important role in the collateral bloodsupply. The TOF MR angiography at 7 Tesla showed the bilateral 
presence of the anterior choroidal artery in all participants. Also the perforating branches originating from the P1 
were clearly visualised in a large proportion of the P1’s (83%), 63% with one visible branch and 20% with two 
visible branches from the P1.

In conclusion, we show the capacity of MR angiography at 7 Tesla to show the perforating branches of the 
PCoA and by doing so we showed the relation between the presence of these perforators and the anatomy 
of the PCoA. Furthermore, we found a significant correlation between the diameters of the P1 and the PCoA, 
and between the left and right sides of the circle of Willis. Perforating arteries originating from the P1 and 
the anterior choroidal artery are also clearly visualised with 7 Tesla angiography. In future studies, the detailed 
assessment of the perforating arteries originating from the PCoA with non-invasive MR angiography may increase 
our understanding of infarcts in the deep brain structures supplied by these perforating arteries.
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Abstract

Background and Purpose 

Increasing interest in microbleeds has led to a number of studies examining the prevalence and clinical relevance 
of these lesions. Prevalence estimates differ substantially between studies, due to differences in image protocols 
and field strengths. The aim of this study was to assess the visualization of cerebral microbleeds with dual echo 
T2*-weighted imaging at 7 Tesla MRI. 

Methods 

Ten consecutive participants (8 men, 2 women, mean age 54±12 years) with vascular disease or risk factors from 
the Second Manifestations of ARTerial disease (SMART) study were included. Dual echo T2*-weighted scans 
(echo time: 2.5/15.0ms) were made for all participants at 7 Tesla MRI. The number of visible microbleeds and the 
diameter of the microbleeds were recorded on minimal intensity projection images of both echoes.

Results 

The first echo image shows dark microbleeds against a homogeneous, more hyperintense signal of the brain 
tissue without contrast for veins and basal ganglia. In 8 patients microbleeds were observed, with a total of 104 
microbleeds. Of these, 88 (84.6%) were visible on the first and 102 (98.0%) on the second echo. The mean 
diameter of the microbleeds was 1.24mm for the first echo and 2.34mm for the second echo. 

Conclusion 

T2*-weighted imaging at two echo times at 7 Tesla combines the advantages of the first and second echo. 
Microbleeds visible on the first echo show large contrast with the surrounding tissue, even in the presence of 
paramagnetic ferritin. The second echo enables visualization of smaller microbleeds than the first echo.

Introduction

The interest in cerebral microbleeds is growing, as is shown by the increasing number of studies investigating 
the prevalence and the clinical relevance of these lesions. The studies done up till now have increased the 
understanding of cerebral microbleeds. They have shown that cerebral microbleeds appear to be direct markers 
of vascular disease, as they are associated with hypertensive vasculopathy and cerebral amyloid angiopathy, and 
also with white matter lesions and lacunar infarcts.1-6 The finding of microbleeds can be of major importance in 
patients with ischemic stroke receiving anticoagulation, as the presence of microbleeds might indicate a higher 
risk of future intracerebral haemorrhage, although this is still under debate.7-12 Furthermore, some studies have 
shown that microbleeds are associated with cognitive impairment, functional dependence or death.3,13,14 However, 
as some of these associations are still under debate and the clinical implication of microbleeds is not completely 
clear, more and larger studies are needed to obtain more information about microbleeds.3 

The number of microbleeds detected, and with that the study sensitivity, differs strongly between different image 
protocols and different field strengths. This can be illustrated by the varying prevalences of microbleeds found in 
different studies. The prevalence found in population based studies ranges from 4.7% to 23.5%.15,16 An optimal 
imaging protocol for the visualization of microbleeds is hard to define, because there is no reference test available 
of the detection of these lesions.
 
Microbleeds consist of haemosiderin deposits that are paramagnetic, due to the presence of paramagnetic 
iron. This induces a susceptibility effect on the MRI scan, which leads to a fast decay of the local T2*-weighted 
MRI signal because of a local inhomogeneity of the field induced by the internal magnetization of microbleeds. 
T2*-weighted gradient-recalled echo (GRE) has been shown to be highly sensitive to this susceptibility effect, 
and is therefore very sensitive to microbleeds.2,3,17 As the effect scales with the magnetic field, the detection of 
microbleeds is substantially improved at ultra-high field strengths. Moreover, increased signal to noise (SNR) 
can be used for higher spatial resolution and increased conspicuity of small haemosiderin deposits that may be 
obscured by partial volume effects at lower field strengths that operate at lower spatial resolution.18 

Besides the field strength, also the echo time is an important parameter for the visualization of microbleeds. 
A longer echo time gives more time for dephasing, which enhances the susceptibility effect. This so-called 
blooming effect causes the microbleeds to appear as hypointense spots that are larger than the actual size. 
It has been shown that prolonging the echo time leads to an increase in diameter of these lesions and also 
detection of an increased number of microbleeds.19 However, microbleeds can also be obscured by overlapping 
structures with a high susceptibility effect, like veins (deoxyhemoglobin) or the basal ganglia (ferritin deposition). 
With a longer echo time, these structures will also increase in size and become more dominant, making it harder 
to distinguish the microbleeds. 
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The magnetic characteristics of paramagnetic substances such as deoxyhemoglobin, ferritin and haemosiderin, 
depend largely on the amount of iron present. Deoxyhemoglobin in veins is less paramagnetic than ferritin 
depositions in the basal ganglia and haemosiderin depositions in microbleeds, which have strong paramagnetic 
iron-containing cores. Haemosiderin is a degradation product of ferritin, in which the iron cores are more closely 
packed,20 which explains why haemosiderin was shown to have a stronger T2 shortening effect than ferritin.21-23 
As the magnetic characteristics of deoxyhemoglobin, ferritin and haemosiderin are different, the blooming effect 
as a function of echo time will also be different.
 
With use of a shorter echo time, it may be possible to better distinguish the haemosiderin containing microbleeds 
from other structures with a high susceptibility like veins and ferritin containing basal ganglia. Therefore, a trade-
off needs to be found between a long echo time that visualises more and larger microbleeds and a short echo 
time that suppresses overlap from other structures with a high susceptibility and gives more SNR.

Recently, a method was introduced which uses T2*-weighted imaging using two echo times. This method was 
designed for simultaneous angiography and venography.24 However, the use of two echo times may also be 
useful for the visualization of microbleeds. Therefore, the purpose of this study was to evaluate the visualization 
of cerebral microbleeds with T2*-weighted imaging using two echo times at 7 Tesla MR.

 Methods

Participants

For this study we included 10 consecutive participants from the Second Manifestations of ARTerial disease 
(SMART) study. In the SMART study all eligible patients, aged 18 to 79 years, newly referred to our hospital 
with symptomatic atherosclerotic disease or risk factors for atherosclerosis, are included. The objectives of the 
SMART study are to determine the prevalence of vascular risk factors and concomitant arterial disease and to 
study the incidence of future cardiovascular events and its predictors in these high-risk patients.25 The SMART 
study and the 7 Tesla imaging were approved by the medical ethics committee. Written informed consent was 
given by all participants. 

The participants were 8 men and 2 women, with a mean age of 54 years (standard deviation (SD) 12 years). Six 
of the ten participants were included in the SMART-study with vascular risk factors (five diabetes mellitus, one 
family history of vascular disease), two participants with a stroke, one participant with angina pectoris, and one 
participant with peripheral artery disease.

MR Imaging

MR imaging was performed with a 7 Tesla whole-body system (Philips Healthcare, Cleveland, OH, USA), using 
a volume transmit and 16-channel receive head coil (Nova Medical, Wilmington, MA, USA). In all participants, a 
dual echo T2*-weighted sequence was used with an acquired resolution of 0.35 x 0.4 x 0.6 mm3. The dual echo 
sequence that we investigated for the detection of microbleeds was originally designed for simultaneous arterial 
and venous angiography and therefore the first echo was optimized as much as possible for angiography and 
the second echo for venography. The echo time for the first echo was 2.5 ms for angiography and for the echo 
time for the second echo was 15.0 ms for venography. These echo times were chosen to obtain a good balance 
between good background suppression for the angiogram and enough sensitivity (T2*-weighting) and SNR for 

the venogram. The other imaging parameters were: repetition time 20 ms, and acquired matrix of 508 x 399 
with 167 slices. Excitation pulses consisted of non-saturated excitation pulses with nominal flip angle variation 
of 16 to 24 degrees in the feet–head direction over the slab. Flow compensation was applied in three directions. 
For the first echo a partial echo readout was used, for the second echo a full echo readout. A fly-back gradient 
was applied between the two readouts. Sensitivity encoding was applied in the RL direction with an acceleration 
factor of 2.5. The images were reconstructed to 0.35 x 0.35 x 0.3 mm3 voxels, and the built-in phase correction, 
partial-echo filter and homogeneity correction of the MR system were applied during reconstruction. The imaging 
duration was approximately 8 minutes and 50 seconds. Because of ongoing development at 7 Tesla MR, some 
scans were acquired with a slightly different resolution.

Post-processing

The post-processing of the data was performed on the standard console. Minimum intensity projections (minIPs) 
were reconstructed for transversal slabs (thickness 3 mm, 2 mm overlap, 150 slices) of the first echo and the 
second echo. To visualise the arteries, a maximum intensity projection (MIP) was reconstructed for transversal 
slabs (thickness 20 mm, 18 mm overlap, 50 slices) of the first echo. A summation was made of the resulting MIP 
image with a minIP (thickness 10 mm, 8 mm overlap, 50 slices) of the first echo image, to visualise the relation 
between arteries and microbleeds.

Rating of microbleeds

Microbleeds were defined as round or ovoid black lesions on the first and/or the second echo of the T2*-
weighted scan. Symmetrical areas of calcification in the basal ganglia, choroid plexus and pineal gland were 
excluded, as were signal voids caused by sulcal vessels and low-signal lesions thought to be signal averaging 
from adjacent bone.3,15 

The minIP images of the first and second echo were linked and analyzed simultaneously. Presence of microbleeds 
was analyzed on the first and second echo image by one observer. Intensity profiles of the microbleeds on the first 
and/or second echo were obtained, as illustrated in figure 1. The software program Matlab (v. 7.6, MathWorks, 
Natick, MA) was used to calculate the full-width-at-half-minimum (FWHM) of the profiles. We took the FWHM as 
an estimate of the diameter of the microbleeds as they appeared in the images. 

Figure 1 | 
[A] A horizontal line is 

drawn in the midline of the 

microbleed on a minimal 

intensity projection of the 

first echo image to obtain 

the intensity profile. The 

corresponding profile is 

shown in B. This profile is 

used to calculate the full

widthathalfminimum 

as an estimate for the 

diameter of the microbleed.



38 Imaging cerebral small vessel disease at 7 Tesla MRI 39Imaging cerebral small vessel disease at 7 Tesla MRI

Chapter 04 Visualization of cerebral microbleeds with dual echo T2*-weighted MR imaging at 7 TeslaChapter 04 Visualization of cerebral microbleeds with dual echo T2*-weighted MR imaging at 7 Tesla 

Statistical analysis

First, the number of microbleeds was calculated for each participant. Second, the difference in diameter between 
the two echoes was tested with use of the nonparametric Wilcoxon signed ranks test for all microbleeds that 
were visible on both echoes, as the diameters of the microbleeds were not normally distributed. The correlation 
between the diameter on the first and second echo was estimated with the Spearman’s correlation coefficient. 
The analysis was performed by using the statistical software package SPSS (version 15.0 for Windows; SPSS 
Chicago, Ill). 

Results 

Figure 2 shows an example of the angiography on the MIP of the first echo (figure 2a) and the venography on the 
minIP of the second echo (figure 2d) with dual echo T2*-weighted imaging at 7 Tesla. A summation of the MIP of 
the first echo (figure 2a) with the minIP of the first echo (figure 2b) enables to visualise the relation between the 
arteries and the microbleeds (figure 2c). The minIP of the second echo shows the relation between veins and 
microbleeds (figure 2d, e).

The distinction between veins and microbleeds can well be made with use of the minIP of the second echo. The 
round hypodensities that mimic microbleeds on the source data, turn out to be linear structures on the minIP of 
the second echo that can be identified as veins. As an example in figure 3a the small area of darkening indicated 
by the arrow is not a microbleed, which can be clearly seen from the minIP images (figure 3b) which show that 
this area corresponds with a vein.

 Of the 10 participants, microbleeds were found on the first or second echo in 8 participants. In these 8 participants, 
a total of 104 microbleeds were detected on the first or second echo, with a median of 4 microbleeds (range 
1-77). Of these 104 microbleeds, 88 (84.6%) were visible on the first echo. On the second echo 102 (98.0%) 
microbleeds were visible. Of all the microbleeds that were visible on the second echo, 16 microbleeds were not 
visible on the first echo (figure 4). In general, these were microbleeds with a small diameter (mean diameter 0.78 
mm (SD 0.18 mm) on the second echo). Two microbleeds were only visible on the first echo image, whereas on 
the second echo image the microbleeds could not be distinguished from surrounding tissue or veins (figure 5). 
These microbleeds had a diameter of 0.89 mm and 1.48 mm on the first echo. 

Figure 2 | The first and second 

echo image can be used to visualise 

different structures.[A] Maximum 

intensity projection (MIP) of the first 

echo first echo image (thickness 20 

mm), showing the arteries. The box 

indicates the area shown in panels 

c and e. [B] Minimum intensity 

projection (minIP) of the first echo 

(thickness 10 mm), showing a 

homogeneous background, without 

contrast for veins and basal ganglia. 

A small microbleed is visible as a round, black lesion (arrow). [C] A summation of the MIP (a) and the minIP (b) of the first 

echo enables to visualise the relation between microbleeds and the arteries. [D] MinIP of the second echo (thickness 10 

mm), showing the veins and a small microbleed (arrow). [E] Magnification of the box in d, showing the relation between the 

microbleed (arrow) and the veins. Note the lack of signal in the globus pallidus, which makes it difficult to observe potential 

microbleeds in this area on the second echo.

Figure 3 | [A] Several 

round hypodensities 

are seen on this source 

image of the second echo 

which are suspicious for 

microbleeds (arrows).

[B] With use of a minimal 

intensity projection of 

the second echo image 

(thickness 3 mm), the 

hypodensities that were 

suspicious for microbleeds 

turn out to be venous 

structures (arrows).

Figure 4 | [A] Shows a 

minimal intensity projection 

(minIP) of the first echo 

image. The microbleed that 

is visible on the minIP of 

the second echo image [B], 

is not visible on the first 

echo image (arrows).
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The 86 microbleeds that were visible on both the first and the second echo image, had a mean diameter of 1.24 
mm (SD 0.56) on the first echo image and 2.34 mm (SD 1.0) on the second echo. Comparison of the diameters 
visible on the first and second echo image in all participants, showed that the microbleeds on the second echo 
were significantly larger than on the first echo image (p<0.001). The growth in diameter between the two echo 
times is illustrated in figure 6. The diameters show a strong linear correlation between the first and second echo 
time (correlationcoefficient 0.85, p<0.001).

Discussion

With this study we showed that a short echo time is beneficial to distinguish microbleeds from other structures 
with a high susceptibility and that with the second echo a larger number of microbleeds can be detected. The 
advantages of both echo times are combined in the dual echo T2*-weighted imaging at 7 Tesla.

We showed that microbleeds appear larger on the second echo than on the first echo, however, the real size of 
the microbleeds is not reflected in these images, due to the blooming effect. This is the case in all T2*-weighted 
or susceptibility weighted images, the real size of the microbleeds can only be obtained with pathology. The 
increase in diameter explains why many microbleeds can be seen on the second echo image, whereas they are 
too small to detect on the first echo image. The long echo time gives more time for dephasing, which enlarges 
the susceptibility effect.3 This leads to a larger blooming effect and thus a larger diameter of the microbleeds, 
which is very useful for the detection of the microbleeds. From literature it is known that the observed volume of 
a microbleed is proportional to the echo time.26 As the volume is proportional to the third power of the diameter, 
the increase in volume in our study is (2.34/1.24)3 = 6.7, which corresponds reasonably to the increase in echo 
time of 15/2.5 = 6. Another advantage of the second echo image is that the veins are clearly visible. This can 
provide information about the relation between veins and microbleeds. 

However, microbleeds are often found near veins or in the basal ganglia, and, with increasing age, ferritin-bound 
iron accumulates in the basal ganglia. Because the susceptibility effect of haemosiderin is stronger than that 
of deoxyhemoglobin and ferritin,21-23 haemosiderin can already be visualised with a short echo time, whereas 
deoxyhemoglobin and ferritin are hardly visible on the first echo. With a longer echo time the susceptibility effect 
of haemosiderin, but also of deoxyhemoglobin and ferritin increases. This helps to detect microbleeds that are 
located near veins or in the basal ganglia. These microbleeds can be clearly visible on the first echo, but may be 
obscured by veins and ferritin-containing structures, such as the basal ganglia, on the second echo. Even large 
microbleeds, which may be clinically relevant, can be obscured by overlapping structures on the second echo and 
become visible on the first echo image. Besides that, the first echo image shows the dark microbleeds against a 
homogeneous, more hyperintense signal of the brain tissue, making the detection of microbleeds easier, as the 
veins and other structures with high susceptibilities different from haemosiderin are less prominent. 
Although the first echo image is helpful to distinguish microbleeds from deoxyhemoglobin in veins and ferritin 
in the basal ganglia, the distinction between microbleeds and calcifications remains difficult. Calcifications also 
appear as small hypointense foci on both the first and second echo, mimicking microbleeds. The distinction 
between microbleeds and calcifications can be made by the characteristic location of calcifications (symmetrical 

Figure 5 | [A] Shows a 

microbleed that is clearly 

visible on the minimal 

intensity projection 

(minIP) of the first echo 

image (arrow). The same 

microbleed is hardly 

distinguishable from the 

ferritin containing putamen 

on the minIP of the second 

echo image [B, arrow]. In 

[C] there is a microbleed 

visible on the minIP of the 

first echo image, which 

disappears behind a venous 

structure on the minIP of 

the second echo image 

in [D]. 

Figure 6 | [A] The 

microbleed that is visible 

on minimal intensity 

projection (minIP) of the 

first echo image (arrow), 

appears larger on the minIP 

of the second echo image 

[B, arrow].
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in the basal ganglia, or in the pineal gland or choroid plexus) or by identification of calcifications with use of CT. 
A recent study showed an additional possibility to distinguish calcifications on MRI with use of phase images.27 
In this study we used the characteristic location of calcifications, which is in line with other studies investigating 
microbleeds.3

The summation of the MIP and the minIP of the first echo image gives an image in which both the arteries and 
the microbleeds can be visualised. This is useful to analyse the relation between arteries and microbleeds in vivo 
without use of contrast agents. This is probably a unique feature of dual echo T2*-weighted imaging at ultra-high 
field strength. The short echo time needed for the visualization of arteries is field strength independent, as this 
depends on the flow velocity in the arteries. At ultra-high field strength, the susceptibility effect is large enough to 
visualise microbleeds even at this short echo time. This enables the visualization of both arteries and microbleeds 
in one image, whereas at lower field strengths, the susceptibility effect may not be large enough to visualise the 
microbleeds at the first echo time. As it is not known whether the aetiology of microbleeds involves mainly the 
arteries or the veins of the brain, combining the information of the first echo, visualizing arteries and microbleeds, 
and second echo, visualizing veins and microbleeds, in one scan may provide more insight the etiologic pathway. 
Furthermore, the detection of microbleeds with use of the dual echo T2*-weighted scan at 7 Tesla MR can be 
important for future studies evaluating the prevalence and the prognostic value of microbleeds. 
Nowadays, susceptibility weighted imaging (SWI) is increasingly used for the detection of microbleeds.28-32 In SWI 
the magnitude and phase images of the T2*-weighted scan are combined to create enhanced contrast between 
tissues with different susceptibilities.21 However, SWI depends strongly on the voxel aspect ratio, with an optimal 
voxel aspect ratio of 1:1:4, while we used more isotropic voxels (aspect ratio of 1:1.3:1.7).33 The additional value 
of SWI will be minimal for scans with near isotropic voxels, and we therefore chose T2*-weighted imaging in stead 
of SWI for the detection of microbleeds in our study at 7 Tesla.

In conclusion, T2*-weighted imaging using two echo times at 7 Tesla combines the advantages of the first and 
second echo. The first echo utilizes the strong paramagnetic effect of haemosiderin to obtain large contrast 
between microbleeds and the surrounding tissue on the first echo image, even in the presence of paramagnetic 
ferritin. The second echo enables visualization of smaller microbleeds than the first echo, as the blooming effect 
enlarges the observed size of the microbleeds at the second echo image. Furthermore, additional information 
about the relation between both arteries and microbleeds as well as veins and microbleeds can be obtained from 
this scan. Visualization of microbleeds and information about their relation with arteries and veins can be useful 
for future studies investigating the etiology, prevalence or prognostic value of cerebral microbleeds. 
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Abstract

Background and Purpose 

The detection of microbleeds differs strongly between studies, due to differences in scan protocol. This study 
aims to compare the visualization of microbleeds with 3D T2*-weighted imaging at 1.5T with 3D dual-echo T2*-
weighted imaging at 7T. 

Methods 

Thirty-four patients (29 male, mean age 58 ± 12 years) with atherosclerotic disease from the Second Manifestations 
of ARTerial disease (SMART) study were included. 3D T2*-weighted imaging at 1.5T and dual echo T2*-weighted 
imaging at 7T were done in all patients. Presence and number of definite microbleeds were recorded on minimal 
intensity projections. Inter- and intra-observer reliability were assessed with Cohen k test and the intraclass 
correlation coefficient (ICC). The difference in presence and number of microbleeds was tested with McNemar’s 
test and Wilcoxon signed rank test. 

Results 

The inter-observer ICC at 7T was 0.61 and the intra-observer ICC was 0.94, whereas at 1.5T the inter-observer 
ICC was 0.50 and the intra-observer ICC 0.59. Microbleeds were detected in significantly more patients on 7T 
(50%) than on 1.5T scans (21%) (p=0.001). The number of microbleeds was also higher at 7T (median 0.5, range 
0-5) than on 1.5T (median 0.0, range 0-6) (p=0.002). 

Conclusion 

3D dual echo T2*-weighted imaging at 7T results in better and more reliable detection of microbleeds compared 
to 3D T2*-weighted imaging at 1.5T.
 

Introduction

Recent studies show that cerebral microbleeds are commonly detected on MRI in the general population as 
well as in specific patient populations, such as patients with cerebral small vessel disease, moyamoya disease 
and other neurologic pathology.1-8 At the same time, the evidence about the clinical relevance of microbleeds 
increases. Cerebral microbleeds appear to be direct markers of vascular disease, as they are associated 
with hypertensive vasculopathy, cerebral amyloid angiopathy, and also with white matter lesions and lacunar                             
infarcts.1, 8-10 Although still under debate, the presence of microbleeds could be of importance in patients with 
ischemic stroke receiving anticoagulation, as it might indicate a higher risk of future intracerebral haemorrhage.11-15 
Furthermore, some studies have shown that microbleeds are associated with cognitive impairment, functional 
dependence or death.10,16,17

The number of microbleeds detected differs strongly between studies, even between studies with similar study 
populations. In population-based studies, for example, prevalences range from 5% to 23%.3,7 Differences in 
lesion prevalence are probably not only related to the characteristics of the different study populations, but also 
to differences in the MR protocol such as differences in scantechnique, repetition time (TR), echo time (TE), flip 
angle, band width, slice thickness and spatial resolution.18,19 

Microbleeds are paramagnetic, which induces a susceptibility effect on the MRI scan. This leads to a fast decay 
of local T2*-weighted MRI signal because of a local inhomogeneity of the field induced by the microbleeds. This 
makes T2*-weighted gradient-recalled echo (GRE) very sensitive to microbleeds.9,10,20 One of the factors in the 
imaging protocol that influences the visualization of microbleeds is the echo time. A longer TE gives more time 
for dephasing, which enhances the susceptibility effect. This so-called blooming effect causes the microbleeds 
to appear as hypointense spots that are larger than the actual size. It has been shown that prolonging the TE 
leads to an increase in diameter of these lesions and also detection of an increased number of microbleeds.21 
However, microbleeds can also be obscured by overlapping structures with a high susceptibility effect, like veins 
(deoxyhemoglobin) or the basal ganglia (ferritin deposition). With a longer TE, these structures will also increase in 
size, making it harder to distinguish the microbleeds. Therefore, both a short TE and a long TE may have benefits 
for the visualization of microbleeds. Besides the TE, also the spatial resolution is important for the visualization of 
microbleeds. With a higher resolution, partial volume effects will be minimized and smaller microbleeds can be 
visualized.22 Another factor that influences the visualization of microbleeds is magnetic field strength. Up till now, 
most studies investigating microbleeds used a 1.5T MRI scanner. However, studies comparing 1.5T and 3T show 
a higher number of microbleeds at 3T.18,23 As the susceptibility effect scales with the magnetic field, scanning 
at higher field strengths improves the sensitivity to microbleeds. At ultra-high field strengths, such as 7T, the 
susceptibility effect will further increase as will the signal to noise ratio (SNR). This increase in SNR can be used 
for higher spatial resolution with increased conspicuity of small haemosiderin deposits that may be obscured by 
partial volume effects at lower field strengths operating at lower spatial resolution.24 Furthermore, scanning at 
ultra-high field strengths enables the use of dual echo T2*-weighted imaging for the visualization of microbleeds, 
whereas at lower field strengths this is probably not feasible as the susceptibility effect may not be large enough 
to visualize the microbleeds at the short echo times. The use of a dual echo sequence at 7T has been shown to 
combine the benefits of a short TE and a long TE for the visualisation of microbleeds in one sequence.25 It has not 
been established whether the use of a dual echo sequence at 7T increases the number of detected microbleeds 
compared to the commonly used single echo T2*-weigthed imaging at lower field strengths. The purpose of our 
study was to compare the visualization of microbleeds with T2*-weighted imaging on 1.5T with dual echo T2*-
weighted imaging at 7T and assess the reliability of the detection of microbleeds with the two field strengths. 
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Methods

Patients

Patients from the Second Manifestations of ARTerial disease (SMART) study,26 without contraindications for 
7T MRI, were consecutively included between July 2008 and December 2009. The objectives of the SMART 
study are to determine the prevalence of vascular risk factors and concomitant arterial disease and to study 
the incidence of future cardiovascular events and its predictors in patients newly referred to our hospital with 
atherosclerotic disease. The SMART study and the 7T imaging were approved by the medical ethics committee. 
Written informed consent was given by all patients. In total, 38 patients could be included in our study. The scans 
of three patients were used for a training session of the two observers and therefore excluded from the final 
analysis. In one patient more than 20 microbleeds were seen on the 7T scan. This was considerably more than in 
all other patients; the sum of all microbleeds in the remaining 34 patients on the 7T scan was 36. To prevent that 
the results depended highly on the scan of this single patient with many microbleeds, this patient was considered 
as an outlier and excluded from the analysis. Therefore the analysis was done on 34 patients. 

MR Imaging

MR imaging was performed at a 1.5T whole-body system (Gyroscan ACS-NT, Philips Medical Systems, Best, the 
Netherlands) and a 7T whole-body system (Philips Healthcare, Cleveland, OH, USA). In all patients, a 3D T2*-
weighted imaging scan at 1.5T MRI and a 3D dual echo T2*-weighted MRI scan at 7T MRI were performed on 
the same day (MR sequence parameters shown in table 1). 

As the dual echo sequence at 7T was originally designed as combination of an arteriogram and a venogram, the 
first echo (TE1) was used to make an inflow arteriogram. To control for intra-voxel dephasing of flowing blood, 
the TE1 had to be short, with full flow compensation and partial Fourier encoding. The fat had to be suppressed 
and therefore water and fat should be out of phase. For 7T this is possible at 0.5 ms, 1.5 ms, 2.5 ms, and so 
on. The minimal TE depends on the resolution and the gradient power and in our case 2.5 ms is the optimum. 
Therefore, the TE1 was chosen at 2.5 ms.

The second echo (TE2) was designed to make a venogram. Therefore, it was important to have a full echo and a 
flyback gradient, so the second readout gradient had the same polarity as the first readout gradient.27 To obtain 
enough sensitivity, the echo time had to be relatively long, preferably between 20 and 30 ms. A longer echo 
time was not useful because the SNR would become too low. For the choice of the TE2, it is important that the 
repetition time is short enough to obtain good background suppression on the first echo image (arteriogram). 
The flip angle was optimized for angiography in the first echo and for venography in the second echo. Excitation 
pulses consisted of tilt-optimised non-saturated excitation (TONE) pulses with nominal flip angle variation of 16°-
24° in the feet–head direction. With this flip angle the repetition time had to be around 20 ms.28 Here a balance 
had to be found between a long enough echo time for the venogram and a short enough repetition time for good 
background suppression in the arteriogram. As a compromise, the TE2 was chosen at 15 ms.

The parameters of the T2*-weighted imaging at 1.5T were chosen to be comparable to the 7T scan within the 
possibilities of the 1.5T MRI. Therefore a scan with a high spatial resolution was made, with an acquired voxel 
size of 0.8 x 0.8 x 0.8 mm. A PRESTO (principles of echo shifting with a train of observations) technique with a 
TE of 35 ms and a TR of 25 ms was used. During this sequence, additional field gradients shift the refocused 
gradient echo into the subsequent TR period, which results in a TE longer than the TR. In this sequence the flip 
angle is not optimized for maximum SNR with the given TR, but small flip angles are needed to attenuate the 
contribution of spin echoes and stimulated echoes.29 With this technique it is possible to obtain a longer echo 
time with a relatively short repetition time, resulting in a shorter scan time. This makes it possible to obtain a high 

resolution scan with a long TE within a reasonable scan time. The use of PRESTO has been shown to result in a 
higher contrast-to-noise ratio compared to 3D-GRE for the visualization of microbleeds.30 

Post-processing

The post-processing of the data was performed on the console of the MRI system. Minimum intensity projections 
(minIPs) were reconstructed for transversal slabs (thickness 3 mm, 2 mm overlap, 100 slices) for the 1.5T scan 
and for the first echo and the second echo of the 7T scan (figure 1). 

Figure 1 | [A] Minimum 

intensity projection (minIP) 

of 3mm thickness of the 

1.5T scan. Two micro

bleeds are visible (arrows). 

[B] Shows the minIP of 

3mm of the first echo 

image at 7T, and of the 

second echo image [C]. 

The two microbleeds are 

also visible on the first 

and second echo image 

(arrows). Note the develop

mental venous anomaly 

visible on the 1.5T scan 

(arrowhead) and very 

clearly demarcated on the 

second echo of the 7T 

scan. 

[D-F] Magnifications of the microbleeds on the 1.5T scan, the first echo of 

the 7T scan and the second echo of the 7T scan, respectively.

Table 1 MR sequence parameters

Sequence parameter   1.5 Tesla     7 Tesla

Repetition time (msec)   25      20.0

Echo time (msec)    35      2.5 / 15.0

Flip angle (degrees)    10      16-24 (variation over slab)

Bandwidth (Hz/pixel)   100      203

Matrix size     276 x 226     508 x 399

Parallel imaging    Yes (acceleration factor = 1.8)  Yes (acceleration factor = 2.5)

Flow compensation    No      Yes

Section thickness (mm)   0.8      0.6

Gap (mm)     None      None

No. of sections    125      167

Acquired voxel size (mm)   0.8 x 0.8 x 0.8    0.35 x 0.4 x 0.6

Interpolated voxel size (mm)  0.43 x 0.43 x 0.4    0.35 x 0.35 x 0.3

Acquisition time    6 min 56 sec     8 min 50 sec
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Results

Baseline characteristics of the 34 patients are shown in table 2.

Inter- and intra-observer reliability

Table 3 shows the number of patients with and without definite microbleeds scored by both raters on 1.5T, 
resulting in a fair inter-observer reliability (k = 0.30). At 7T the inter-observer reliability for definite microbleeds was 
moderate (k = 0.42) (table 4). The intra-observer reliability was moderate at 1.5T (k = 0.52) and good at 7T 
(k = 0.80). For the number of microbleeds moderate inter-observer reliability was demonstrated for the 1.5T 
 (ICC = 0.50) and good reliability for the 7T (ICC = 0.61). The intra-observer reliability for the number of microbleeds 
was moderate at 1.5T (ICC = 0.59) and very good at 7T (ICC = 0.94).
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Rating of microbleeds

All 1.5T and 7T scans were independently scored by two observers, both experienced neuroradiologists. The 
observers were trained in one session where they together evaluated scans of three patients with microbleeds. 
These three patients were excluded from the statistical analysis. For the 7T scans, first and second echo images 
were both used to score the microbleeds. The observers were blinded to the scan on the other field strength 
and to all clinical information. The scans of 10 patients were scored twice by one of the observers with a gap of 
one week to assess intra-observer reliability. The scans that were scored differently by the two observers were 
evaluated in a consensus meeting to obtain a final score.

1.5T and 7T scans were evaluated in a random order. There was a minimal gap of one week between the 
evaluation of a 1.5T and 7T scan of the same patient. The rating of the microbleeds was based on the Microbleed 
Anatomical Rating Scale (MARS).31 In this rating scale, microbleeds are scored as ‘definite’ or ‘possible’ 
microbleeds. In our study, we focused on ‘definite’ microbleeds, that were scored when they were visible on 
the first echo or on the second echo or on both echo images at 7T. Definite microbleeds are defined as small, 
rounded or circular, well-defined hypointense lesions within brain parenchyma with clear margins ranging from 2 
to 10 mm in size on GRE T2*-weighted images in the MARS. In this study we slightly adjusted this definition by 
excluding the size-criterion. Due to the blooming effect, microbleeds appear larger on GRE T2*-weighted scan 
than the actual size of the microbleeds. The blooming effect depends among others on the field strength and the 
echo time, and will therefore be different for the 1.5T and 7T scan, which will result in different sizes for the same 
microbleeds on the two field strengths. This makes the size-criterion not appropriate for this comparison study. 
Symmetrical areas of calcification in the basal ganglia, choroid plexus and pineal gland were excluded, as were 
signal voids caused by sulcal vessels and low-signal lesions thought to be signal voids due to adjacent bone.3,10,31 
Afterwards, dissimilarities between the 1.5T and the 7T scans were assessed in a side-by-side comparison.

Statistical analysis

Inter- and intra-observer reliability for the presence and absence of microbleeds was tested with Cohen k test. 
The k-statistic was interpreted as poor (0-0.20), fair (0.21-0.40), moderate (0.41-0.60), good (0.61-0.80), or very 
good (0.8-1).32 The reliability of the number of microbleeds was quantified by the intraclass correlation coefficient 
(ICC). The difference in prevalence of microbleeds between 1.5T and 7T scans was tested with McNemar’s test. 
For the analysis of the difference in number of visible microbleeds between 1.5T and 7T scans the Wilcoxon 
signed rank test was used. This analysis was done for all patients and for a selection of patients whose scans 
showed microbleeds at both field strengths. The analyses were performed by using the statistical software 
package SPSS (version 15.0 for Windows; SPSS Chicago, Ill).

 

      All patients

      (n = 34)

Age (years)*     58 ± 12

Male gender (%)    85

Inclusion in SMART-study with:

Vascular risk factors (%)   50

Cerebrovascular disease (%)   26

Peripheral artery disease (%)   15

Cardiovascular disease (%)   9

Table 2  Baseline characteristics of all patients

*Age was expressed as mean with standard deviation

7T    Observer 2        

    Microbleeds absent       Microbleeds present  Total 

Observer 1

Microbleeds absent  18     7     25

Microbleeds present  2     7     9

Total     20    14      34

Table 4  Number of patients with visible microbleeds at 7T for the two observers

1.5T    Observer 2         

    Microbleeds absent       Microbleeds present  Total 

Observer 1

Microbleeds absent  21     6     27

Microbleeds present  3     4     7

Total     24     10     34  

Table 3  Number of patients with visible microbleeds at 1.5T for the two observers
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Presence and Number of Microbleeds

Table 5 shows the number of patients with and without microbleeds at 1.5T and 7T after consensus. One or more 
microbleeds were found on 1.5T scans in 8 (23.5%) patients, and on 7T scans in 17 (50%) patients. The number 
of patients with microbleeds at 7T was significantly higher than at 1.5T (p = 0.002). There were no patients in 
whom microbleeds were scored at 1.5T that were not scored at 7T. 

In the 8 patients with microbleeds on the 1.5T scans a total of 15 microbleeds was scored (median number of 
microbleeds 0.0, range 0-6). Of these 15 microbleeds, 7 were located frontal, 3 parietal, 2 occipital, 1 temporal, 
1 in the basal ganglia and 1 in the deep and periventricular white matter. In the 17 patients with microbleeds on 
the 7T scans a total of 36 microbleeds was scored (median 0.5, range 0-5), which was significantly more than 
at 1.5T (p = 0.003). Of the 36 microbleeds scored on the 7T, 14 were located frontal, 7 parietal, 5 occipital, 5 
temporal, 2 in the basal ganglia, 2 in the cerebellum and 1 in the thalamus. In all 8 patients with microbleeds on 
1.5T microbleeds were also present on the 7T scan. The median number of microbleeds in these patients with 
visible microbleeds at both field strengths was 1.0 (range 1-6) at 1.5T, and 2.0 (range 1-5) at 7T. However, this 
difference was not significant (p = 0.236). 

Side-by-Side Comparison

Twenty-seven microbleeds (75%) out of the 36 microbleeds that were scored on 7T scans were not scored on 
1.5T scans. Side-by-side comparison of 1.5T and 7T scans showed that 13 (48%) of the microbleeds that were 
scored at 7T and not on 1.5T were small microbleeds on the 7T scans, which were not visible on the 1.5T scan. 
Two of these microbleeds were not visible due to overlap of a venous structure. Five other microbleeds (19%) 
were visible at 1.5T, however, they were located in the vicinity of a venous structure and could therefore not be 
reliably distinguished as a microbleed. Four microbleeds (15%) were visible as hypointense lesions, but not as 
a typical well-defined, round shaped lesion, as illustrated in figure 2. As shown in figure 3, three microbleeds 
(11%) that were not scored on the 1.5T scans were in retrospect visible as very small lesions, which could hardly 
be distinguished from the background noise. One microbleed (4%) was missed, which was located near the 
hypointense basal ganglia; on the 7T scan this microbleed was only visible on the first echo image. One other 
microbleed (4%) was just overlooked by both observers. 

Of the total of 15 microbleeds that were scored on 1.5T scans, 5 microbleeds (33%) were not scored on 7T 
scans. In retrospect, these microbleeds were visible as very small lesions on the 7T scans and were missed by 
the observers, or defined as no definite microbleed during the consensus meeting. An example of one of those 
microbleeds is shown in figure 4. 

 

Figure 2 | [A] On this 1.5T scan, a hypointense lesion (arrow) is visible which is not a typical welldefined, round shaped 

lesion as in the definition of a microbleed. This lesion was not scored as a microbleed on the 1.5T scan. In b and c this 

same lesion is visible on the 7T scan. On the first echo image [B] is it is visible as a faint round hypointensity and on 

the second echo [C] as a clearly visible round hypointensity (arrow). On the 7T scan both raters scored this lesion as a 

microbleed.

Figure 3 | [A] The 1.5T scan shows a hypointense lesion (arrow) which can hardly be distinguished from noise and 

was not scored as a microbleed. On both the first echo image [B] and the second echo image [C] of the 7T scan this 

hypointense lesion is visible as a typical microbleed, showing enlargement at the second echo time due to the blooming 

effect. This lesion was scored as a microbleed by both observers.

Figure 4 | [A] The 1.5T scan shows a welldefined, round, hypointense lesion (arrow), which was scored as a 

microbleed. However, on the first echo of the 7T scan [B], this lesion is only visible as a very faint hypointensity and 

on the second echo [C] it appears as a small microbleed. On the 7T scan this lesion was not scored as a microbleed.

Consensus 2 observers 7T          

    Microbleeds absent       Microbleeds present  Total

1.5T

Microbleeds absent  17     9     26

Microbleeds present  0     8     8

Total    17     17     34

Table 5  Number of patients with visible microbleeds at 1.5T and 7T after 
   consensus between the two observers
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Discussion

In this study we found a fair to moderate inter- and intra-observer reliability for the presence of microbleeds 
by using 3D T2*-weighted imaging at 1.5T, and moderate to good reliability by using dual echo T2*-weighted 
imaging at 7T. For the number of microbleeds the reliability was better, as it was moderate at 1.5T and good to 
very good at 7T. Overall, we found an increased reliability for both presence and number of microbleeds at 7T 
compared with 1.5T. Cerebral microbleeds were detected in more patients at 7T than at 1.5T. Furthermore, the 
number of microbleeds detected was higher at 7T.

Besides the detection of microbleeds in more patients and a higher number of microbleeds at 7T, also the 
reliability of the detection improves. Compared to 1.5T both inter- and intra-observer reliability improved at 7T. 
This might be due to the higher resolution, increased SNR, and the use of the dual echo sequence at 7T. Recently, 
we showed that the first echo image provides a good contrast of the dark microbleeds against a homogenous, 
more hyperintense signal of the brain tissue, and that 85% of all microbleeds are visible on the first echo image.25 
If a microbleed is visible on the first echo image and also shows a blooming effect on the second echo, it is 
more easily classified as a definite microbleed, whereas the 1.5T scan provides only one single echo image of 
the microbleed. Besides that, the contrast between microbleeds and the background is less on the 1.5T scan 
and the resolution is slightly lower, making it more difficult to distinguish microbleeds from the background noise 
and from other hypointense structures compared to the 7T scan. The use of the first echo image at 7T is helpful 
to distinguish microbleeds from deoxyhemoglobin in veins and ferritin in the basal ganglia, whereas microbleeds 
can be missed by overlap of veins or the hypointense appearance of ferritin containing basal ganglia on the 1.5T 
scan or on the second echo of the 7T scan.25

Previous studies comparing the detection of microbleeds at 3T and 1.5T found significantly more microbleeds 
at 3T. In addition, the microbleeds conspicuity improved at 3T.18,23 These results are in line with our results of a 
better detection of microbleeds at 7T, indicating that the detection of microbleeds improves with increasing field 
strength. The higher resolution, higher SNR and increased susceptibility effect at 7T increased the conspicuity 
of smaller microbleeds. This resulted in the detection of more and smaller microbleeds. However, a drawback is 
that very small microbleeds were hard to distinguish from background noise, and small microbleeds were easily 
missed by the observers. 

Unexpectedly, some microbleeds were scored at 1.5T, but not at 7T. A possible reason for this is that at 7T more 
and smaller veins are visible, making it harder to distinguish small microbleeds from small veins. This is illustrated 
by figure 4, where the microbleed that was missed on the 7T scan was located near a very small vein, and could 
therefore be mistaken as part of the vein. 

Nowadays, susceptibility weighted imaging (SWI) is increasingly used for the detection of microbleeds.18,33 In SWI 
the magnitude and phase images of the T2*-weighted scan are combined to create enhanced contrast between 
tissues with different susceptibilities.34 However, SWI depends strongly on the voxel aspect ratio, with an optimal 
voxel aspect ratio of 1:1:4, while we used more isotropic voxels (isotropic voxels at 1.5T and an aspect ratio 
of 1:1.3:1.7 at 7T).35 The additional value of SWI will be minimal for scans with (near) isotropic voxels, and we 
therefore chose T2*-weighted imaging instead of SWI for the detection of microbleeds in our study.

A limitation of the study is the relatively low observer reliability at 1.5T. The study by Gregoire et al describing the 
MARS shows a very good observer reliability by using MARS at 1.5T.31 There are several possible explanations 
for this difference. First, Gregoire et al excluded patients with one definite microbleed from the analysis, which 
substantially improved their interobserver reliability, whereas we did not exclude patients with only one microbleed. 
Besides that, in the study of Gregoire et al a slice thickness of 5 mm with a gap of 1.5 mm was used, which is 
a large difference with our 0.8 mm slices. The use of thin slices results in many more slices and also more small 
microbleeds will become visible. Those small microbleeds are easily missed by the observers, especially when 

they have to evaluate many slices, inducing differences between the scores of observers. Furthermore, Gregoire 
et al did not score microbleeds smaller than 2 mm, whereas we did not use a minimum diameter in our study. In 
other studies at 1.5T observer reliabilities vary from fair to very good,3,7,36 probably this is also due to differences 
in scan parameters and definition of microbleeds.  

Another limitation of this study is that the scan parameters of the 1.5T T2*-weighted sequence were different 
from the 7T dual echo sequence. This makes it difficult to evaluate the net effect of the increased field strength. 
However, when going to higher field strength, it is not feasible to maintain the same scan parameters. Therefore 
we tried to optimize both scans as much as possible for the corresponding field strength within a reasonable 
scan time. The echo time is the parameter that most affects sensitivity in T2*-weighted MRI.10 The echo time at 
1.5T is 35 ms, whereas it is only 15 ms for the second echo image at 7T. A longer echo time gives more time for 
dephasing, resulting in an increase in diameter of microbleeds and also an increase in the number of microbleeds 
detected.19 However, within the dual echo sequence at 7T, a balance had to be found between an echo time, 
which gives enough dephasing and a short repetition time, which is necessary for good background suppression 
in the first echo image. Therefore the echo time could not be equally long in the 7T sequence as in the 1.5T 
sequence. The use of a longer echo time at 7T could result in the detection of more microbleeds. However, as 
other structures with a high susceptibility, such as veins or iron-deposition in the basal ganglia will also become 
larger, this may lead to more overlap of microbleeds by these brain structures. Therefore, we think it is important 
to use two echo times to combine the benefits of a short and a long echo time.

Although interest in cerebral microbleeds has greatly increased, their relevance in clinical practice remains 
unclear.37 It is possible that the current studies, which are now mainly done at 1.5T, only detect the tip of 
the iceberg of all microbleeds present in the brain. Scanning at higher field strengths, such as 7T, might be 
necessary to improve the detection of microbleeds and the reliability of this detection. As microbleeds can be 
detected in more patients and also the lesion load can be determined more accurately, this could result in more 
detailed and consistent information about the clinical significance of microbleeds. Furthermore, microbleeds are 
regarded as markers of vascular pathology and it can be interesting to study changes in patients with cerebral 
amyloid angiopathy, hypertensive vasculopathy or Alzheimer’s disease.10 The improved detection of microbleeds 
at 7T may be useful for follow-up studies with small changes in microbleed load over time. Furthermore, good 
detection methods for microbleeds are needed for future studies to determine whether microbleeds should affect 
clinical decision making, to identify their relation with other signs of cerebral small vessel disease, and to describe 
their independent contribution to cognitive and neurological dysfunction.10

In conclusion, we found that presence and number of detected microbleeds is higher and also the reliability of 
the detection of microbleeds improves with a 3D dual echo T2*-weighted sequence at 7T compared to a 3D T2*-
weighted sequence at 1.5T. 
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Abstract

Background and Purpose

Determinants of iron deposition in the brain are largely unknown. We assessed whether age, sex, vascular risk 
factors, lacunar infarcts, white matter lesions (WML) and microbleeds on MRI were associated with a decrease 
in T2* of the basal ganglia at 7 Tesla.

Methods

Dual echo T2*-weighted scans at 7T with anatomical scans at 1.5T were available in 49 patients from the Second 
Manifestations of ARTerial disease (SMART) study. Visual scoring of lacunar infarcts and volumetric assessment 
of WML were performed on 1.5T scans. The dual echo T2*-weighted scans at 7T were used to score the 
microbleeds and to measure T2*-values of the putamen, globus pallidus and caudate nucleus. 

Results

Older age was significantly associated with lower T2* of the putamen and caudate nucleus, while men had lower 
T2* of the globus pallidus. Vascular risk factors were not associated with T2*. Lacunar infarcts, but not WML or 
microbleeds, were associated with significantly lower T2* of the caudate nucleus after adjusting for age and sex. 
Phase images confirmed iron deposition in the basal ganglia. 

Conclusion

Older age, male sex and presence of lacunar infarcts were associated with increased iron deposition in one or 
more basal ganglia measured with T2* at 7T.

 

Introduction

Iron is important for metabolic processes of the brain, as it is an essential cofactor for many proteins that are 
involved in normal function of neuronal tissue.1,2 With normal aging, progressive iron deposition in the brain occurs, 
with most of it located in the basal ganglia.3,4 Excessive iron accumulation is associated with neurodegenerative 
conditions, such as Alzheimer’s disease, Parkinson’s disease, and Lewy Body dementia.5,6 In addition to age 
differences, gender differences in brain iron levels have also been found. In one study, women were found 
to have lower iron levels than men.6 Outside the brain, iron is thought to play a role in the pathogenesis of 
atherosclerosis. The iron hypothesis states that stored tissue iron may be an important determinant for the 
development of atherosclerosis. Iron uptake in macrophages is an early and important event in atherosclerosis 
and iron accumulation in atherosclerotic lesions is associated with unstable plaques.7,8 Therefore, atherosclerotic 
risk factors may be associated with iron deposition in the brain, but this has not been investigated previously.

Although the exact mechanism of iron deposition is not completely elucidated,9 iron must cross the blood-brain 
barrier (BBB) to enter the brain. As iron accumulates mainly in the basal ganglia, the changes in the BBB could 
be expected in the perforating arteries supplying the basal ganglia area. Increased permeability of the perforating 
arteries is also seen in cerebral small vessel disease.10-12 Indicators of cerebral small vessel disease are lacunar 
infarcts and white matter lesions (WML). In addition, microbleeds are thought to be caused by leakage of red 
blood cells from small blood vessels in the brain.13 As lacunar infarcts, WML and microbleeds all involve increased 
permeability of cerebral small vessels, it is possible that this increased permeability could lead to increased iron 
deposition in the basal ganglia as a secondary consequence.1 However, it is not known whether lacunar infarcts, 
WML or microbleeds are associated with increased iron deposition in the brain.

MRI has made it possible to study brain iron depositions non-invasively in living subjects.14 The presence of 
paramagnetic iron will decrease the transverse relaxation time (T2*),  and the relaxation is proportional to the 
concentration of paramagnetic ions.15 This makes T2* measurements suitable to quantify brain iron accumulation.5 
The use of ultra-high field strengths, such as 7 Tesla, result in a dramatic increase in susceptibility contrast, 
sensitivity and resolution.16 This could be very useful to detect subtle changes in iron concentration.

The purpose of this study was first to investigate associations between age, sex, atherosclerotic risk factors and 
iron deposition measured with T2* measurements at 7 Tesla, and second to investigate whether the presence of 
lacunar infarcts, WML or microbleeds was associated with increased iron deposition in the basal ganglia.
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Materials and Methods

Participants and design

Patients from the Second Manifestations of ARTerial disease (SMART) study,17 without contraindications for 7T 
MRI, were consecutively included between July 2008 and February 2010. The rationale and design of the SMART 
study, including inclusion criteria, have been described in detail elsewhere.17 In short, all eligible patients, newly 
referred to the University Medical Center Utrecht with symptomatic vascular disease or vascular risk factors, 
are screened for additional risk factors and severity of vascular disease. During a 1-day visit to our medical 
center, blood and urine sampling was performed, as well as a physical examination and ultrasonography of 
the carotid arteries. Risk factors, medical history, and functioning were assessed with questionnaires that the 
patients completed before their visit to the medical center. For the purpose of this study, a 1.5T MRI of the brain 
was made to assess brain infarcts, white matter lesions and brain atrophy,18,19 and a 7T MRI scan was made 
to study microbleeds and brain iron. The SMART study and the brain imaging were approved by the medical 
ethics committee of our hospital. Written informed consent was given by all patients. For this study, T2*-weighted 
images were available for 56 patients. Seven patients were excluded due to motion-artefacts in the scans, leaving 
49 patients for the analysis (table 1). Of these 49 patients, 18 were included with cerebrovascular disease, 9 with 
peripheral artery disease, 3 with coronary artery disease, 16 with vascular risk factors (diabetes mellitus n=13, 
hypertension n=1, hyperlipidemia n=2), and 3 with other manifestations of vascular disease.

Magnetic Resonance Imaging 1.5 Tesla

The MR protocol on the 1.5 Tesla whole-body system (Gyroscan ACS-NT, Philips Medical Systems, Best, the 
Netherlands) consisted of transversal T1-weighted (TR/TE: 235/2 ms), T2-weighted (TR/TE: 2200/11 ms and 
2200/100 ms), fluid-attenuating inverse recovery (FLAIR) (TR/TE/inversion time (TI): 6000/100/2000 ms) and 
inversion recovery (IR) (TR/TE/TI: 2900/22/410 ms) sequences. Field of view was 230x230 mm, matrix size 
180x256, slice thickness 4.0 mm, no gap, 38 slices.

Magnetic Resonance Imaging 7 Tesla 

The 7 Tesla scan was performed on a 7 Tesla whole-body system (Philips Healthcare, Cleveland, OH, USA), using 
a volume transmit and 16-channel receive head coil (Nova Medical, Wilmington, MA, USA), on the same day as 
the 1.5T scan. A 3D dual echo T2*-weighted scan (TR 20 ms, TE 2.5/15 ms, matrix size 508x399, resolution 
0.35x0.4x0.6 mm3, 167 slices, with flow compensation and acceleration factor 2.5) was made,  and a multislice 
T2-weighted scan (TR/TE: 5193/60 ms, field of view 230x171, matrix size 460x242, slice thickness 4.0 mm, gap 
1 mm, 24 slices).

Calculation of T2* in basal ganglia

The dual echo T2*-weighted sequence at 7 Tesla was used to estimate the T2* of the basal ganglia. Regions of 
interest (ROIs) were drawn by one investigator (MC) in two consecutive slices of the T2-weighted scan where 
the basal ganglia were largest in diameter and could be clearly distinguished from surrounding tissue. The ROIs 
included the putamen, globus pallidus and caudate nucleus in both hemispheres. The ROIs were registered to 
the T2* using the transformation matrix that was obtained from the registration of the T2 to the T2*-weighed 
images using a 7 degrees-of-freedom registration algorithm with a correlation ratio cost function, implemented in 
Java Image Science Toolkit (JIST).21 Because perivascular spaces filled with CSF can give very high T2*-values, 
which influences the mean T2* of the basal ganglia, we evaluated T2*-values of five patients without prominent 
perivascular spaces in the basal ganglia to determine the normal variation. In all five patients the mean T2* plus 
three times the standard deviation (SD) was below 40 ms. To filter out T2* from CSF, voxels with a T2* above 
40 ms were left out of the analysis. Also, voxels that showed a fitted T2*-value of 0 or lower due to noise were 
left out. The T2*-values of the remaining voxels were averaged within each ROI in the left and right hemisphere 
together for each individual. 

Brain segmentation and white matter lesions

For brain segmentation we used the T1-weighted, IR and FLAIR sequence from the 1.5T scan.18,19,22 The 
segmentation program distinguishes cortical gray matter, white matter, CSF, and lesions. Results of the 
segmentation analysis were visually checked for the presence of infarcts and adapted if necessary to make 
a distinction between WML and infarct volumes (see below). Total brain volume was calculated by summing 
the volumes of gray and white matter and, if present, the volumes of WML and infarcts. All volumes cranial to 
the foramen magnum were included. Total intracranial volume (ICV) was calculated by summing the total brain 
volume and the volume of the CSF. Volumes of WML were normalized for ICV by dividing WML volume by ICV 
and multiplying this value by the mean ICV of the study population (1420.8 mL).

Brain infarcts 

The whole brain was visually searched for infarcts by a trained investigator and a neuroradiologist on the 1.5T 
scan. Raters were blinded to the history and diagnosis of the patient. Discrepancies in rating were re-evaluated 
in a consensus meeting. Infarcts were defined as focal hyperintensities on T2-weighted images of at least 3 mm 
in diameter. Hyperintensities located in the white matter also had to be hypointense on T1-weighted and FLAIR 
images in order to distinguish them from WML. Dilated perivascular spaces were distinguished from infarcts on 
the basis of their location, form, and the absence of gliosis. We defined lacunar infarcts as infarcts sized 3 to 
15 mm in diameter in plane and located in the subcortical white matter, thalamus or basal ganglia. Other brain 
infarcts included cortical infarcts, large subcortical infarcts, and infratentorial infarcts, and these were categorized 
as non-lacunar infarcts in the analyses.

Table 1 Baseline characteristics of study sample

        Study sample (n = 49)

Male gender        35 (71%)

Age (years)        59 ± 10

Systolic blood pressure (mm Hg)     136 ± 16

Diastolic blood pressure (mm Hg)     78 ± 11

Hypertension       35 (71%)

Diabetes mellitus       19 (39%)

Smoking, current       13 (27%)

Brain infarcts present      17 (35%)

Lacunar infarcts present       12 (25%)

White matter lesion volume relative to 

total intracranial volume (mL)     1.3 (0.4-11.1)

Microbleeds present       19 (39%)

Number of microbleeds      0 (0-13)

Age and blood pressure 

are expressed as mean 

with standard deviations; 

white matter lesion 

volume is expressed as 

median with 10th and 90th 

percentile; number of 

microbleeds is expressed 

as median with range, 

one patient with up to 100 

microbleeds was excluded 

from the analysis on the 

number of microbleeds. 
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Microbleeds

Microbleeds were independently scored on the dual echo T2*-weighted scan at 7T by two experienced 
neuroradiologists, blinded to all clinical information, and evaluated in a consensus meeting to obtain a final 
score. After consensus was reached on the first 50% of scans, the remaining scans were scored by one of the 
neuroradiologists. The rating of the microbleeds was based on the Microbleed Anatomical Rating Scale (MARS)23 
and scored as ‘definite’ microbleeds if they appeared as small, rounded or circular, well-defined hypointense lesions 
within brain parenchyma with clear margins ranging from 2 to 10 mm in size on GRE T2*-weighted images. We 
slightly adjusted this definition by excluding the size-criterion because due to the blooming effect, microbleeds 
appear larger on GRE T2*-weighted scan than the actual size of the microbleeds. The blooming effect depends 
among others on the field strength and the echo time, and will therefore differ with different imaging protocols. 
Symmetrical areas of calcification in the basal ganglia, choroid plexus and pineal gland were excluded, as were 
signal voids caused by sulcal vessels and low-signal lesions thought to be signal voids due to adjacent bone.24 

Phase imaging

We used phase images to distinguish whether differences in T2* between patients were due to iron deposition 
in the basal ganglia or other factors that influence T2* such as calcifications. Of the phase images of the second 
echo, the derivative was calculated, showing the change in phase and thus magnetic field.25 The phase derivative 
images of three random patients with different T2*-values of the basal ganglia were analyzed to assess differences 
in contrast on the phase derivative image. The variability in phase was quantitatively assessed with use of the 
phase derivative values in the area of the basal ganglia. A wider distribution of the phase derivative values 
corresponds to stronger changes in the phase and hence larger field disturbing properties of the enclosed object, 
indicating a higher concentration of paramagnetic iron.

Vascular risk factors

During the patient’s visit to the medical center, an overnight fasting venous blood sample was taken to determine 
glucose levels. Blood pressure was measured twice with a sphygmomanometer and the average of the two 
measures was calculated. Hypertension was defined as mean systolic blood pressure ≥160 mm Hg or mean 
diastolic blood pressure ≥95 mm Hg or self reported use of antihypertensive drugs. Diabetes mellitus was defined 
as a history of diabetes mellitus, glucose ≥7.0 mmol/L or self reported use of oral antidiabetic drugs or insulin. 
Smoking habits were assessed with questionnaires and categorized as never/former or current. Patients who had 
quit smoking during the past year were assigned to the category current.
 

Statistical Analysis

First, linear regression was used to estimate the associations of age, sex, systolic blood pressure, diastolic 
blood pressure, hypertension, diabetes mellitus and smoking habits with the T2* of the basal ganglia. Second, 
associations of lacunar infarcts (present vs. absent), white matter lesions (per mL increase, and upper quartile 
vs. lower three quartiles), and microbleeds (present vs. absent, and number of microbleeds) with the T2* was 
estimated using linear regression analyses and ANCOVA. In model 1 no adjustments were made and in model 
2 associations were adjusted for age and sex. In one patient up to 100 microbleeds were seen on the 7T scan. 
This was considerably more than in all other patients (range 1-13). To prevent that the results of analysis on the 
number of microbleeds depended highly on the scan of this single patient with many microbleeds, this patient 
was considered as an outlier and excluded from this analysis. 

Results

In the whole study sample (n=49), the mean T2* at 7T of the putamen was 15.8 ms (SD 2.8), the mean T2* of 
the globus pallidus was 12.7 ms (SD 1.9), and the mean T2* of the caudate nucleus was 20.7 ms (SD 3.4). The 
Pearson correlation coefficients between age and T2* of the putamen, globus pallidus, and caudate nucleus were 
-0.41 (p=0.004), -0.16 (p=0.261) and -0.34 (p=0.019) respectively (figure 1).

Risk factors

Linear regression analysis showed that older age was significantly associated with a lower T2* of the putamen 
(B=-0.11, 95% CI -0.18 to -0.04, p=0.004), and of the caudate nucleus (B=-0.11, 95 CI -0.20 to -0.02, p=0.02), 
also after adjusting for sex (table 2). There was no significant association between the T2* of the globus pallidus 
and age (table 2). Male sex was associated with a significantly lower T2* of the globus pallidus compared to 
female sex (B=-1.24, 95% CI -2.38 to -0.10, p=0.03), which remained significant after adjusting for age. No 
significant association was found between male sex and T2* for the putamen and caudate nucleus (table 2). 
Systolic or diastolic blood pressure, hypertension, diabetes and smoking were not significantly associated with 
the T2* of any of the basal ganglia (table 2). 

Figure 1  Scatterplot of T2* of putamen, globus pallidus and caudate nucleus with age

Significant correlation between T2* of the putamen and caudate nucleus and age shown in [A] and [C].  No significant 

correlation was found for the globus pallidus and age, as shown in [B].
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Lacunar infarcts

The T2* of the putamen, globus pallidus and caudate nucleus was lower in patients with lacunar infarcts compared 
to patients without lacunar infarcts, although this difference was not statistically significant for the putamen and 
globus pallidus. After adjustment for age and sex the difference in T2* attenuated but the T2* of the caudate 
nucleus remained significantly lower in patients with lacunar infarcts (table 3).

White matter lesions

Increase in WML volume per mL showed no significant association with T2* of the putamen (B=-0.07, 95% CI 
-0.23 to 0.09, p=0.38), globus pallidus (B=-0.03, 95% CI -0.14 to 0.07, p=0.54) or caudate nucleus (B=-0.17, 
95% CI -0.35 to 0.02, p=0.08). When we compared patients with severe WML load (upper quartile) with the 
rest of the sample (lower three quartiles) the T2* of the caudate nucleus was significantly lower in patients with 
severe WML and the T2* of the putamen was borderline significantly lower in patients with severe WML (table 3). 
However, after adjustment for age and sex these differences decreased and were no longer significant. The T2* of 
the globus pallidus was not associated with severe WML, with or without adjustment for age and sex (table 3). 

Microbleeds

No significant differences were found in T2* of the putamen, globus pallidus or caudate nucleus between patients 
with and without microbleeds (table 3). Also, analysis of the number of microbleeds showed no significant 
association with T2* of the putamen (B=-0.07, 95% CI -0.44 to 0.30, p=0.71), globus pallidus (B=-0.03, 95% CI 
-0.29 to 0.22, p=0.79) or caudate nucleus (B=0.04, 95% CI -0.43 to 0.50, p=0.87), adjusted for age and sex. 

Phase imaging

Figure 2 shows the phase derivative images of two patients with different T2*-values of the putamen, globus 
pallidus and caudate nucleus. The images show high contrast in the region of the basal ganglia. The appearance 
of positive phase derivative (white) and negative phase derivative (black) are consistent with a paramagnetic field 
disturbance due to the iron.26 The patient with a lower T2* of the basal ganglia also showed a wider distribution 
in phase variation (mean 0.45 rad/mm, SD 0.28) compared to the patient with a higher T2* (mean 0.24 rad/mm, 

Age (per year increase)

   Model 1

   Model 2

Men vs. women

   Model 1

   Model 2

Systolic blood pressure 

(per mm Hg increase)

   Model 1

   Model 2

Diastolic blood pressure 

(per mm Hg increase)

   Model 1

   Model 2

Hypertension (yes vs. no)

   Model 1

   Model 2

Diabetes (yes vs. no)

   Model 1

   Model 2

Smoking (current vs. 

never/former)

   Model 1

   Model 2

Putamen   

B (95% CI)                    

-0.11 (-0.18 to -0.04)

-0.11 (-0.18 to -0.03)

-0.99 (-2.78 to 0.81)

-0.72 (-2.40 to 0.95)

0.00 (-0.05 to 0.05)

0.02 (-0.03 to 0.07)

0.00 (-0.07 to 0.08)

0.02 (-0.06 to 0.09)

-0.52 (-2.33 to 1.29)

-0.37 (-2.05 to 1.32)

-0.21 (-1.89 to 1.48)

-0.12 (-1.69 to 1.44)

-0.01 (-1.87 to 1.85)

-0.54 (-2.29 to 1.22)

p-value

0.004

0.005

0.273

0.389

0.966

0.331

0.914

0.630

0.564

0.664

0.807

0.876

0.993

0.541

Globus pallidus 

B (95% CI)                   

-0.03 (-0.08 to 0.02)

-0.02 (-0.07 to 0.03)

-1.24 (-2.38 to -0.10)

-1.18 (-2.33 to -0.04)

-0.01 (-0.04 to 0.03)

0.00 (-0.03 to 0.04)

-0.01 (-0.06 to 0.04)

0.01 (-0.05 to 0.06)

-0.72 (-1.90 to 0.46)

-0.69 (-1.83 to 0.45)

0.62 (-0.48 to 1.71)

0.67 (-0.38 to 1.73)

0.35 (-0.87 to 1.57)

0.21 (-0.99 to 1.41)

p-value

0.261

0.349

0.033

0.044

0.677

0.813

0.728

0.824

0.224

0.229

0.262

0.203

0.193

0.211

Caudate nucleus 

B (95% CI)                   

-0.11 (-0.20 to -0.02)

-0.11 (-0.20 to -0.02)

-0.71 (-2.88 to 1.47)

-0.44 (-2.53 to 1.65)

-0.03 (-0.09 to 0.03)

-0.03 (-0.09 to 0.03)

-0.04 (-0.13 to 0.05)

-0.03 (-0.12 to 0.06)

-0.32 (-2.51 to 1.85)

-0.17 (-2.27 to 1.93)

-0.87 (-2.88 to 1.14)

-0.80 (-2.73 to 1.13)

-0.13 (-2.36 to 2.10)

-0.66 (-2.84 to 1.52)

p-value

0.019

0.023

0.517

0.673

0.099

0.301

0.400

0.490

0.764

0.871

0.387

0.410

0.905

0.548

Model 1: no adjustments, Model 2: adjusted for age and sex

Table 2 Results of linear regression for the association between clinical variables and T2*-values of  
   the basal ganglia

Lacunar infarcts

(present vs. absent)

Model 1

   Model 2

White matter lesions

(upper quartile vs. lower 

three)   

   Model 1

   Model 2                            

Microbleeds

(present vs absent)

   Model 1

   Model 2

T2* Putamen

mean (95% CI)        

-1.5 (-3.4 to 0.4)

-0.2 (-2.2 to 1.9)

-1.7 (-3.5 to 0.1)

-0.3 (-2.4 to 1.8)

-0.6 (-2.3 to 1.1)

-0.4 (-2.0 to 1.2)

p-value

0.111

0.870

0.060

0.764

0.466

0.622

T2* Globus pallidus

mean (95% CI)           

     

-0.9 (-2.2 to 0.3)

-0.5 (-1.9 to 0.9

-0.4 (-1.6 to 0.8)

0.2 (-1.2 to 1.6)

-0.2 (-1.4 to 0.9)

-0.2 (-1.2 to 0.9)

p-value

0.136

0.505

0.524

0.794

0.656

0.778

T2* Caudate nucleus

mean (95% CI)            

-3.2 (-5.3 to -1.1)

-2.6 (-5.0 to -0.1)

-2.4 (-4.5 to -0.2)

-1.3 (-3.9 to 1.2)

-0.2 (-2.3 to 1.8)

0.0 (-2.0 to 2.0)

p-value

0.003

0.040

0.030

0.301

0.829

0.996

Model 1: no adjustments, Model 2: adjusted for age and sex

Table 3  Mean difference in T2* of the putamen, globus pallidus and caudate nucleus related to    
   lacunar infarcts, white matter lesions and microbleeds.
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SD 0.195). The difference in T2* between the patients is also visible as a difference in hypointensity of the basal 
ganglia in the magnitude images of the second echo of the T2*-weighted sequence.

 

Secondary analysis

It has been postulated that the mean T2* over the whole brain could vary between subjects. To test whether this 
variation was present, an additional ROI in the corpus callosum was drawn as a reference to evaluate whether 
T2*-values of the corpus callosum correlated with the investigated ones. Absence of this correlation (Pearson’s 
correlation coefficient 0.06, p=0.7) suggested that no correction was needed. 

Discussion

In 49 patients of the SMART study, we found that at 7 Tesla MRI the T2* of the putamen and caudate nucleus 
significantly decreased with older age. The T2* of the globus pallidus was significantly lower in men than in 
women. Atherosclerotic risk factors were not associated with T2* of the basal ganglia. Presence of lacunar 
infarcts was associated with a significantly lower T2* of the caudate nucleus, also after adjusting for age and 
sex. However, after adjusting for age and sex the differences in T2* between patients with severe and less severe 
WML disappeared. Microbleeds were not associated with changes in T2* of the basal ganglia. The phase images 
showed characteristic phase changes suggestive of iron in the basal ganglia, indicating that the decrease in T2* 
found in this study was due to iron deposition. 

To our knowledge, this is the first study that examined the association of age and sex with iron deposition in the 
basal ganglia using T2* measurements at 7 Tesla. The advantage of 7 Tesla is the increased sensitivity, signal to 
noise ratio and especially the increased susceptibility contrast at high field. This makes it suitable for the detection 
of small differences in susceptibility and thus for small differences in iron deposition. Furthermore, the use of 
T2*-weighted imaging at 7T also results in accurate detection of microbleeds.20 Another strength of this study is 
the use of phase images. Whereas T2* can be influenced by many factors, the phase images confirm that the 
differences found in T2* between patients are due to iron deposition.

A limitation of our study is the relatively small study sample, which will have resulted in reduced power to find 
significant associations. Another limitation is that the dual echo T2*-weighted sequence we used for the calculation 
of the T2*-values was optimized in speed and image quality to depict venous and arterial blood vessels. As a 
result, the imaging parameters of the first and second echo time differed slightly, most notably a different amount 
of k-space filling. The first (partial) echo contains less sample points in k-space, and therefore has a relatively 
lower signal to noise ratio. However, as this echo is acquired at 2.5 ms it already has a higher signal to noise ratio 
than the second echo. Also, values of the fitted T2* are averaged over the specified ROIs, making them robust 
to the reduced signal to noise ratio. Therefore the T2* measurement could be used to compare iron deposition in 
patients with and without lesions within the study population.

Our finding that iron deposition increases with age is consistent with post-mortem data and MRI studies at lower 
field strengths.3,4,27 We found that the T2* decreased with older age in the putamen and caudate nucleus, but 
not in the globus pallidus. Post-mortem and MRI studies have shown that iron deposition in the globus pallidus 
mainly occurs in the first three decades of life, reaching a plateau after the age of 30, whereas iron deposition in 
the putamen and caudate nucleus continues at older ages.3-5 As our study population was above the age of 30, 
this may explain why we did not find an association between the T2* of the globus pallidus and age.

We found higher T2*-values of the globus pallidus in women, indicating less iron deposition. Although it is unclear 
what causes the differences in iron deposition between men and women, the one other study reporting sex 
differences in brain iron levels also showed that women had significantly less iron than men in the caudate 
nucleus, thalamus, frontal lobe and genu and splenium of the corpus callosum.6 

None of the vascular risk factors were associated with the T2* of the basal ganglia in our study. Since this is 
the first study to examine vascular risk factors for iron deposition in the basal ganglia, we cannot compare our 
findings with existing studies. However, because our study sample was relatively small and the estimates and 
confidence intervals greatly varied, it is possible that statistical power was too low to find significant associations 
or that the associations of vascular risk factors with T2* were too small to be detected. 

We observed a significantly lower T2* in patients with lacunar infarcts compared to those without lacunar infarcts, 
which remained after adjusting for age and sex, indicating more iron deposition in patients with lacunar infarcts. It 
is thought that an impaired blood-brain barrier is part of the pathophysiology of lacunar infarcts and possibly this 

Figure 2 | The appearance of the phase shifts (positive phase shift white arrow, negative phase shift black arrow) in the 

basal ganglia shown in [A] and [D] are characteristic for iron deposition. [B] and [E] show a minimal intensity projection of 

the magnitude images of the first echo of the T2*weighted sequence, where the basal ganglia are hardly visible. On the 

second echo of the T2*weighted sequence (C and F) the basal ganglia are visible as hypointense structures. The basal 

ganglia of the patient shown in [F] (mean T2* 12.8 ms, SD 5.2) are more hypointense than the basal ganglia of the patient 

shown in [C] (mean T2* 18.5 ms, SD 5.1), indicating more iron deposition in the patient shown in [F].

Figure 2  Phase images and magnitude images of two patients with 
    different T2*-values of the basal ganglia
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could result in increased iron deposition. Regarding the association between iron deposition and lacunar infarcts, 
brain iron deposition can be a promising new marker for cerebral small vessel disease. 

Interestingly, we observed that the association of the T2* with severe WML was explained by age. An explanation 
for the different associations of lacunar infarcts and WML with the T2* of the basal ganglia may be the location of the 
lesions. Most lacunar infarcts are located near or in the basal ganglia, whereas WML are located periventricularly 
or in the deep white matter. This could also explain why we did not find an association between the presence or 
number of microbleeds and iron deposition in the basal ganglia. In our study the majority of microbleeds were in 
lobar locations and not located in or near the basal ganglia. Microbleeds may be due to very localized changes of 
the vessel wall and BBB permeability, and may therefore not influence iron deposition in the basal ganglia.

The mean T2*-values found in our study at 7T, are comparable with those in another study. This study, comparing 
T2*-values between 1.5T, 3T and 7T, found a T2* of 19.7 ms in the putamen, 11.6 ms in the globus pallidus and 
20.3 in the caudate nucleus at 7T,16 which corresponds closely with the 15.8 ms, 12.7 ms and 20.7 ms we found 
for the respective basal ganglia. 

Previous studies have shown that there is an uneven distribution of iron in the brain, as iron deposition varies with 
age, disease status and brain region.1,28 The lower T2*-values found with age, male sex, and lacunar infarcts in our 
study were also not consistent over the three basal ganglia that were investigated. This implies that mechanisms 
of iron deposition differ between brain regions,28 which may explain the different associations between age, sex, 
lacunar infarcts and the separate basal ganglia.  

Both calcium and iron deposits can cause the basal ganglia to appear hypointense on T2*-weighted imaging. 
It is usually not possible to differentiate between calcium and iron on the magnitude images.  However, phase 
images can be used to differentiate between calcium and iron, through specific appearances of the phase shifts 
in areas with calcium or iron.26 The characteristic phase appearance we found in the phase images suggests that 
the decrease in T2* found in this study was due to iron deposition. 

In sum, in this study using T2* measurements at 7 Tesla, older age, male sex and presence of lacunar infarcts 
were associated with increased iron deposition in one or more basal ganglia. Future studies should determine 
whether these results can be replicated in larger study samples. 
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Abstract

Background and Purpose 

The underlying pathology of lacunar infarcts, white matter lesions and also of microbleeds is poorly understood. 
We assessed whether the presence of lacunar infarcts, white matter lesions or microbleeds on MRI was associated 
with a decrease in cerebrovascular reactivity in patients with atherosclerotic disease, and assessed whether this 
association was similar for lacunar infarcts, white matter lesions and microbleeds.
 

Methods 

BOLD-fMRI scan with breath-holding at 7 Tesla and anatomical scans at 1.5 Tesla were available in 49 patients 
with atherosclerotic disease from the Second Manifestations of ARTerial disease (SMART) study. Microbleeds 
and lacunar infarcts were scored visually and volumetric assessment of white matter lesions was performed 
on the 1.5T scan. The percentage of activated voxels and the whole brain signal change were calculated as 
measures of cerebrovascular reactivity. The mean percentage of activated voxels was 25.1% (SD 6.6) and the 
mean percentage whole brain signal change was 1.20% (SD 0.51).   

Results 

Age, gender, and diastolic blood pressure were significantly associated with cerebrovascular reactivity. 
Cerebrovascular reactivity was lower with increasing age, lower in females compared to males and lower with 
lower diastolic blood pressure. ANCOVA showed that patients with microbleeds (n=18) had a significantly lower 
whole brain signal change than patients without microbleeds, with a mean difference of -0.36% (95% CI -0.64 
to -0.07), independent of age, sex, systolic and diastolic blood pressure and non-lacunar infarcts. No significant 
associations were found for presence of lacunar infarcts or white matter lesion volume with whole brain signal 
change or percentage of activated voxels.   

Conclusion 

Presence of microbleeds is associated with an impaired cerebrovascular reactivity in patients with atherosclerotic 
disease, whereas no significant association was found for the presence of lacunar infarcts or white matter lesions 
in our study.  

Introduction 

Lacunar infarcts and white matter lesions (WML) are thought to result from changes in small vessels in the brain. 
Although the underlying pathology is poorly understood,1-5 studies indicate that the vessel wall is involved in this 
process.6,7 There is increasing evidence that endothelial dysfunction plays a role.8-10 The increased permeability 
of the blood-brain barrier may lead to entry of serum components into the vessel wall, causing thickening, 
inflammation and disorganization of the vessel wall.10 Microbleeds are associated with lacunar infarcts and 
WML and are also thought to result from changes in small vessels in the brain.11,12 It has been suggested 
that microbleeds and lacunar infarcts have a similar vascular pathology.13 The changes in the small vessels in 
lacunar infarcts and WML and possibly also in microbleeds may lead to stiffening of the vessel wall, resulting in 
impairment of the cerebrovascular reactivity (CVR).  

CVR reflects the compensatory dilatory capacity of cerebral vasculature to a dilatory stimulus such as carbon 
dioxide or acetazolamide.14 FMRI based on blood oxygenation level-dependent contrast (BOLD-fMRI) is a reliable 
and reproducible  method to quantify CVR.15,16 An advantage of BOLD-fMRI is that it assesses CVR on tissue-
level. Previous studies investigating CVR in relation with lacunar infarcts and WML often used transcranial Doppler 
ultrasonography.14,17-20 However, transcranial Doppler ultrasonography measures blood flow velocity in the middle 
cerebral artery, whereas the BOLD-signal depends on reactivity of all vessels in the brain. A pilot study showed 
a reduction in CVR, measured with BOLD-fMRI at 3 Tesla, between patients with WML and lacunar infarcts and 
healthy controls.21 Changes in the acquisition strategies can affect the observed BOLD-signal. An important 
parameter in the acquisition is field strength. With increasing field strength, the specificity, sensitivity and contrast 
of the BOLD-response increases.22 This can be an advantage for the investigation of the relation between lesions 
thought to be caused by changes in small vessels and CVR. To our knowledge, the association between CVR 
and microbleeds has not yet been examined, and also BOLD-fMRI at 7 Tesla has not yet been used to assess the 
association between CVR and lacunar infarcts and WML. We investigated associations of lacunar infarcts, WML 
and microbleeds with CVR using BOLD-fMRI at 7 Tesla in patients with atherosclerosis. 

  
Methods

Participants

Patients newly referred to our hospital with symptomatic and asymptomatic atherosclerotic disease from 
the Second Manifestations of ARTerial disease (SMART) study,23 without contraindications for 7T MRI, were 
consecutively included for the 7T study between July 2008 and February 2010. Atherosclerotic disease was 
defined as manifest coronary artery disease, cerebrovascular disease, peripheral arterial disease, abdominal 
aortic aneurysm, or risk factors for atherosclerosis (e.g. hypertension, diabetes). The objectives and design of 
the SMART study have been described elsewhere.23 The SMART study and 7T imaging were approved by the 
medical ethics committee of our institution. Written informed consent was given by all patients. 

For this study, BOLD-fMRI data were available for 58 patients. In 7 scans the BOLD-signal could not be calculated 
due to motion artefacts and two patients had a carotid artery stenosis >70%; these were excluded, leaving 49 
patients for analysis (table 1). The mean age of the study population was 58.9 years (SD 10.0, range 34 to 80). 
Seventeen of the 49 patients were included in the SMART-study with vascular risk factors (13 diabetes mellitus, 
1 hypertension, 1 hyperlipidemia), 14 patients with a stroke, 4 patients with coronary artery disease, 11 patients 
with peripheral artery disease, and 1 patient with ischemic renal failure.  
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Magnetic Resonance Imaging 1.5 Tesla 

The MR protocol on the 1.5T whole-body system (Gyroscan ACS-NT, Philips Medical Systems, Best, the 
Netherlands) consisted of transversal T1-weighted (repetition time (TR)/echo time (TE): 235/2 ms), T2-weighted 
(TR/TE: 2200/11 ms and 2200/100 ms), fluid-attenuating inverse recovery (FLAIR) (TR/TE/inversion time (TI): 
6000/100/2000 ms) and inversion recovery (IR) (TR/TE/TI: 2900/22/410 ms) sequences. Field of view was 
230x230 mm, matrix size 180x256, slice thickness 4.0 mm, no gap, 38 slices.  

Magnetic Resonance Imaging 7 Tesla  

On the same day as the 1.5T scan the 7 Tesla scan was performed on a 7T whole-body system (Philips Healthcare, 
Cleveland, OH, USA), using a volume transmit and 16-channel receive head coil (Nova Medical, Wilmington, MA, 
USA). A dual echo T2*-weighted scan (TR 20 ms, TE 2.5/15 ms, matrix size 508x399, resolution 0.35x0.4x0.6 
mm3, with flow compensation and acceleration factor 2.5) was made for visualization of microbleeds.24 

A BOLD-fMRI scan with breath-holding was made for all patients. The breath-holding paradigm consisted of 
5 periods of breath-holding interleaved with 30 s of normal breathing. The first 4 breath-holding periods lasted 
21 s, the last one ‘as long as possible’. Data from the respiratory belt of the scanner was logged and used to 
evaluate task performance and the length of the ‘as long as possible’ condition. Single shot Echo Planar Imaging 
(EPI) with TR 3 s, TE 20 ms, 96 volumes, 45 slices with no gap, resolution 1.5x1.5x1.5 mm3, SENSE factor 3.5  
(resulting in an EPI readout train of 41), was used to measure the BOLD-effect induced by the breath-hold task. 

The use of thin slices helps to control the amount of through-slice dephasing due to susceptibility differences 
between air and tissue. Geometric distortions in the EPI images are limited by the application of SENSE. Multiple 
linear regression was applied to select activated voxels using a block model. The block was shifted by 5 volumes 
relative to the task to take into account the delayed BOLD-response to the task. A linear term was included in the 
model to account for scanner drift. Estimated signal changes were used to create a T-map. From all the voxels 
in this map, the number of voxels that were activated by the breath-holding task was calculated by applying a 
threshold of 2 on the T-map. A whole brain mask was created by setting a threshold on the first EPI volume and 
smoothing and eroding the result. This whole brain mask was used to select the voxels within the brain, excluding 
the skull. The number of voxels activated due to breath-holding was divided by the total number of voxels within 
the whole brain mask to obtain the percentage of activated voxels (CVR1). 

CVR1 = (n / total) * 100%, 

where n is the number of activated voxels due to breath-holding, and total is the total number of voxels within the 
whole brain mask. This measure was taken to compare the amount of voxels activated by breath-holding, as a 
measure for the size of the activated area in the brain. In addition, also the percentage change in signal over the 
whole brain before and after breath-holding was calculated (CVR2). 

CVR2 = average signal change / average baseline signal * 100%, 

where average signal change is the estimated signal change per voxel averaged over the whole brain mask 
and average baseline signal is the estimated baseline signal per voxel averaged over the whole brain mask. 
The estimated signal change and baseline signal per voxel were calculated using the block regression model 
described above. This measure was taken to compare the degree of reactivity between patients.  

Microbleeds 

Microbleeds were scored at the dual echo T2*-weighted scan at 7T, using both echo images.24 The microbleeds 
were scored independently by two experienced neuroradiologists, blinded to all clinical information, and evaluated 
in a consensus meeting to obtain a final score. Inter-observer reliability for the number of microbleeds was good 
(ICC=0.61) and intra-observer reliability was very good (ICC=0.94). The remaining scans were therefore scored 
by one of the neuroradiologists. The rating of the microbleeds was based on the Microbleed Anatomical Rating 
Scale (MARS)25 and scored as ‘definite’ microbleeds if they appeared as small, rounded or circular, well-defined 
hypointense lesions within brain parenchyma with clear margins ranging from 2 to 10 mm in size on GRE T2*-
weighted images. We slightly adjusted this definition by excluding the size-criterion. Due to the blooming effect, 
microbleeds appear larger on GRE T2*-weighted scan than the actual size of the microbleeds. The blooming 
effect depends among others on the field strength and the echo time, and will therefore differ with different 
imaging protocols. Symmetrical areas of calcification in the basal ganglia, choroid plexus and pineal gland were 
excluded, as were signal voids caused by sulcal vessels and low-signal lesions thought to be signal voids due 
to adjacent bone.12  

Brain segmentation and white matter lesions 

We used the T1-weighted, IR and FLAIR sequence from the 1.5T scan for brain segmentation.26,27 It distinguishes 
cortical gray matter, white matter, CSF, and lesions. Results of the segmentation analysis were visually checked 
for the presence of infarcts and adapted if necessary to make a distinction between WML and infarct volumes. 
Total brain volume was calculated by summing the volumes of gray and white matter and, if present, the volumes 
of WML and infarcts. All volumes cranial to the foramen magnum were included. Total intracranial volume (ICV) 
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Table 1 Baseline characteristics of study sample

                   Study sample (n = 49)

Male gender* 38  (76%)

Age (years) † 58.9  ± 10.0

Systolic blood pressure (mm Hg) † 135.9    ± 16.3

Diastolic blood pressure (mm Hg) † 78.5  ± 10.5

Hypertension* 33  (67%)

Diabetes* 20  (41%)

Anticoagulant medication use* 1  (2%)

Antihypertensive medication use* 29  (59%)

Brain infarcts present* 13  (27%)

Non-lacunar infarcts present* 7  (14%)

Lacunar infarcts present* 9  (18%)

Number of lacunar infarcts ‡ 0  (0-7)

Microbleeds present* 18  (37%)

Number of microbleeds ‡ 0  (0-6)

Intracranial volume (mL)** 1439  (1292-1597)

Total brain volume (mL)** 1115  (984-1264)

White matter lesion volume relative

to total intracranial volume (mL)

    Total (n=49)** 1.2  (0.4-8.0)  

    - Upper quartile (n=9)**  8.0   (5.0-28.0)

    - Lower three quartiles (n=40)**  1.1   (0.3-3.1) 

* number (percentage), 

† mean ± SD, 

‡ median (range), 

one patient with >20 

microbleeds was excluded 

from the analysis on the 

number of microbleeds, 

** median (10th and 90th 

percentile)
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Third, to analyze the association between the number of microbleeds as a continuous variable and CVR1/CVR2, 
and the association between the increase in WML per mL and CVR1/CVR2, multiple linear regression was used, 
where CVR1 and CVR2 were the dependent variables, respectively, and number of microbleeds and increase 
in WML were the independent variables, respectively. These analyses were adjusted for age, sex, systolic and 
diastolic blood pressure and non-lacunar infarcts. 
 
In the analysis of the number of microbleeds one patient with more than 20 microbleeds was excluded, as this 
was considerably more than in all other patients (range 1-6). To prevent that the results depended highly on the 
scan of this single patient with many microbleeds, this patient was considered as an outlier and excluded from 
the analysis on the number of microbleeds. 

As a final step, all the above described analyses were additionally adjusted for use of anticoagulant or 
antihypertensive medication. 

   
Results 

Figure 1 shows an example an EPI and the activation pattern as a result of breath-holding of a patient without 
lacunar infarcts, WML or microbleeds. In the whole study sample (n=49), the mean percentage of activated voxels 
(CVR1) was 25.1% (SD 6.6) and the mean percentage whole brain signal change (CVR2) was 1.20% (SD 0.51). 
There was a moderate correlation between CVR1 and CVR2 (Pearson’s correlation coefficient 0.60, p<0.001). 
  

Older age was significantly associated with a decrease in CVR1, but not CVR2. Female sex and increase in diastolic 
blood pressure were associated with a significant decrease in CVR2, but not in CVR1. Systolic blood pressure, 
hypertension, diabetes and non-lacunar infarcts were not significantly associated with CVR1 or CVR2 (table 2).
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was calculated by summing the total brain volume and the volume of the CSF. To correct for differences in head 
size, volumes of WML were normalized for ICV by dividing the WML volume of each patient by his/her ICV and then 
multiplying this value by the mean ICV of the study population (1423 mL) to obtain a relative volume of WML.  

Brain infarcts 

The whole brain was visually searched for infarcts by a trained investigator and a neuroradiologist on the 1.5T 
scan. Raters were blinded to the history and diagnosis of the patient. Discrepancies in rating were re-evaluated 
in a consensus meeting. Infarcts were defined as focal hyperintensities on T2-weighted images of at least 3 mm 
in diameter. Hyperintensities located in the white matter also had to be hypointense on T1-weighted and FLAIR 
images in order to distinguish them from WML. Dilated perivascular spaces were distinguished from infarcts on 
the basis of their location, form, and the absence of gliosis. Brain infarcts were categorized as lacunar infarcts 
and non-lacunar infarcts (cortical infarcts, large subcortical infarcts, infratentorial infarcts). We defined lacunar 
infarcts as infarcts sized 3 to 15 mm in diameter in plane and located in the subcortical white matter, thalamus 
or basal ganglia.28  

Vascular risk factors 

During the patient’s visit to the medical center, an overnight fasting venous blood sample was taken to determine 
glucose levels. Blood pressure was measured twice with a sphygmomanometer and the average of the two 
measures was calculated. Hypertension was defined as mean systolic blood pressure ≥160 mm Hg or mean 
diastolic blood pressure ≥95 mm Hg or self reported use of antihypertensive drugs. Diabetes mellitus was defined 
as a history of diabetes mellitus, glucose ≥7.0 mmol/L or self reported use of oral antidiabetic drugs or insulin.  

Statistical Analysis 

First, linear regression was used to estimate the associations of age (per year increase), sex (man vs. women), 
systolic blood pressure (per mm Hg increase), diastolic blood pressure (per mm Hg increase), hypertension (yes vs. 
no), diabetes (yes vs. no), and non-lacunar infarcts (presence vs. absence) with the percentage of activated voxels 
and the percentage whole brain signal change. The analyses were adjusted for age and sex using multiple linear 
regression.
  
Second, the effect of microbleeds, lacunar infarcts and WML on CVR1 and CVR2 were studied using analysis of 
covariance (ANCOVA). In separate analyses the mean CVR1 and CVR2 were compared between patients with 
and without microbleeds, between patients with and without lacunar infarcts, and between patients with severe 
WML load (upper quartile) and patients with less WML (lower three quartiles).
  
The analyses were adjusted for age and sex in model 1, and additionally adjusted for systolic and diastolic blood 
pressure and non-lacunar infarcts in model 2; these variables were added as covariates to the ANCOVA model.
  

Figure 1 | [A] EPI  and 

[B] BOLDfMRI activation 

after breathholding of a 

patient without lacunar 

infarcts, white matter 

lesions or microbleeds 

on the MR scan.
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Microbleeds 

CVR1 and CVR2 were lower in patients with microbleeds than in patients without microbleeds. The difference in 
CVR2 was statistically significant, the difference in CVR1 was not statistically significant (figure 2 and table 3).  

A total of 41 microbleeds was scored in 17 patients, the outlier excluded. Of these 41 microbleeds, 38 were lobar 
microbleeds, 2 were located infratentorial and 1 deep. Linear regression of the number of microbleeds, adjusted 
for age and sex, showed a negative association with CVR1 (regression coefficient B=-0.538, 95% CI -1.800 to 
0.724) and with the CVR2 (B=-0.056, 95% CI -0.453 to 0.042), although these were not statistically significant. 
Additional adjustment for use of anticoagulant or antihypertensive medication did not change the results (data 
not shown).  
 

Lacunar infarcts and WML 

No significant differences in CVR1 or CVR2 were observed between patients with and without lacunar infarcts 
or between patients with and without severe WML (table 3). Increase in WML volume per mL also showed no 
significant association with CVR1 (B=0.141, 95% CI -0.234 to 0.516) or with CVR2 (B=0.001, 95% CI -0.028 to 
0.031), adjusted for age and sex.    
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Figure 2 | [A] Shows the percentage of activated voxels (CVR1) with 95% confidence interval in patients with and 

without microbleeds, adjusted for age, sex, systolic and diastolic blood pressure and nonlacunar infarcts. [B] Shows the 

significant difference in percentage whole brain signal change (CVR2) with 95% confidence interval between patients with 

and without microbleeds, adjusted for age, sex, systolic and diastolic blood pressure and nonlacunar infarcts.* p < 0.05 

Table 3 Mean percentages activated voxels (CVR1) and whole brain signal change (CVR2) for patients  
   with and without microbleeds, patients with and without lacunar infarcts and patients in the  
   upper quartile and the lower three quartiles of WML

0.033

0.014

0.401

0.241

0.706

0.783

1.00 (0.78 to 1.23)

1.31 (1.14 to 1.49)

-0.32 (-0.60 to -0.03)

0.97 (0.75 to 1.19)

1.33 (1.16 to 1.50)

-0.36 (-0.64 to -0.07)

1.07 (0.71 to 1.42)

1.23 (1.07 to 1.39)

-0.17 (-0.56 to 0.23)

1.01 (0.66 to 1.36)

1.24 (1.09 to 1.40)

-0.24 (-0.63 to 0.16)

1.26 (0.90 to 1.62)

1.19 (1.03 to 1.35)

0.08 (-0.33 to 0.49)

1.25 (0.88 to 1.62)

1.19 (1.03 to 1.35)

0.06 (-0.36 to 0.47)

Microbleeds 

Model 1 

Present 

Absent 

Difference

Model 2 

Present 

Absent 

Difference   

Lacunar infarcts 

Model 1 

Present 

Absent 

Difference

Model 2 

Present 

Absent 

Difference   

White matter lesions 

Model 1 

Upper quartile 

Lower three quartiles

Difference

Model 2 

Upper quartile 

Lower three quartiles 

Difference   

95% CI: 95% confidence 

interval. Model 1: adjusted 

for age and sex, Model 2: 

additionally adjusted for 

systolic blood pressure, 

diastolic blood pressure 

and nonlacunar infarcts   

23.6 (20.6 to 26.5)

26.1 (23.8 to 28.4)

-2.5 (-6.3 to 1.2)

23.6 (20.6 to 26.6)

26.1 (23.8 to 28.4)

-2.5 (-6.3 to 1.3)

24.3 (19.8 to 28.8)

25.3 (23.3 to 27.3)

-1.0 (-6.1 to 4.0)

23.1 (18.5 to 27.6)

25.6 (23.6 to 27.6)

-2.5 (-7.7 to 2.6)

26.9 (22.4 to 31.5)

24.7 (22.7 to 26.7)

2.2 (-2.9 to 7.4)

  

26.5 (21.8 to 31.2)

24.8 (22.8 to 26.8)

1.7 (-3.6 to 7.0)

0.180

0.199

0.678

0.325

0.388

0.531

Whole brain signal change

mean (95% CI) p-value

Percentage activated voxels

mean (95% CI)  p-value

Table 2 Association between clinical variables and whole brain signal change and activated voxels

Age (per year increase)

Sex (man vs. women)

Systolic blood pressure (per mm Hg increase)

Diastolic blood pressure (per mm Hg increase)

Hypertension (yes vs. no)

Diabetes (yes vs. no)

Non-lacunar infarcts (present vs. absent)

 -0.255

 -1.895

 -0.034

 0.061

 -0.797

 -0.431

 3.279

 -0.439  to -0.071b

 -6.273  to 2.484

 -0.153  to 0.084

 -0.118  to 0.241

 -4.653  to 3.060

 -4.122  to 3.260

 -2.237  to 8.795

 -0.007

 -0.388

 0.005

 0.015

 -0.070

 -0.087

 -0.030

 -0.022 to 0.007

-0.732 to -0.043a

 -0.004 to  0.014

 0.001 to  0.028a

-0.373 to  0.233

-0.376 to  0.202

-0.471 to  0.410

B: regression coefficient. 95% CI: 95% confidence interval.  

Analysis of age was adjusted for sex, analysis of sex was adjusted for age. 

All other analyses were adjusted for age and sex, using multiple linear regression.  

a: p < 0.05, b: p < 0.01; all other values: p > 0.05  

Activated voxels

 B     95% CI

Whole brain signal change

 B  95% CI



86 Imaging cerebral small vessel disease at 7 Tesla MRI 87Imaging cerebral small vessel disease at 7 Tesla MRI

Discussion 

In a population of patients with atherosclerotic disease, we found that the cerebrovascular reactivity, measured 
with BOLD-fMRI at 7 Tesla, was significantly decreased in patients with one or more microbleeds compared to 
patients without microbleeds, independent of age, sex, systolic and diastolic blood pressure, and non-lacunar 
infarcts. The presence of lacunar infarcts and greater WML load was not significantly associated with decreased 
CVR in this study. 

To our knowledge, this is the first study assessing CVR by means of BOLD-fMRI at 7 Tesla and its relationship with 
microbleeds. Previous studies investigating CVR in relation to lacunar infarcts and WML often used transcranial 
Doppler ultrasonography,17-20 with some finding decreased CVR in patients with lacunar infarcts,14,20 and others 
in subjects with WML,17,19 whereas another study could not replicate these findings.18 A major drawback of 
transcranial Doppler ultrasonography is that it measures blood flow velocity in the middle cerebral artery, and 
therefore all results are based on reactivity of the middle cerebral artery and its supplying arteries. This makes 
it difficult to apply the findings to small vessels in the brain. The advantage of BOLD-fMRI is that CVR can be 
measured at tissue-level, as both small and large vessels contribute to the fMRI signal. BOLD-fMRI at 7 Tesla 
will provide information about all vessels in the brain, making it an interesting method to investigate the relation 
between CVR and lacunar infarcts, WML and microbleeds. 

With the interpretation of the BOLD-fMRI data, it should be noted that it is a relative measure and gives no 
absolute values. Several factors can influence the baseline BOLD signal and the change in activation, such as 
age, sex and blood pressure, as shown in this study. To minimize the effect of these factors on the results of our 
study, we adjusted for the effects age, sex, blood pressure and presence of non-lacunar infarcts in all analyses. 
This makes it possible to differentiate between the effect of presence of microbleeds, lacunar infarcts or WML, 
and the effects of age, sex, blood pressure and non-lacunar infarcts on change in activation.  

In this study we used two measures of CVR: the percentage of activated voxels (CVR1) and the whole brain 
signal change (CVR2). These measures partly depend on each other, as is shown by the moderate correlation 
between CVR1 and CVR2. However, the two measures can still be used to differentiate between a difference in 
the activated area in the brain and a difference in the degree of activation. A smaller area of vascular reactivity in 
the brain can be represented by a significantly lower percentage of activated voxels (CVR1). This can also result 
in a lower whole brain signal change (CVR2), if the signal change per voxel is also lower or similar. However, if the 
area of reactivity is smaller but the degree of reactivity is higher, this can lead to a lower CVR1 without a difference 
in CVR2. If, on the other hand, the area of vascular reactivity is the same between patients but the degree of 
reactivity is lower, this would be represented by a lower whole brain signal change (CVR2), without a difference in 
the area of activation (CVR1). Therefore, use of the two measure results in more detailed information about CVR 
than use of either one of the two measures alone. 

Our finding that CVR was reduced in patients with microbleeds may support the hypothesis that changes in 
the vessel wall in patients with microbleeds lead to stiffening of the vessels and impairment of CVR. The few 
pathological studies done in patients with microbleeds support the idea that changes in the vessel wall are 
important in the development of microbleeds. In one pathology study done in patients with cerebral amyloid 
angiopathy, patients with a high microbleed count showed thicker vessel walls than patients with low microbleed 
counts.29 Another study in patients with Alzheimer’s disease found presence of ß-amyloid and a relative acellularity 
of the muscularis layer in the arterioles involving the microbleeds.30 In vitro studies showed that ß-amyloid is 
particularly toxic to vascular smooth muscle cells,31 which may explain the acellularity of the muscularis layer, 
leading in turn to impaired CVR.  

We did not find an association between lacunar infarcts or WML with CVR, whereas previous studies using 
transcranial Doppler ultrasonography found a decrease in CVR in patients with lacunar infarcts14,20 and in patients 

with WML.17,19 The difference between our results and other studies may be due to the different methods used 
to assess CVR. Lacunar infarcts and WML might lead to a change in reactivity of the MCA, which is measured 
with transcranial Doppler ultrasonography. This change in reactivity could be due to concomitant large vessel 
disease.18 However, BOLD-fMRI measures CVR over the whole brain, including small vessels.

Another possible explanation why we did not find a relation between lacunar infarcts and CVR, is the relatively 
small number of patients with lacunar infarcts within our study population. The differences in CVR between 
patients with and without lacunar infarcts might be too subtle to detect in a small population. However, with 
transcranial Doppler a difference was found in a group of only ten patients with lacunar infarcts.20 Therefore, 
it could be expected that with the more detailed measurement of CVR by means of BOLD-fMRI at 7 Tesla a 
difference in CVR between patients with and without lacunar infarcts can be detected with a relatively small 
number of patients. However, studies with larger study populations are needed to replicate the findings of our 
study. 

Assuming enough power to detect changes within our study population, it is interesting that CVR was impaired 
in patients with microbleeds but not in patients with lacunar infarcts or WML, although previous studies showed 
associations between these lesions12 and suggested a similar pathology.13 However, one hypothesis about 
the etiology of microbleeds is that microbleeds at different locations are associated with different pathological 
changes. Infratentorial and deep located microbleeds may be associated with hypertensive vasculopathy, 
whereas lobar microbleeds may be associated with cerebral amyloid angiopathy.12 In addition, one study showed 
that lacunar infarcts and WML were associated with microbleeds in a deep or infratentorial location but not in a 
lobar location.32 In our study, of the 41 microbleeds detected 38 were in lobar locations. This could suggest that 
ß-amyloid in the vessel walls resulted in impaired CVR, and may also explain why no association between CVR 
and lacunar infarcts or WML was found. Possibly, the pathologic changes underlying lacunar infarcts and WML 
are different from the changes underlying lobar microbleeds. Also, the use of 7T MRI resulted in a high prevalence 
of microbleeds in our relatively young study population. The advantages in detection of microbleeds at 7T can be 
beneficial to investigate their relation with subtle changes in CVR,24 whereas it is possible that the prevalence of 
lacunar infarcts or the WML volume in our study population was too low to detect small effects if present. 

A limitation of the study is the cross-sectional design. As a result, we cannot discern cause from consequence 
and do not know if CVR changed after the occurrence of microbleeds or that CVR was already impaired prior 
to the occurrence of microbleeds. Since changes in the vessel wall are thought to be the underlying cause of 
microbleeds, we hypothesize that CVR was already impaired prior to the occurrence of microbleeds. Also, our 
population consisted of patients with vascular risk factors and vascular disease, and we thus do not know to 
what extent our findings can be generalized to a healthy population. 

In conclusion, in patients with atherosclerotic disease the presence of microbleeds, but not lacunar infarcts or 
WML, was associated with an impaired CVR at 7T MRI. Future studies should determine whether these results 
hold in larger study samples and also whether the association between microbleeds and CVR can be found in 
other study populations.    
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General discussion

The studies described in this thesis explored several potential imaging biomarkers of early stages of cerebral 
small vessel disease with 7 Tesla MRI. In this chapter we will consider the imaging biomarkers and discuss the 
implications of 7 Tesla MRI for clinical research.

Potential imaging biomarkers of cerebral small vessel disease

Cerebral small vessel disease is hypothesized to be caused by changes in the small, perforating arteries in the 
brain,1-3 and these perforating arteries are a logical first target to explore as an imaging biomarker of cerebral 
small vessel disease. Previous studies have shown that perforating arteries from the anterior and medial cerebral 
artery can be visualized with 7 Tesla MRI.5,6 In chapter 3 we investigated the perforating arteries from the posterior 
communicating artery, the anterior choroidal artery and the P1-segment of the posterior cerebral artery at 7T. 
With this study we visualized the perforating arteries originating from the posterior communicating artery, the 
anterior choroidal artery and the P1-segment of the posterior cerebral artery for the first time in vivo without the 
use of contrast agents. These perforating arteries are important for the blood supply to the deep brain structures; 
the location where lacunar infarcts, white matter lesions and microbleeds are most often found. The presence of 
a (large) posterior communicating artery has been shown to be protective against ischemic lesions of the brain.6-8 
The presence of large perforating arteries from the posterior communicating artery may explain this protective 
effect, and could also play a protective role in cerebral small vessel disease. The visualization of perforating 
arteries in patients with cerebral small vessel disease compared to controls can give valuable information on the 
extent to which these arteries are involved in cerebral small vessel disease. Absence of perforating arteries, a 
decreased number, or small perforating arteries may indicate the existence of cerebral small vessel disease and 
thus an increased risk of lacunar infarcts, white matter lesions or microbleeds. 

Endothelial dysfunction is thought to play a role in the pathophysiology of cerebral small vessel disease.9-12 As 
microbleeds are caused by leakage of red blood cells from small blood vessels in the brain,10 the presence of 
very small microbleeds could be one of the earliest manifestations of cerebral small vessel disease. To be able 
to detect very small microbleeds, a very sensitive detection method is needed. Among others, field strength and 
echo time are important parameters for the visualization of microbleeds.13,14 In chapter 4 we showed that the use 
of a dual echo T2*-weighted sequence at 7T combines the advantages of a short and a long echo time for the 
visualization of microbleeds. The short echo time is beneficial to distinguish microbleeds from other structures 
with a high susceptibility, and with the long echo time a larger number of microbleeds can be detected. When we 
compared the dual echo T2*-weighted imaging at 7T with high resolution 3D T2*-weighted imaging at 1.5T, we 
found that the dual echo T2*-weighted imaging at 7T resulted in better and more reliable detection of microbleeds 
(Chapter 5). The prevalence of microbleeds in our study population was very high (50%) on 7T, whereas on 1.5T 
the prevalence was 21%, which is comparable to estimates from other studies at 1.5T.15 Also the number of 
microbleeds detected was higher at 7T. This indicates that more microbleeds can be detected with dual echo 
T2*-weighted imaging at 7T.  As such, it could be a very useful early marker of cerebral small vessel disease. 
Future studies investigating microbleeds should use a sensitive detection method at high field strength, as the 
differences in prevalence between 1.5T and 7T are large. The majority of existing knowledge of microbleeds 
results from 1.5T studies, and the findings of our study suggest that the conclusions from 1.5T research are 
probably based on an underestimation of the prevalence and number of microbleeds. The question is whether 
these conclusions of 1.5T studies hold when the studies are repeated at higher field strengths.

As cerebral small vessel disease and iron deposition in the brain are both associated with endothelial dysfunction,9-

12,16 we investigated brain iron deposition as a possible early marker of cerebral small vessel disease (Chapter 6). 
We found that lacunar infarcts, but not white matter lesions or microbleeds, were associated with significantly 
more iron deposition in the caudate nucleus. The differences in association between lacunar infarcts, white 
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matter lesions and microbleeds might be due to the location of the lesions. As lacunar infarcts are mainly located 
in or near the basal ganglia, this may follow alterations in the perforating arteries supplying the basal ganglia. 
White matter lesions and microbleeds are located primarily in the brain parenchyma and may result from changes 
in perforating arteries supplying the periventricular and deep white matter. As the differences in iron deposition 
are not consistent between lacunar infarcts, white matter lesions and microbleeds, brain iron is probably not very 
useful as an early imaging biomarker. Furthermore, our study was a cross-sectional study and therefore we do 
not know if iron deposition occurs before the occurrence of lacunar infarcts, or that they occur simultaneously. 
However, although iron deposition is probably not very useful as an early marker, the relation between iron 
deposition and cerebral small vessel disease can provide more insight into the pathophysiology of cerebral small 
vessel disease. Therefore, longitudinal studies are needed to further investigate this relation.

Besides increased permeability of the vessel wall, also the vascular reactivity may be altered due to changes in 
the vessel wall in patients with cerebral small vessel disease. In chapter 7 we investigated the relation between 
lacunar infarcts, white matter lesions, microbleeds and cerebrovascular reactivity. A decreased vascular reactivity 
in the brain was only found in patients with microbleeds, but not in patients with lacunar infarcts or white matter 
lesions. Again the inconsistency of the relation with cerebrovascular reactivity with lacunar infarcts, white matter 
lesions and microbleeds makes vascular reactivity less suitable as an imaging biomarker for cerebral small 
vessel disease. However, it does give interesting information about possible differences in pathophysiology of 
microbleeds, lacunar infarcts and white matter lesions. A possible explanation for the difference is that lobar 
microbleeds are associated with cerebral amyloid angiopathy, and not with lacunar infarcts or white matter 
lesions.15,17 In our study most microbleeds were located in lobar locations, and therefore we hypothesized that 
ß-amyloid in the vessel walls in patients with lobar microbleeds resulted in impaired cerebrovascular reactivity. 
Possibly, the pathologic changes underlying lacunar infarcts and white matter lesions are different from the 
changes underlying lobar microbleeds. 

In conclusion, perforating arteries and microbleeds can be promising early biomarkers of cerebral small vessel 
disease. Iron deposition and cerebrovascular reactivity show less potential as early biomarkers, but can provide 
more insight in the pathophysiology of cerebral small vessel disease. 

7 Tesla MRI: implications for clinical research

The use of 7 Tesla MRI reveals potential early imaging biomarkers for cerebral small vessel disease. Although 
ultra-high field strength MRI brings many benefits for clinical research, in this case for the imaging of cerebral small 
vessel disease, it also brings new challenges. Technically, imaging at 7 Tesla suffers from field inhomogeneities 
caused by differences in magnetic susceptibility between air and brain tissue, introducing image distortions or 
even loss of signal at some points.18 Another challenge is the non-uniformity in the radiofrequency fields, resulting 
in uneven distribution of contrast and signal-to-noise ratio. Also the absorption of radiofrequency energy, which 
can cause heating of the tissues, is unevenly distributed and increased at 7T. This imposes strict limits are set for 
the radiofrequency power used at 7T which may reduce the degrees of freedom to tune MR pulse sequences for 
optimal signal/contrast to noise per unit of time. To meet these technical challenges, continuous development of 
various technical innovations takes place. 

The technical challenges are a complicating factor for clinical research, as the quality of the MRI sequences used 
in the MR protocol is not constant. For example, the field inhomogeneities depend on several factors, such as the 
shape of the head of the patient, causing variation in quality of the scans between patients. The same sequences 
can result in different quality of scans between patients, due to extraneous factors. However, also the technical 
innovations to improve these difficulties bring challenges for clinical research. When sequences within the scan 
protocol can be improved by implementation of new or improved features, the question is whether to keep the 
scan protocol the same or to implement the new features. Not implementing will keep the scan technique as 

constant as possible over the study, whereas implementing the new features will result in better scans, but with 
less comparability in scan quality between patients scanned before and after the implementation. As 7T MRI is 
a quickly developing field of imaging, new developments will be achieved during a clinical study and keeping 
the original scan protocol constant can result in outdated scans when the study is finished. Therefore, a trade-
off needs to be found between implementing features that significantly improve the quality of the scans and 
keeping the scans technically as equal as possible between patients. The continuous technical developments 
make the 7T at this moment less suitable for large longitudinal studies, as for longitudinal studies more optimized 
sequences with constant quality over time are needed. 

Another difficulty in clinical research at 7T are the exclusion criteria. For MRI at lower field strengths, elaborate 
research has been done on the safety of implants, materials, and medical devices. However, for 7T safety testing 
has not been performed yet. Therefore, at this moment mainly all implants, materials and medical devices count 
as exclusion criteria for clinical studies. Especially in the studies with atherosclerotic patients, but also in clinical 
studies including older patients, many patients will be excluded because of implants or operations, such as 
stents, carotid artery bypass operations, tooth- or joint-prostheses. Safety testing at 7T has recently started and 
will probably show results in the near future; however, up till then it will be more difficult and time-consuming to 
perform large clinical studies at 7T compared to lower field strengths, as many patients will be excluded due to 
the strict safety regulations.

Experience with adverse effects of the ultra-high magnetic field on patients is limited. For the 7T studies described 
in this thesis, patients underwent both a 1.5T and a 7T scan on the same day. At the end of the 7T scan, 
the patients were asked to fill in a questionnaire about their experiences. Most patients experienced no large 
difference between the 1.5T and 7T scan. Of the patients that did experience a difference, almost half described 
more noise during the 7T scan, whereas the other half experienced less noise during the 7T scan and found 
it even more comfortable compared to the 1.5T scan. Very few patients reported adverse events; only a few 
reported dizziness or described a feeling of getting into the scanner around a curve in stead of a straight line. 
These adverse affects were all temporary and none of them prevented the patients from fulfilling the complete 
scan. Also for other studies it has been described that 7T was well tolerated by the majority of the subjects.19 
Therefore, adverse effects of the ultra-high magnetic field appear to be no limitation for clinical research at 7T.

Overall it can be stated that the use of 7 Tesla MRI results in many benefits for new or improved scans. As is 
usually the case with new technical developments, also 7T shows some challenges that should be taken into 
account when using it for clinical research. As 7T shows to be hardly any more aggravating for patients than 1.5T 
MRI, it appears to be very suitable to use for innovative clinical research.

Future directions

This thesis is the first in the Netherlands that is based on clinical studies at 7 Tesla MRI. The results look promising, 
as we found potential early biomarkers for cerebral small vessel disease that can be very well visualized at 7T. 
However, before conclusions can be drawn, more and larger studies are needed to investigate this further. 
7 Tesla MRI shows many benefits for the detailed imaging of brain structures and brain function and is very 
well tolerated by patients. As the availability of 7 Tesla systems increases, the use of 7T for clinical research will 
also increase. This will improve our knowledge of neurologic and neurodegenerative diseases. However, at this 
moment the 7T MRI is still an experimental system and there are some hurdles that need to be taken before it 
can be used in clinical practice.  
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Summary

Cerebral small vessel disease is a term often used to refer to lacunar infarcts and white matter lesions; ischemic 
lesions that are thought to be caused by changes in the small vessels of the brain. Recently, microhemorrhages 
or microbleeds are increasingly recognized as another manifestation of cerebral small vessel disease. These 
lesions are commonly found on MRI scans in the general elderly population and thought to be associated with 
an increased risk of stroke, cognitive impairment and death. The small, perforating arteries in the brain are hard 
to visualize in vivo. As a result, lacunar infarcts, white matter lesions and microbleeds are adopted as marker of 
cerebral small vessel disease, and cerebral small vessel disease has become a synonym of brain parenchyma 
lesions. With the introduction of 7 Tesla MRI for clinical research, there are new opportunities to visualize the 
small, perforating arteries in the brain and to identify earlier stages of cerebral small vessel disease. The main aim 
of this thesis was to explore imaging biomarkers of early stages of cerebral small vessel disease with 7 Tesla MRI.

Cerebral small vessel disease and prognosis in atherosclerotic patients

Lacunar infarcts and white matter lesions increase the risk of stroke, cognitive decline and dementia in the 
general population. Patients with atherosclerosis have a high risk of vascular events. It is not known whether the 
presence of lacunar infarcts or white matter lesions imposes an additional risk of death or vascular events on 
top of preexistent vascular disease. The clinical relevance of lacunar infarcts and white matter lesions in patients 
with atherosclerosis is important, as atherosclerosis is still an increasing problem in the world and white matter 
lesions and silent infarcts are common in patients with atherosclerosis. We found that the presence of one or 
more lacunar infarcts on MRI, whether they were symptomatic or asymptomatic, increased the risk of vascular as 
well as non-vascular death, independent of age, sex, vascular risk factors, non-lacunar infarcts and white matter 
lesions (chapter 2). White matter lesions increased the risk of vascular death and the risk of ischemic stroke, 
independent of the same factors and independent of the presence of lacunar infarcts. These results show the 
importance of lacunar infarcts and white matter lesions for the prognosis of patients with atherosclerosis.

Cerebral small vessel disease and imaging biomarkers at 7 Tesla MRI

As cerebral small vessel disease is hypothesized to be caused by changes in the small perforating arteries in 
the brain, these perforating arteries are a logical first target to explore as an imaging biomarker of cerebral small 
vessel disease. Previous studies have shown that perforating arteries from the anterior and medial cerebral artery 
can be visualized with 7 Tesla MRI. In chapter 3 we showed the capacity of time-of-flight MR angiography at 7T 
to show the perforating arteries originating from the posterior communicating artery and from the P1-segment of 
posterior cerebral artery, without the use of contrast agents. The results show that the presence of a perforating 
artery from the posterior communicating artery is associated with the diameter of the posterior communicating 
artery. The non-invasive assessment of  perforating arteries in future studies may increase our understanding of 
infarcts in the deep brain structures supplied by these arteries. 

Endothelial dysfunction is thought to play a role in the pathophysiology of cerebral small vessel disease. 
Microbleeds are caused by leakage of red blood cells from small blood vessels in the brain. The presence of 
very small microbleeds could be one of the earliest manifestations of cerebral small vessel disease. Microbleeds 
are paramagnetic and therefore induce a susceptibility effect on the MRI scan. Echo time and field strength are 
two factors that influence the susceptibility effect and therefore also influence the visualization of microbleeds. In 
chapter 4 we investigated the use of a dual echo T2*-weighted sequence at 7T for the visualization of microbleeds. 
At 7T it is possible to visualize microbleeds already at a short echo time. The use of a short echo time is beneficial 
to distinguish microbleeds from other structures with a high susceptibility. The use of a long echo time results in 
detection of a larger number of microbleeds. With a dual echo sequence the advantages of a short and a long 
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echo time can be combined. In current studies investigating microbleeds, 3D T2*-weighted imaging at 1.5T is 
most often used for the detection of microbleeds. Comparing the dual echo T2*-weighted imaging at 7T with high 
resolution 3D T2*-weighted imaging at 1.5T, we found that the dual echo T2*-weighted imaging at 7T resulted in 
detection of microbleeds in more patients and also detection of a higher number of microbleeds. Furthermore, 
the detection of microbleeds was more reliable at 7T (chapter 5). 

Iron is important for metabolic processes of the brain and with normal aging, progressive iron deposition in the 
brain occurs. Outside the brain, iron is thought to play a role in the pathogenesis of atherosclerosis. It is stated 
that stored tissue iron may be an important determinant for the development of atherosclerosis. As lacunar 
infarcts, white matter lesions and microbleeds all involve increased permeability of cerebral small vessels, it 
is possible that this increased permeability could lead to increased iron deposition in the basal ganglia as a 
secondary consequence. As the use of ultra-high field strengths, such as 7 Tesla, results in a dramatic increase in 
susceptibility effect, sensitivity and resolution, this can be very useful to detect subtle change in iron concentration. 
With 7 Tesla MRI we investigated the determinants of brain iron deposition in the brain and iron deposition as a 
possible early marker of cerebral small vessel disease (chapter 6). T2*-values of the putamen, globus pallidus 
and caudate nucleus were used as a measure of iron deposition in the basal ganglia. The phase images showed 
characteristic phase changes suggestive of iron in the basal ganglia, indicating that the decrease in T2* found in 
this study was due to iron deposition. Older age and male sex were associated with increased iron deposition in 
one or more basal ganglia. Lacunar infarcts, but not white matter lesions or microbleeds, were associated with 
significantly more iron deposition, independent of age and sex.

The increased permeability of the perforating arteries may lead to entry of serum components into the vessel 
wall, causing thickening, inflammation and disorganization of the vessel wall. These changes of the vessel wall 
may alter the vascular reactivity in patients with cerebral small vessel disease. Cerebrovascular reactivity can be 
measured with blood oxygenation level-dependent functional MRI (BOLD-fMRI). With increasing field strength, 
the sensitivity, specificity and contrast of the BOLD-response increases. In chapter 7 we investigated the relation 
between lacunar infarcts, white matter lesions, microbleeds and cerebrovascular reactivity, measured with 
BOLD-fMRI at 7 Tesla MRI. A decreased vascular reactivity in the brain was found in patients with microbleeds 
independent of age, sex, systolic and diastolic blood pressure and non-lacunar infarcts. In patients with lacunar 
infarcts or white matter lesions no significant association with cerebrovascular reactivity was found. Our finding 
that cerebrovascular reactivity was reduced in patients with microbleeds may support the hypothesis that 
changes in the vessel wall in patients with microbleeds lead to stiffening of the vessels and impairment of the 
cerebrovascular reactivity.

Imaging cerebral small vessel disease at 7 Tesla MRI

The findings of this thesis show that the use of 7 Tesla MRI reveals several potential early biomarkers for cerebral 
small vessel disease. The 7 Tesla MRI is still an experimental system, with some challenges that should be taken 
into account when using it for clinical research, such as field inhomogeneities, contra-indications for scanning and 
quickly improving scan-techniques. Patients tolerate 7 Tesla MRI very well and most patients even experience 
no large differences between 1.5T and 7T. Overall it can be stated that the use of 7 Tesla MRI results in many 
benefits for new or improved scans and appears to be very suitable to use for innovative clinical research in 
general. The use of 7 Tesla MRI can be important for better understanding and early detection of cerebral small 
vessel disease.
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Samenvatting

De Engelse term ‘cerebral small vessel disease’, wordt vaak gebruikt om te verwijzen naar lacunaire infarcten en 
witte stof afwijkingen die zichtbaar zijn op MRI. Dit zijn ischemische lesies waarvan gedacht wordt dat ze veroorzaakt 
worden door veranderingen in de kleine vaten in de hersenen. Sinds kort worden ook microbloedingen steeds 
meer gezien als een manifestatie van cerebral small vessel disease. Lacunaire infarcten, witte stof afwijkingen en 
microbloedingen worden vaak gevonden op MRI scans van ouderen en ze zijn geassocieerd met een verhoogd 
risico op beroerte, cognitieve achteruitgang en overlijden. De kleine, perforerende vaten in de hersenen zijn 
echter lastig te visualiseren in vivo. Daarom worden lacunaire infarcten, witte stof afwijkingen en microbloedingen 
gebruikt als marker van cerebral small vessel disease, en is cerebral small vessel disease een synoniem geworden 
van deze lesies. De introductie van 7 Tesla MRI voor klinisch wetenschappelijk onderzoek biedt nieuwe kansen 
om de kleine, perforerende vaten in de hersenen te visualiseren en eerdere stadia van cerebral small vessel 
disease te identificeren. Het voornaamste doel van dit proefschrift was om ‘imaging biomarkers’ van vroege 
stadia van cerebral small vessel disease te onderzoeken met behulp van 7 Tesla MRI.

Cerebral small vessel disease en prognose in patiënten met atherosclerose

Lacunaire infarcten en witte stof afwijkingen verhogen de kans op beroertes, cognitieve achteruitgang en dementie 
in de algemene bevolking. Patiënten met atherosclerose hebben een verhoogd risico op vasculaire events. Het is 
niet bekend of de aanwezigheid van lacunaire infarcten of witte stof afwijkingen een additioneel risico op overlijden 
of vasculaire events geeft bovenop de pre-existente vasculaire ziekte. De klinische relevantie van lacunaire infarcten 
en witte stof afwijkingen in patiënten met atherosclerose is belangrijk, aangezien atherosclerose nog steeds een 
groeiend probleem is in de wereld, en witte stof afwijkingen en stille infarcten vaak voorkomen bij patiënten met 
atherosclerose. We vonden dat de aanwezigheid van een of meerdere lacunaire infarcten op MRI, symptomatisch 
of asymptomatisch, het risico op vasculaire en non-vasculaire dood verhoogt, onafhankelijk van leeftijd, geslacht, 
vasculaire risicofactoren, niet-lacunaire infarcten en witte stof afwijkingen (hoofdstuk 2). Witte stof afwijkingen 
verhogen het risico op vasculaire dood en het risico op een ischemisch herseninfact, onafhankelijk van dezelfde 
factoren en onafhankelijk van de aanwezigheid van lacunaire infarcten. Deze bevindingen illustreren het belang 
van lacunaire infarcten en witte stof afwijkingen voor de prognose van patiënten met atherosclerose. 

Cerebral small vessel disease en imaging biomarkers op 7 Tesla MRI

Aangezien verondersteld wordt dat cerebral small vessel disease wordt veroorzaakt door veranderingen in kleine, 
perforerende arteriën in de hersenen, zijn deze perforerende arteriën een logische eerste stap in het onderzoek 
naar imaging biomarkers van cerebral small vessel disease. Eerdere studies hebben laten zien dat perforerende 
arteriën van de arteria cerebri anterior en arteria cerebri media gevisualiseerd kunnen worden met 7 Tesla MRI. 
In hoofdstuk 3 laten we zien dat het mogelijk is om met time-of-flight angiografie op 7T de perforerende arteriën 
van de arteria communicans posterior en van het P1-segment van de arteria cerebri posterior te visualiseren, 
zonder het gebruik van contrast middelen. De resultaten laten zien dat de aanwezigheid van perforerende arteriën 
van de arteria communicans posterior geassocieerd is met een grotere diameter van de arteria communicans 
posterior. Het op een non-invasieve manier in beeld brengen van perforerende arteriën kan in toekomstige studies 
gebruikt worden om de kennis over infarcten in de diepe hersenstructuren die door deze arteriën gevoed worden 
te vergroten. 
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de cerebrovasculaire reactiviteit verminderd is in patiënten met microbloedingen, ondersteunt de hypothese dat 
veranderingen in de vaatwand bij patiënten met microbloedingen leidt tot stijfheid van de vaten en afgenomen 
vasculaire reactiviteit. 

Cerebral small vessel disease op 7 Tesla MRI

De bevindingen van dit proefschrift laten zien dat met het gebruik van 7 Tesla MRI verschillende mogelijke vroege 
biomarkers voor cerebral small vessel disease in beeld gebracht kunnen worden. De 7 Tesla MRI is nog een 
experimenteel systeem, dat uitdagingen met zich meebrengt voor klinisch wetenschappelijk onderzoek, zoals 
inhomogeniteiten in het veld, contra-indicaties voor scannen en snel verbeterende scan-technieken. Patiënten 
verdragen 7 Tesla MRI erg goed en de meeste patiënten ervaren zelfs weinig verschil tussen de 1.5T en 7T. In het 
algemeen kan gezegd worden dat 7 Tesla MRI resulteert in vele voordelen voor nieuwe of verbeterde scans en 
dat het erg bruikbaar is voor innovatief klinisch onderzoek. Gebruik van 7 Tesla MRI kan een belangrijke bijdrage 
leveren aan beter begrip en vroege detectie van cerebral small vessel disease. 

Gedacht wordt dat endotheel dysfunctie een rol speelt in de pathofysiologie van cerebral small vessel disease. 
Microbloedingen worden veroorzaakt door lekkage van rode bloed cellen uit de kleine vaten in de hersenen. De 
aanwezigheid van hele kleine microbloedingen zou een van de eerste manifestaties van cerebral small vessel 
disease kunnen zijn. Microbloedingen zijn paramagnetisch en induceren daardoor een susceptibiliteits-effect op 
de MRI scan. Echo tijd en veldsterkte zijn twee factoren die het susceptibiliteits-effect beïnvloeden en daarmee 
ook de visualisatie van microbloedingen beïnvloeden. In hoofdstuk 4 onderzoeken we het gebruik van een dual 
echo T2*-gewogen sequentie op 7T voor de visualisatie van microbloedingen. Op 7T is het mogelijk om met 
een korte echotijd al microbloedingen te visualiseren. De korte echo tijd draagt bij aan het onderscheiden van 
microbloedingen van andere structuren met een hoge susceptibiliteit. Met het gebruik van een lange echo tijd 
kan een groter aantal microbloedingen gedetecteerd worden. De dual echo sequentie combineert de voordelen 
van een korte en een lange echotijd in een scan. In de huidige studies naar microbleeds wordt over het algemeen 
een 3D T2*-gewogen sequentie op 1.5T gebruikt voor de detectie van microbleeds. Vergeleken met een hoge 
resolutie 3D T2*-gewogen sequentie op 1.5T, wordt met de dual echo T2*-gewogen sequentie op 7T in meer 
patiënten microbloedingen gevonden en wordt er ook een groter aantal microbloedingen gevonden. Daarnaast 
is de betrouwbaarheid van de detectie van microbloedingen hoger op 7T (hoofdstuk 5).

IJzer is belangrijk voor metabole processen in de hersenen en met het ouder worden treedt progressieve 
ijzerdepositie in de hersenen op. Buiten de hersenen wordt gedacht dat ijzer een rol speelt in de pathogenese 
van atherosclerose. Er wordt aangenomen dat ijzer een belangrijke determinant is voor het ontwikkelen van 
atherosclerose. Aangezien lacunaire infarcten, witte stof afwijkingen en microbloedingen geassocieerd zijn met 
een verhoogde permeabiliteit van de perforerende vaten in de hersenen, is het mogelijk dat deze verhoogde 
permeabiliteit tevens een toegenomen ijzer depositie in de basale kernen tot gevolg heeft. Aangezien het gebruik 
van ultra-hoge veldsterktes, zoals 7 Tesla MRI, leidt tot een enorme verhoging van susceptibiliteits-effect, 
sensitiviteit en resolutie, kan dit goed bruikbaar zijn om subtiele verschillen in ijzerconcentratie te detecteren. Met 
7 Tesla MRI hebben we de determinanten van ijzer depositie in de hersenen en ijzer depositie als vroege imaging 
marker van cerebral small vessel disease onderzocht (hoofdstuk 6). T2*-waarden van het putamen, de globus 
pallidus en de nucleus caudatus werden gebruikt als een maat voor ijzer depositie in de basale kernen. Op de 
fase-beelden waren fase-verschillen zichtbaar die karakteristiek zijn voor ijzer in de basale kernen, wat erop wijst 
dat de verschillen in T2* die in deze studie gevonden zijn, veroorzaakt worden door ijzerdepositie. Hogere leeftijd 
en mannelijk geslacht waren geassocieerd met verhoogde ijzer depositie in een of meer van de basale kernen. 
Lacunaire infarcten, maar niet witte stof afwijkingen of microbloedingen, waren eveneens geassocieerd met 
significant meer ijzer depositie.

De toegenomen permeabiliteit van perforerende arteriën kan ertoe leiden dat er serum componenten in de 
vaatwand komen, wat verdikking, inflammatie en disorganisatie van de vaatwand veroorzaakt. Deze veranderingen 
in de vaatwand kunnen zorgen voor een veranderde vasculaire reactiviteit in patiënten met cerebral small 
vessel disease. Cerebrovasculaire reactiviteit kan gemeten worden met BOLD-fMRI (functionele MRI op basis 
van het zuurstof gehalte in het bloed). Met toenemende veldsterkte, nemen de sensitiviteit, specificiteit en het 
contrast van de BOLD-respons toe. In hoofdstuk 7 hebben we de relatie tussen lacunaire infarcten, witte stof 
afwijkingen, microbloedingen en cerebrovasculaire reactiviteit onderzocht met 7 Tesla MRI. Een verminderde 
vasculaire reactiviteit werd gevonden in patiënten met microbloedingen, onafhankelijk van leeftijd, geslacht, 
systolische en diastolische bloeddruk, en niet-lacunaire infarcten. In patiënten met lacunaire infarcten of witte 
stof afwijkingen werd geen significante associatie met cerebrovasculaire reactiviteit gevonden. De bevinding dat 
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Dankwoord

Promoveren doe je niet alleen. Naast de deskundige begeleiding van mijn promotoren en co-promotoren heb 
ik veel hulp en steun gehad van collega’s, familie en vrienden. Daarom wil ik van deze gelegenheid gebruik 
maken om mijn waardering uit te spreken voor de mensen die een bijzondere bijdrage hebben geleverd aan mijn 
promotie.

Professor P.R. Luijten, beste Peter, ik heb veel bewondering voor de manier waarop je de snel groeiende 7 Tesla 
groep in slechts drie dagen in de week weet te managen. Ondanks je drukke agenda staat je deur altijd open om 
van alles te bespreken, dat vond ik erg fijn. Bedankt voor je input en steun tijdens mijn promotie!

Professor W.P.Th.M. Mali, beste professor, we hebben niet heel vaak contact gehad tijdens mijn promotie, maar 
als we overleg hadden was dat voor mij altijd heel motiverend. Uw ideeën en praktische tips zijn erg waardevol 
geweest voor mijn onderzoek. 

Dr. M.I. Geerlings, beste Mirjam, als niet-Julius promovendus was ons contact misschien wat anders dan met je 
andere promovendi, maar daar hebben we in de loop van de tijd een goed evenwicht in weten te vinden. Ik heb 
veel bewondering voor hoe veel tijd en energie je elke keer weer in het onderzoek en in iedere paper stopt, er is 
geen detail wat je ontgaat. Je steun is gedurende mijn hele promotie, maar met name tijdens de afronding van 
mijn promotie, erg belangrijk voor me geweest.

Dr. J. Hendrikse, beste Jeroen, ongelofelijk hoeveel ideeën voor nieuwe onderzoeken jij altijd hebt! Niemand heeft 
me tijdens mijn promotie meer weten te motiveren dan jij. Je hebt de bijzondere eigenschap om meer nadruk 
te leggen op de dingen die goed gaan dan op de dingen die anders moeten, wat ik als erg prettig heb ervaren. 
Bedankt voor je positiviteit!

Professor Y. van der Graaf, beste Yolanda, bedankt voor de begeleiding in de periode dat Mirjam er niet was. De 
SMART-studie is een grote, maar toch overzichtelijke studie, waardoor het prettig is om met SMART-patiënten te 
werken. Ik heb bewondering voor de manier waarop je dat allemaal coördineert.
 
Dr. G.J. Biessels, beste Geert-Jan, die piepkleine, moeilijk te scoren microbleeds zijn intrigerend, zeker nu we zo 
goed kunnen zien op de 7 Tesla MRI. Het was leuk om daar met zijn allen over na te denken en de verschillende 
studies te combineren. Bedankt voor je bijdrage aan het onderzoek naar de microbleeds.

De beoordelingscommissie bestaande uit professor Y. van der Graaf, professor M.A. Viergever, professor L.P.E. 
Regli, professor L. Kappelle en dr. G.J. Biessels, bedankt voor het lezen en het beoordelen van het manuscript.

Beste co-auteurs, jullie bijdrage heeft het onderzoek en de artikelen vele stappen vooruit gebracht. Bedankt voor 
alle goede ideeën en feed-back!

Dr. J.J.M. Zwanenburg, beste Jaco, er is niemand die me met zoveel uiteenlopende dingen heeft geholpen als jij. 
Van het aansluiten van mijn computer op mijn eerste dag in Utrecht tot het scannen van patiënten en uitleggen 
van moeilijke MRI-sequenties, op alle fronten heb je veel voor mijn onderzoek betekend. Je bent iemand die altijd 
voor iedereen klaar staat dat maakt je tot een fijn persoon en een prettige collega. Bedankt voor alles!

Beste Fredy, zonder jou was het niet gelukt om zoveel mooie scans te maken op de 7 Tesla MRI. Het is ongelofelijk 
hoeveel jij van MRI weet en met die kennis veel onderzoeken op de 7T draaiende houdt. Het grootste deel wat ik 
nu van MRI weet heb ik van jou geleerd. Bedankt voor al je uitleg en hulp!
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Beste André, bedankt voor het ontwerp en de lay-out van mijn proefschrift. Het was prettig om met je samen te 
werken en ik ben erg blij met het resultaat!

Lieve Anne en Anja, fijn dat jullie mijn paranimfen willen zijn! Met jullie beiden heb ik veel hoogtepunten, maar 
ook zo nu en dan de frustraties van het promoveren kunnen delen. Lieve Anne, onze promoties hebben voor 
een groot deel parallel gelopen. Het werken aan de SMART-studie en de master Epidemiology, het was super 
om dit samen met jou te kunnen doen. Met als hoogtepunt Rome, met lekkere pizza’s, goede wijn en vooral veel 
gezelligheid! Lieve Anja, erg gezellig dat jij deel uit maakt van de 7 Tesla groep en mijn roommate bent op de 
ISMRM-reizen! Het was fijn om met jou de 7T dingen te kunnen bespreken, je hebt altijd een interessante kijk op 
dingen. Stockholm was super, Montreal wordt vast minstens zo goed!

Lieve Shelley en Marloes, goede vriendinnen zijn erg belangrijk in drukke periodes. Ik haal veel energie uit de 
momenten dat we elkaar zien, tijdens het sporten of een weekendje weg. Fijn dat jullie zo dichtbij wonen, dat we 
elkaar vaak kunnen zien en belangrijke momenten kunnen delen!

Lieve Mireille en Sammy, ondanks dat we elkaar niet zo vaak zien blijft ons contact heel bijzonder. Het is leuk om 
te merken dat we over veel dingen hetzelfde denken. Ik ben trots op wat jullie tot nu toe bereikt hebben. Als we 
allemaal weer in een wat rustigere periode zitten moeten we snel weer afspreken!
 
Lieve Hans, Bep, Barbara en Wouter, vanaf het begin heb ik me welkom gevoeld bij jullie. Bedankt voor alle 
gezelligheid!

Lieve Eveline en Casper, Linda en Bas, wat ben ik blij dat jullie er zijn! Als we samen zijn is het altijd super gezellig, 
het is leuk dat we zoveel gezamenlijke interesses hebben. Bedankt voor jullie steun en begrip de afgelopen tijd, 
bedankt dat ik altijd op jullie kan rekenen!

Lieve pap en mam, zonder alles wat jullie me geleerd hebben was me dit niet gelukt. Het geeft me een goed 
gevoel om te weten dat jullie altijd achter me staan en er altijd voor me zijn. Bedankt voor de onvoorwaardelijke 
steun en liefde. Ik kan me geen fijnere ouders voorstellen dan jullie!

Lieve Jasper, zonder dat je daarin een keuze had heb je meegedeeld in de hoogte- en dieptepunten van mijn 
promotie. Ik heb veel bewondering voor je geduld, je verfrissende kijk op gebeurtenissen en de manier waarop 
je me altijd weer weet op te vrolijken. Jij maakt mijn leven geweldig en ik kijk nu al uit naar alles wat we in de 
toekomst samen gaan beleven!

Professor T. Takahara, dear Taro, it was nice to have you as my roommate. You’ve learned me a lot about 
radiology and MRI, but also about Japan, Japanese people and the great taste of sushi. Thank you for your 
interest in my research and the scoring of the numerous microbleeds. I really enjoyed the time we spend together 
en hope to see you again in the future!

Dr. J.M. Hoogduin, beste Hans, je hebt me ingewijd in de geheimen van fMRI, een van de interessante 
mogelijkheden van MRI. Bedankt voor je hulp bij het scannen en het uitwerken van die eindeloze hoeveelheid 
data die de fMRI scans opleveren.

Beste Daniel, als echte JIST-expert heb je een mooie tool gemaakt voor de kwantificatie van T2* van de basale 
kernen en alle scans daarmee geanalyseerd, wat mooie resultaten heeft opgeleverd. Naast de nuttige dingen, 
ook bedankt voor de gezellige gesprekken over koffie, eten en de andere goede kanten van het leven!

Beste Sylvia, jij bent een belangrijke spil binnen de 7 Tesla groep. Ik vind het knap hoe je het voor elkaar krijgt 
om alle organisatorische zaken zo goed te regelen. Ook voor mijn onderzoek heeft jouw organisatorische talent 
veel goeds gedaan, bedankt!

Alle andere 7T collega’s: Vincent, Jeroen, Catalina, Wouter, Wiebe, Mies, Bertine, Dennis, Hugo, Natalia, Bart, 
Mariska en Irene. De groep is ondertussen zo groot geworden dat ik niet iedereen persoonlijk kan bedanken en 
daarom wil ik hierbij tegen iedereen zeggen: bedankt voor jullie bijdrage, steun en vooral voor de gezellige tijd! De 
7T groep is een goed geoliede machine en het was fijn om hier drie jaar deel van uit te mogen maken. Zelfs de 
fysische grapjes ben ik gaan waarderen en begin ik nu al een beetje te missen!
 
Beste Theo Witkamp, het scoren van de soms ontelbare microbleeds op 1.5T en 7T is een hele klus, waarvan ik 
heel blij ben dat u dat heeft willen doen. Bedankt voor uw inzet en de prettige samenwerking!

Dr. ir. K.L. Vincken, beste Koen, het is fantastisch om te zien wat er allemaal geautomatiseerd kan worden als 
je goed met computers om kan gaan. De segmentaties zijn een belangrijk onderdeel van de SMART-studie en 
leveren veel informatie op. Segmentatie van 7T data is nog wel een uitdaging, maar ik twijfel er niet aan dat ook 
dat binnenkort zal lukken.
 
Beste Raoul, we hebben een gezamenlijke interesse in small vessel disease en jouw ideeën en gezichtspunten 
vanuit de neurologie hebben een belangrijke bijdrage geleverd aan mijn onderzoek. Bedankt voor de samenwerking! 
Ik ben erg benieuwd naar de resultaten van jouw onderzoek!

Beste SMART-medewerkers, Harry, Loes, Lies, Hetty, Ursula en Desiré, zonder jullie zou de SMART-studie niet 
kunnen bestaan. Het is knap hoe jullie deze omvangrijke studie met allerlei sub-studies kunnen overzien en in 
goede banen leiden. Loes, jou wil ik in het bijzonder bedanken voor al het organisatorische werk rondom het 
scannen van de SMART-patiënten op de 7 Tesla MRI. Het is fijn om te weten dat als jij iets regelt, het zeker goed 
gebeurt!

Beste Greet, Niels, Gerrit, Saskia en Laura, bedankt voor al jullie hulp bij het maken van de MRI’s. De 7 Tesla MRI 
doet niet altijd wat je verwacht, maar weten jullie altijd weer goed mee om te gaan en het tot een goed einde te 
brengen. Bedankt voor jullie inzet en creativiteit!

Beste collega-onderzoekers van de radiologie, bedankt voor de gezelligheid! De vele traktaties, gezellig praatjes 
en etentjes maken het onderzoek doen erg leuk!
 
Beste radiologen en collega-assistenten van het VUmc, het valt niet altijd mee om het begin van de opleiding te 
combineren met het afronden van een proefschrift. Bedankt voor jullie begrip en interesse!
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Curriculum Vitae 

Mandy Martine Ariane Conijn was born on June 16th, 1983, in Lisse, the Netherlands. After graduating from 
secondary school at the Fioretti College in Lisse in 2001, she started her medical training  at the University 
of Leiden. During her study her interest in radiology was raised and she performed an elective internship at 
the department of radiology at the Leiden University Medical Center (LUMC). Her research internship at the 
department of neurology at the LUMC made her enthusiastic about scientific research. At the end of 2007 she 
obtained her medical degree.

In January 2008 she got the opportunity to start the first clinical research project on the clinical 7 Tesla MRI 
system at the University Medical Center Utrecht. This resulted in her PhD thesis on the imaging of cerebral 
small vessel disease at 7 Tesla MRI under supervision of prof. dr. P.R. Luijten, prof. dr. W.P.Th.M. Mali, dr. M.I. 
Geerlings and dr. J. Hendrikse. During her PhD period she obtained a Master degree in Clinical Epidemiology 
at the University of Utrecht. In November 2010 she started her radiology residency at the VU Medical Center in 
Amsterdam (prof. dr. C. van Kuijk). 
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List of used abbreviations  

95% CI    95% confidence interval 
AChA    Anterior choroidal artery 
ANCOVA   Analysis of covariance 
B        Regression coefficient 
BBB     Blood-brain barrier 
BMI      Body mass index 
BOLD-fMRI   Blood oxygenation level-dependent functional MRI  
CSF     Cerebrospinal fluid 
CVR     Cerebrovascular reactivity 
EPI      Echo Planar Imaging 
FOV     Field of view 
FLAIR    Fluid-attenuating inversion recovery 
FWHM    Full width at half maximum/minimum (Chapter 3/Chapter 4) 
GRE     Gradient-recalled echo 
HR       Hazard ratio 
iaDSA    intra-arterial digital subtraction angiography 
ICC      Intraclass correlation coefficient 
ICV      Intracranial volume 
IR       Inversion recovery 
JIST     Java Image Science Toolkit 
MARS    Microbleed Anatomical Rating Scale 
minIP     Minimum intensity projection 
MIP      Maximum intensity projection 
MRI      Magnetic Resonance Imaging 
P1      P1-segment of the posterior cerebral artery 
PCoA    Posterior communicating artery 
PRESTO    Principles of echo shifting with a train of observations 
ROI      Region of interest 
SD      Standard deviation 
SENSE    Sensitivity encoding 
SMART study  Second Manifestations of ARTerial disease study 
SMART-MR   Second Manifestations of ARTerial disease-Magnetic Resonance 
SNR     Signal to noise ratio 
SWI     Susceptibility weighted imaging 
TE      Echo time 
TE1      First echo time 
TE2      Second echo time 
TI        Inversion time 
TIA      Transient  ischemic attack 
TOF     Time-of-flight  
TONE    Tilt-optimised non-saturated excitation 
TR      Repetition time 
WML     White matter lesions 
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