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Chapter 1

With the prolonged life expectancy the size of the older population will grow
considerably in most industrialized countries. With rising age, the prevalence
and incidence of dementia will increase exponentially (13,18). It is estimated
that the prevalence of dementia doubles every five years after the age of 60
and that the overall incidence rate of dementia in people over 90 years of
age is as high as 18% per year (4,8). The world wide prevalence of dementia
is equal to 0,5% in the age group 65-69 years and increases with age leading
to a prevalence of 12% in the age group 80-84 years (10). In the year 2001,
approximately 4.9 million persons suffered from dementia in Europe and
3.4 million in North America and this number is estimated to increase to 9.9
million and 9.2 million respectively in the next 40 years (9). With the continuous
increase of the elderly population the impact of dementia on society and health
care system is a growing concern. At present, there is no effective treatment
for this devastating illness. Dementia is characterized by progressive cognitive
impairment as well as noncognitive symptoms such as mood and personality
changes. Early identification and institution of preventive measures for risk
factors predisposing to cognitive decline are of high priority.
One of the first structures to be affected in dementia is the hippocampus
(2,3,17). The hippocampus, consisting of the ammon’s horn, the dentate gyrus
and subiculum, is part of the medial temporal lobe. It belongs to the limbic
system and is involved in episodic memory. Several studies have shown that
hippocampal volume loss is associated with cognitive decline in non-demented
populations (12,15,19). The rate of hippocampal atrophy differs among elderly
and more research aimed at achieving greater understanding about the risk
factors for hippocampal atrophy and subsequent development of dementia
are needed. The last past decades there have been considerable advances in
the understanding of Alzheimer’s disease and other dementias, however, to
date no fully effective treatments and preventive strategies have been found.
Therefore, it is important to further unravel the etiology of Alzheimer’s disease
and other dementias to gain insight into mechanisms that cause the disease
enabling development of preventive and curative strategies. Preferably, these
studies have to be done in subjects without dementia, but who are at high risk
for developing dementia, such as persons with mild cognitive impairment,
genetic vulnerability, or a high burden of vascular disease.
Evidence from imaging studies demonstrates very early changes in the
hippocampus in patients with mild cognitive impairment compared to age
matched normal elderly (3,24). Pathologically, the first degenerative changes
in AD are seen in the hippocampus (2,17). However, it has been suggested that
hippocampal atrophy also occurs in normal aging(21), which makes a distinction
between dementia and normal aging difficult in the elderly. However, since in
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dementia research very early changes have been reported in the hippocampus,
a disproportionate loss of hippocampal volume may be seen in subjects with
incipient dementia. Using magnetic resonance (MR) imaging, it is possible to
assess hippocampal atrophy with visual rating scales (6,24). However, visual
rating scales probably assess hippocampal atrophy but also surrounding CSF,
which may be useful for prognostic and diagnostic purposes but may not
be appropriate for small changes in hippocampal volume. With advances in
magnetic resonance imaging it is now possible to make more reliable estimates
of hippocampal volume. Also, with recently developed methods for automated
probabilistic segmentation of brain structures accurate estimations of the
intracranial volume, whole brain volume, and volumes of other brain structures
can be made (1). Combining these techniques makes it possible to examine
if the hippocampus in particular is subject to volume loss compared to other
brain tissue.
Besides the known non-modifiable risk factors age and genetic susceptibility,
there is cumulating evidence that vascular risk factors, such as hypertension,
type 2 diabetes and cerebral small vessel disease are associated with cognitive
impairment and the development of dementia (5,18), and it has been suggested
that especially the hippocampus is vulnerable to hypoxia and ischemia in the
brain (7,14,16,25). One of the hypotheses is that vascular pathology is directly
involved in the pathogenesis of hippocampal atrophy and subsequent cognitive
impairment (5).
Furthermore, more recently, there is a greater interest in the role of stress and
the stress response in brain aging. It has frequently been hypothesized that
alterations in the hypothalamic-pituitary-adrenal (HPA) axis activity, especially
prolonged high levels of the stress hormone, cortisol has deleterious effects on
the hippocampus (19,22). There is evidence that corticosteroids have deleterious
effects on the hippocampus in rodents and primates (22). The hippocampus
is a target structure for the activity of corticosteroids in the brain and it plays
an important role in the negative feedback control of the HPA axis response
to stress. According to the glucocorticoid cascade hypothesis (23), elevated
cortisol levels lead to damage to hippocampal neurons, which in turn will result
in diminished inhibition of glucocorticoids. This will result in higher levels of
cortisol and lead to further damage and neuronal loss of the hippocampus.
The study of neurodegenerative effects of corticoids, particularly on the
hippocampus represents a novel approach to the etiology and pathogenesis
of dementia.
The research described in this thesis is performed within the Second
Manifestations of ARTerial disease-Magnetic Resonance (SMART-MR) study
(11,20) on brain changes on MRI in patients with manifest arterial disease.

Chapter 1

The SMART-MR study aimed to investigate brain changes on MRI in 1309
independently living patients with symptomatic atherosclerotic disease.
Starting in January 2006, all patients still alive have been invited for a second
MR of the brain and other follow-up examinations, including assessment of risk
factors, and cognitive testing. In addition, a T1-weighted 3D FFE (fast field echo)
sequence was added to the MRI protocol for measurement of hippocampal
volume. In total, 754 of the surviving cohort (61% of n=1,238) gave written
informed consent and participated at follow-up; 466 persons (38%) refused or
did not respond, and 18 persons (1%) were lost to follow-up.

Aim of the thesis
This thesis aims to contribute to knowledge of the etiology of hippocampal
atrophy. The first aim is to investigate age-related changes in hippocampal
volume in non-demented elderly. The second aim is to investigate the effect
of, ischemia, hypoxia and high levels of glucocorticoids as risk factors that have
been suggested to be particular detrimental for the hippocampus.

Outline of the thesis
First, in chapter 2 we investigate to what extent two widely used visual rating
scales to assess hippocampal atrophy are related to hippocampal volume
and other measures of brain atrophy. In chapter 3 we describe the effect of
age on hippocampal volume and compare this with age-related changes
in the entorhinal cortex. By using three different analytical approaches we
will determine if the hippocampus in particular is vulnerable to the effects
of aging. In chapter 4 we investigate the association of white matter lesions
and lacunar infarcts with hippocampal volume and we will determine if this
relation is independent of global atrophy. In chapter 5 we study the association
between total cerebral blood flow and hippocampal volume and examine if this
relationship is mediated by white matter lesions. In chapter 6 we describe the
effect of age and vascular risk factors on different indicators of HPA-axis activity.
Chapter 7 describes the association of glucocorticoids with hippocampal
volume by assessing the diurnal cortisol profile. Chapter 8 provides a general
discussion of the main findings of the different studies described in this thesis
and these findings will be summarized in chapter 9.
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Visual rating of the hippocampus
in non-demented elders:
does it measure hippocampal
atrophy or other indices of
brain atrophy?
The SMART-MR study

Abstract
Objective

Chapter 2

Visual rating of hippocampal atrophy is often used to differentiate between
normal aging and Alzheimer’s disease. We investigated whether two visual
rating scales of hippocampal atrophy were related to hippocampal volumes,
and if visual rating was related to global, cortical and subcortical brain atrophy
in persons without dementia.
Methods
Within the SMART-MR study, a prospective cohort study among patients with
manifest arterial disease, medial temporal lobe atrophy was qualitatively rated
in 95 participants without dementia (mean age 62±10 years) using two visual
rating scales: the medial temporal lobe (MTA) score was rated on coronal
oriented images and the perihippocampal cerebrospinal fluid (HCSF) score was
rated on axial oriented images. Hippocampal volume was assessed by manual
segmentation on a 3-dimensional FFE T1-weighted MR image. Automated
segmentation was used to quantify volumes of brain tissue and cerebrospinal
fluid. Total brain volume, grey matter volume and ventricular volume were
divided by intracranial volume to obtain brain parenchymal fraction (BPF), grey
matter fraction (GMF) and ventricular fraction (VF).
Results
Using ANOVA, crude hippocampal volumes were smaller with increasing MTA
and HSCF scores as were hippocampal volumes normalized for intracranial
volume (p<0.05). However, hippocampal volumes normalized for total brain
size were not smaller with increasing MTA or HSCF scores (p=0.33 and p=0.49).
Also, with increasing visual rating scores BPF was smaller and VF was larger
(p<0.001), and the GMF decreased with increasing HCSF score (p=0.008).
Conclusions
In this non-demented population, visual rating of the medial temporal lobe
reflects hippocampal atrophy as well as global and subcortical atrophy.
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The medial temporal lobe, including the hippocampus, is considered to be one
of the first brain structures affected in Alzheimer’s disease. Medial temporal
lobe atrophy is frequently used to differentiate between normal aging and
Alzheimer’s disease (8,10,12,26). Using magnetic resonance (MR) imaging,
it is possible to assess hippocampal atrophy with visual rating scales (7,20).
Qualitative assessment of hippocampus atrophy using visual rating scales
is fast, easy to apply, and has acceptable inter- and intra-rater variability,
making it a practical tool to use in a clinical setting (15,19). The visual rating
scales have demonstrated to correctly classify healthy controls and demented
patients (20). Qualitative rating also has proven to be as sensitive as volumetric
measurements in predicting memory performance in normal aging, suggesting
that it may be a diagnostic tool for early detection of Alzheimer’s disease in
clinical practice (16). However, the correlation between the visual rating scores
and the volume of the hippocampus described in previous reports is only
moderate with a correlation coefficient between 0.27 and 0.42 (24,26). This may
be explained by the fact that the score is not only based on visual assessment of
the hippocampal volume, but also on the volume of surrounding cerebrospinal
(CSF) spaces (7,24,26). Dilatation of the CSF spaces occurs in aging, as well as
other changes in brain structures, including a decrease of cortical grey matter
and white matter (6,9,11,18).
With recently developed methods for automated probabilistic segmentation of
brain structures, it is possible to make accurate estimations of the intracranial
volume, whole brain volume, and volumes of other brain structures (1).
Also, the quality of the images and the number of slices used for volumetric
measurements of the hippocampus have increased in recent years, which
makes a more reliable assessment of the hippocampus possible.
This study aimed to assess to what extent visual rating scales of the hippocampus
were related to hippocampal volumes, in a population without dementia.
Second, we investigated to what extent the visual rating scales reflected other
measures of brain atrophy.

Methods and Materials
Subjects
The present study is a cross-sectional study within the Second Manifestations
of ARTerial disease (SMART study). The SMART study is an ongoing prospective
cohort study among patients newly referred to the University Medical
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Center Utrecht with symptomatic atherosclerotic disease or risk factors
for atherosclerosis. Between May 2001 and December 2005, as part of the
SMART-MR Study, an MR investigation of the brain was added to the baseline
examination in patients who were included with manifest coronary artery
disease, cerebrovascular disease, peripheral arterial disease or an abdominal
aortic aneurysm (AAA) and had no MR contraindications (pacemaker,
claustrophobia or pregnancy). Coronary artery disease was present in 59%,
cerebrovascular disease in 23%, peripheral arterial disease in 22% and an AAA
in 9% of these patients. The cumulative percentage exceeds 100% because
patients can have vascular disease at more than one location. In total, 1309
patients (mean age 58 ± 10 years; 80% male) were investigated in the SMARTMR study. Patients and methods of the SMART-MR study are described in more
detail in a previous study (2).
Starting in January 2006 all patients still alive have been invited for a second MR
of the brain and other follow-up examinations. The investigation consisted of
risk factor questionnaires, a physical examination, extensive neuropsychological
testing, including a Mini-Mental State Examination (MMSE) and a structured
interview to diagnose major depressive disorder. In addition, overnight fasting
venous blood samples, urine samples, and salivary cortisol samples were
collected and all patients underwent a cerebral MRI scan.
The SMART study, the SMART-MR study and follow-up study were approved
by the ethics committee of our institution and written informed consent was
obtained from all participants.
Magnetic Resonance Protocol
The MR investigations were performed on a 1.5-T whole-body system (Gyroscan
ACS-NT, Philips Medical Systems, Best, the Netherlands). The protocol consisted
of a transversal T1-weighted gradient-echo sequence (repetition time (TR)/
echo time (TE): 235/2 ms; flip angle, 80º), a transversal T2-weighted turbo
spin-echo sequence (TR/TE: 2200/11 ms and 2200/100 ms; turbo factor 12), a
transversal T2-weighted fluid attenuating inverse recovery (FLAIR) sequence
(TR/TE/inversion time (TI): 6000/100/2000 ms) and a transversal inversion
recovery (IR) sequence (TR/TE/TI: 2900/22/410 ms) (field of view (FOV) 230 x 230
mm; matrix size, 180 × 256; slice thickness, 4.0 mm; slice gap, 0.0 mm; 38 slices).
Furthermore, for measurements of the hippocampal volume, we obtained a
sagittal T1-weighted 3D FFE (fast field echo) sequence (TR/TE: 7.0/3.2 ms; flip
angle, 8º)(FOV 240 mm; matrix size, 240 × 256; slice thickness, 1.0 mm; slice gap,
0.0 mm; 170 slices).
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We used the T1-weighted gradient-echo, IR sequence, and FLAIR sequence
for brain segmentation. The probabilistic segmentation technique has been
described elsewhere (1). Two pre-processing steps were performed. The first
step was an intra-patient rigid registration in order to compensate for motion
and scan variations (17). The second pre-processing step was an automatic
skull-stripping of the T1 image (21), in order to define a proper region of interest
for the segmentation process. The actual segmentation was done with a
statistical method called k-Nearest Neighbor (KNN) classification (1). The result
of the classification method is a probability value for each voxel that quantifies
the amount of a specific tissue type contained in that voxel. The segmentation
program distinguishes cortical grey matter, white matter, sulcal and ventricular
cerebrospinal fluid (CSF) and lesions. Total volumes were calculated by
multiplying these probabilities by the number and volumes of the voxels (4.0 x
0.9 x 0.9 mm).
White matter lesions (WML) and infarcts are classified as ‘lesion’ volume, since
the segmentation program cannot distinguish between them. Therefore,
an investigator and a neuroradiologist visually checked the results of the
segmentation analysis and made a further distinction into WML and infarct
volumes by manually assigning the lesion volumes to one of these two
categories.
Total brain volume was calculated by summing the volumes of grey and white
matter and, if present, the volumes of WML and infarcts. Total intracranial
volume (ICV) was calculated by summing total brain volume and volumes of
sulcal and ventricular CSF.
All volumes cranial to the foramen magnum were included in the segmentation
results. As a result, the total brain volume includes the cerebrum, brainstem and
cerebellum.
Assessment of hippocampal volume
The sagittal T1-weighted images were tilted to the coronal plane and orientated
perpendicular to the long axis of the left hippocampus. The hippocampus was
manually outlined on an average of 40 slices and included the hippocampus
proper, subiculum, fimbria, alveus, and dentate gyrus. We started at the first
slice where the hippocampus was visible as the anterior boundary. The alveus,
which was clearly visible, formed the dorsal border of the hippocampus on
the anterior slices and was used to separate the hippocampal head from the
amygdala. More posterior, the dorsal boundary was defined by CSF and choroid
plexus, which was not included in the measurements. The posterior border
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was defined as the slice before the total length of the fornix was visible. The
lateral boundaries were defined by CSF of the temporal horn of the lateral
ventricle and by the grey-white matter border of the temporal stem. Medially,
the hippocampus was bounded by CSF in the cisterna ambiens and transverse
fissure, and ventrally by white matter of the parahippocampal gyrus.
Measurements of hippocampal volumes were performed by two extensively
trained investigators (AJGK and LG), who were blinded to all clinical information.
Left and right hippocampal volumes were calculated by multiplying the total
number of voxels by the volume of a voxel (1.0 x 0.94x 0.94 mm). The intrarater reliability coefficient (ICC) for repeated tracing in 20 randomly selected
hippocampi was 0.96 and 0.98, and the inter-rater agreement was 0.96.
The reproducibility of the hippocampus measurements was also analyzed
according to the method described by Bland and Altman(3). The mean
difference in hippocampus volume measurements between the two raters was
11.1 voxels. The coefficient of variation was 3.8 %.
Visual rating
Visual rating of medial temporal lobe atrophy (MTA) was done by a single rater
(AJGK), blinded to clinical information and information on the volumetric
measurements. Two visual rating scales were used to assess the MTA.
First, the 5-point MTA-scale developed by Scheltens et al.(20) was used on the
3D T1-weighted coronal images, which rates medial temporal lobe atrophy from
absent (0) to severe (4). The scoring method assesses the width of the temporal
horn, the width of the choroid fissure and the height of the hippocampal
formation, including the hippocampus proper, dentate gyrus, subiculum and
parahippocampal gyrus. Both the left and right medial temporal lobe were
scored using the MTA scale. Intra-rater reliability was determined by assessing
20 MR scans twice. Kappa was 0.76 for visual ratings of the right medial temporal
lobe and 0.70 for the ratings of the left medial temporal lobe.
Second, atrophy was assessed on axial oriented images, with a rating scale that
scores the accumulation of CSF in the regions of the transverse, choroidal and
hippocampal, the HCSF score, developed by De Leon et al(7). The axial plane
was aligned along the long axis of the hippocampus. Here, atrophy was scored
on the left and right side using a 4-point scale, ranging from zero (no atrophy) to
three (severe atrophy). A cut-off score of 2 or greater on either side is considered
as evidence of hippocampal atrophy(7). The intra-rater agreement, determined
by assessing 20 MR scans twice, was 0.72 for right and 0.77 for left ratings.
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The MTA assessments were done in 100 consecutive patients who received
a follow up MRI. All patients were screened for dementia using the MMSE.
Participants with a score below 27 on the MMSE were examined by a physician
who conducted an additional in-house standardized dementia interview and
physical examination. The results of these investigations together with the
outcome of the neuropsychological testing were discussed in a consensus
meeting existing with the research physician, a clinical neuropsychologist and a
geriatrician. Four patients were diagnosed with dementia and one patient had
missing MMSE data. These patients were excluded from the analysis leaving 95
subjects for analysis.
Data analysis
To assess to what extent visual rating scales of the hippocampus were related to
crude hippocampal volumes, analysis of variance (ANOVA) was used to compare
the mean crude volumes (ml) of the left and right hippocampus according to
the scores derived from the two rating scales (MTA and HCSF). In addition, mean
hippocampal volumes relative to intracranial volume (ICV) were estimated
by dividing the crude hippocampal volumes by ICV and multiplying these
proportions by the mean ICV of the population (1449 ml) to correct for inter
individual variation in head size. Furthermore, to assess hippocampal volume
relative to brain size, crude hippocampal volumes were divided by total brain
volume and multiplied by the mean total brain volume of the study population
(1129 ml). Second, to investigate to what extent the rating scale scores were
related to other measures of brain atrophy, we estimated the mean volumes
of the total brain, the ventricles and the total cortical grey matter according
to the rating scores, after correction for individual variation in head size. Total
brain volume, ventricular volume and cortical grey matter volume were divided
by intracranial volume to obtain brain parenchymal fraction (BPF), an indicator
of global atrophy, ventricular fraction (VF), an indicator of subcortical atrophy
and cortical grey matter fraction (GMF), an indicator of cortical atrophy. Post
hoc between group testing was performed using the Fisher Least Significant
Difference (LSD) test. In all analyses the 95% confidence intervals are given. The
statistical package SPSS version 14.0 (Chicago, Ill, USA) was used to analyze the
data.
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The mean age ± SD of the study sample (n=95) was 62.0 ± 9.8 years. Table 1
shows the demographics, the rating scores and the crude total hippocampal
volumes (sum of left and right) of the study sample, and for two age groups. The
older age group had smaller total hippocampal volumes (5.8 vs. 6.1 ml), smaller
brain volumes (1123 vs. 1138 ml), lower BPF (76.6 vs. 79.8%), higher VF (2.6 vs.
1.9%) and lower GMF (33.1 vs. 36.0%) than the younger age group.

Table 1 Baseline characteristics of the study sample
Age <60
(n=41)

Age ≥60
(n=54)

Total sample
(n=95)

Age (year, SD)

52.9 (6.1)

68.9 (5.5)

62.0 (9.8)

Sex (male, %)

78

83

81

History of coronary artery disease (%)

68.3

66.7

67.4

History of cerebrovascular disease (%)

19.5

29.6

25.3

History of peripheral arterial disease (%)

19.5

9.3

13.7

History of AAA (%)

4.9

5.6

5.3

Total hippocampal volume, ml (SD)

6.1 (0.6)

5.8 (0.7)

5.9 (0.7)

Left hippocampal volume, ml (SD)

2.9 (0.3)

2.8 (0.4)

2.9 (0.4)

Right hippocampal volume, ml (SD)

3.1 (0.3)

3.0 (0.4)

3.0 (0.4)

ICV, ml (SD)

1426 (139)

1466 (113)

1449 (126)

Brain volume, ml (SD)

1138 (113)

1123 (85)

1129 (98)

BPF, % (SD)

79.8 (2.3)

76.6 (2.8)

78.0 (3.0)

VF, % (SD)

1.9 (0.8)

2.6 (1.1)

2.3 (1.0)

GMF, % (SD)

36.0 (3.5)

33.1 (4.0)

34.3 (4.0)

Values given as mean and standard deviation, or percentage.
SD=standard deviation, AAA= abdominal aortic aneurysm, ICV= intracranial volume, BPF= brain
parenchymal fraction, VF= ventricular fraction, GMF= grey matter fraction

Table 2 shows the MTA scores and HCSF scores for the two age groups. The
majority of subjects (over 80%) had MTA scores below 2, and none had the
highest score (4). Also, when using the HSCF score, most of the subjects showed
non pathological scores (below score 2 on either side). The older age group
had higher scores on the visual rating scales. Figure 1 shows the mean (SE)
crude left hippocampal volume, the mean left hippocampal volume corrected
for ICV and the mean left hippocampal volume corrected for total brain volume
according to left MTA score. The crude hippocampal volume and hippocampal
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Table 2 Percentage of subjects according to MTA score and HCSF score, divided in two age groups
MTA Scale
Age <60

HCSF scale
Age ≥60

Age <60

Age ≥60

Score

Left

Right

Left

Right

Left

Right

Left

Right

0

43.9

31.7

24.1

27.8

46.3

65.9

20.4

20.4

1

53.7

68.3

53.7

44.4

46.3

22.0

31.5

50.0

2

2.4

0

13.0

20.4

7.3

12.2

33.3

25.9

3

0

0

9.3

7.4

0

0

14.8

3.7

4

0

0

0

0

-

-

-

-

MTA= medial temporal atrophy, HCSF= perihippocampal cerebrospinal fluid

Figure 2 shows the mean brain parenchymal fraction, the mean ventricular
fraction, and the mean cortical grey matter fraction according to MTA score. As
can be seen, subjects with higher MTA scores had less brain parenchyma, indicating
more global brain atrophy (F[3, 91] =5.53, p =0.002) (Figure 2A). Similarly, with a
higher MTA rating the ventricular fraction, indicating subcortical atrophy, was
higher (F[3, 91] =7.93, p <0.001) (Figure 2B).There was no difference in mean
cortical grey matter fraction across MTA scores (Figure 2C).
When we repeated the analyses for the HCSF rating scale, performed on axial
oriented images, the results were very similar (Figure 3). The mean crude
hippocampal volumes were smaller with higher scores on the HCSF rating scale
(F[3, 91] =4.27, p =0.007). Also, the mean hippocampal volumes corrected for
ICV were smaller with increasing HCSF score (F[3, 91] =2.78, p =0.046). However,
hippocampal volumes corrected for total brain volume did not differ across
HCSF score (F[3, 91] = 0.82, p =0.488) (Figure 3C). In addition, subjects with a
higher HCSF score had more global and subcortical atrophy (F[3, 91] = 14,69,
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volume corrected for ICV decreased with increasing MTA score (F[3, 91] =5.95,
p =0.001 and F[3, 91] =2.76, p =0.046, respectively). Using the LSD test, there
was a difference between the scores 0 and all other MTA scores and also
between score 1 and 3, but there was no statistically significant difference
between scores 1 and 2 or between scores 2 and 3. When hippocampal volume
was corrected for total brain volume, there was no difference in hippocampal
volume between any of the MTA scores (F[3, 91] =1.16, p =0.332), suggesting
that the MTA scores reflect total brain volume rather than hippocampal volume.
When analyzing the right hippocampal volumes across right MTA scores, the
results were similar (data not shown).

p <0.001 and (F[3, 91] =14.67, p<0.001). Also, subjects with HCSF scores 2 and 3
had a lower GMF when compared to subjects with lower HCSF scores (Figure 4).
These results were similar for the right hippocampus (data not shown).
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Figure 1 Mean crude left hippocampal
volume (SEs) (A), left hippocampal
volume/ICV (B) and left hippocampal
volume/brain volume (C) according to
categories of the MTA scale.
P-values <0.05 indicate significant difference among categories.
BV = brain volume
ICV = intracranial volume
MTA = medial temporal lobe atrophy
SE = standard error.
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MTA = medial temporal lobe atrophy
SE = standard error.
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Figure 2 (A) Mean ventricular fraction (SEs) according to categories of
the MTA scale. MTA score 0 vs. 2, p
<0.001; score 0 vs. 3, p <0.001; score 1
vs. 2, p <0.001; score 1 vs. 3, p <0.001.
(B) Mean brain parenchymal fraction
(SEs) by MTA score. MTA score 0 vs.
1, p =0.04; score 0 vs. 2, p <0.001;
score 0 vs. 3, p < 0.001; score 1 vs. 2, p
=0.006; score 1 vs. 3, p <0.02.
(C) Mean grey matter fraction (SEs).
No significant mean differences
between the MTA scores. MTA scores
represent the highest score of both
sides.
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Figure 3 Mean crude left hippocampal
volume (SEs) (A), left hippocampal
volume/ICV (B) and left hippocampal
volume/brain volume (C) according to
categories of the HCSF scale.
P-values <0.05 indicate significant difference among categories.
BV = brain volume
ICV = intracranial volume
HCSF = perihippocampal cerebrospinal
fluid
SE = standard error.
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HCSF = perihippocampal cerebrospinal
fluid
SE = standard error.
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Figure 4 (A) Mean ventricular fraction
(SEs) according to categories of the
HCSF scale. HCSF score 0 vs. 2,
p <0.001; score 0 vs. 3, p <0.001; score
1 vs. 2, p <0.001; score 1 vs. 3, p <0.001.
(B) Mean brain parenchymal fraction
(SEs) by HCSF score. HCSF score 0 vs. 1,
p =0.04; score 0 vs. 2, p <0.001; score 0
vs. 3, p < 0.001; score 1 vs. 2, p =0.006;
score 1 vs. 3, p =0.02. (C) Gray matter
fraction (SEs) HCSF score 0 vs. 2,
p <0.001; score 0 vs. 3, p <0.001; score
1 vs. 2, p <0.001; score 1 vs. 3, p =0.001.
HSCF scores represent the highest
score of both sides.
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In this study, we compared two visual rating scales with volumetric measures of
the hippocampus and brain atrophy in a non-demented population. Subjects
with increasing medial temporal atrophy (MTA) or increasing accumulation
of CSF in the perihippocampal region had lower crude volumes of the
hippocampus and lower hippocampal volumes relative to intracranial volume
(ICV), but hippocampal volumes relative to total brain volume were not different
across visual rating scores. We also found that an increasing MTA or HSCF score
was associated with lower brain parenchymal fraction, a measure of generalized
brain atrophy and higher ventricular fraction, a measure of subcortical brain
atrophy. Furthermore, participants with an increasing HSCF score had a lower
grey matter fraction, a measure of cortical atrophy.
The results of the relation between the MTA score and crude hippocampal
volume are in line with previous studies that compared this visual rating scale
with crude hippocampal volumes (4,23,24,26). Some of these studies suggested
that the MTA scale and hippocampal volume measurements assess different
aspects of the medial temporal lobe atrophy (24,26). It has been hypothesized
that the MTA score is not based on a visual estimation of the volume of the
medial temporal lobe alone, but also on the volume of the surrounding CSF
spaces. Indeed, we found a strong linear relationship between the MTA score and
BPF and VF. This latter finding seems in contrast to an earlier report, in which the
authors observed no difference in ventricular volume between subjects with a
high MTA score compared with subjects with a low MTA score (20). However, that
study was performed in a small study sample and used linear measurements
on hard copies of the scan to describe ventricular size. In our study we used
a rater-independent automated probabilistic segmentation technique which
accurately quantifies the volume of brain tissue and ventricular volume (1). This
resulted in a precise measurement of the volume of the different brain tissues.
Our results for the axial HCSF scale are consistent with an earlier report that
validated this scale using crude hippocampal volumes and found a decrease
in hippocampal volume and an increased perihippocampal CSF with higher
HSCF scores (5). However, similar to our findings with the MTA score, we did not
find that hippocampal volume relative to total brain volume decreased with
higher HSCF scores, indicating that the visual rating scales do not distinguish
between hippocampal atrophy and general atrophy in our study population. It
must be noted, that since our population consisted of non-demented subjects
few subjects will have had a disproportionate loss of the hippocampus relative
to total brain volume, as is considered to be the case in Alzheimer’s disease.
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Finally, we found more global brain atrophy, more subcortical atrophy, and
more cortical atrophy with increasing scores on the HSCF scale, indicating that
the HSCF scale also measures other indices of brain atrophy.
Our findings suggest that visual rating scales of the hippocampus are a
composite of hippocampal atrophy and overall atrophy of the brain, but do not
measure a distinctive loss of hippocampal tissue relative to other brain tissue.
Although hippocampal atrophy assessed with visual rating scales in diagnostic
and prognostic studies have proven to differentiate between patients with
Alzheimer’s disease and healthy controls (4,20,25)and other studies reported
that rating scales predict memory performance in normal aging and in subjects
with mild cognitive impairment (13,16,22), it is likely that measures of global or
subcortical atrophy perform equally well. Also, volumetric measurements of the
hippocampus may be the preferred method over rating scales if the objective
is to examine whether hippocampal volume loss is disproportionate relative to
other brain tissue loss, since this is generally considered to be the case in early
stages of Alzheimer’s disease (14). It may be important to differentiate between
hippocampal atrophy and atrophy of other brain areas.
In conclusion, in this non-demented population visual rating of the medial
temporal lobe reflects crude hippocampal volumes as well as global and
subcortical atrophy.
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Loss of the entorhinal cortex and
hippocampal volumes compared
to whole brain volume in
normal aging
The SMART-Medea study

Abstract
Objective
In non-demented elderly age-related decline in hippocampal volume has often
been observed but it is not clear if this loss is disproportionate relative to other
brain tissue.
Methods
Chapter 3

Few studies examined age-related volume loss of the entorhinal cortex. We
investigated the association of age with hippocampal and entorhinal cortex (EC)
volumes in a large sample of middle-aged and older persons without dementia.
Hippocampal and EC volumes were divided by intracranial volume (ICV) as well
as total brain volume (BV) to determine whether age-related differences were
disproportionate relative to other brain tissue. Within the SMART-Medea study,
cross-sectional analyses were performed in 453 non-demented subjects (mean
age 62±9 yrs, 81% male) with a history of arterial disease. Hippocampal and
EC volumes were assessed by manual segmentation on 3-dimensional FFE T1weighted MR images. Automated segmentation was used to quantify volumes
of BV and ICV.
Results
Total hippocampal volume was 5.9±0.7 ml and total EC volume was 0.34±0.06
ml. Linear regression analyses adjusted for sex showed that with increasing age,
hippocampal volume divided by ICV decreased (B per year older= -0.01 ml; 95%
CI -0.02 to -0.004). However, no age-related decline in hippocampal volume
relative to BV was observed (B per year older= 0.005 ml; 95% CI -0.002 to 0.01).
No age-related decline in EC volume relative to ICV or BV was observed.
Conclusions
In this population without dementia no age-related decline in entorhinal cortex
volume was observed and although hippocampal volume decreased with age,
it was not more affected by aging than total brain volume.
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Atrophy of the hippocampus and entorhinal cortex (EC) is generally considered
to be one of the distinctive features of dementia, and in particular Alzheimer’s
disease (AD) (4,25,40). Additionally, several studies have shown that mild
cognitive impairment (MCI) is associated with hippocampal and EC volumes
and that atrophy of these structures are a valuable predictor for conversion
from MCI to AD (9,33). These findings suggest that the EC and hippocampus
may be affected by AD pathology before the onset of clinical symptoms.
In normal aging, decreases in brain tissue also occurs, including a decrease of
cortical gray matter, white matter and dilatation of the CSF spaces (6,17,20,30).
With regard to the hippocampus, many studies have reported an age-related
decline in volume in normal population (2,7,10,18,21,25,38,44). It must be noted,
however, that no or little age-related decline in hippocampal volume has also
been observed (5,17,26,41,42). If hippocampal volume loss occurs in normal
aging, it may be difficult to make a distinction between normal age-related
volume loss and hippocampal atrophy as an early marker for Alzheimer’s disease
when identifying persons at high risk of developing dementia. It may then be
important to differentiate between hippocampal atrophy and atrophy of other
brain areas. In particular, if hippocampal volume loss is disproportionate relative
to other brain tissue loss, this may indicate a pathological process. However, it
is not clear if the age-related hippocampal volume loss is differential from brain
tissue aging in non-demented elderly.
Compared to hippocampal age-related volume loss, fewer studies have
examined the age related volume loss of the entorhinal cortex. It has been
reported that age-related EC volume loss is smaller (10) or absent (19,38). Also, a
neuropathology study found no neuron loss in the EC in non-demented elderly,
but significant neuron loss in patients with AD, even at the earliest stages
(16). Therefore, it has been suggested that EC atrophy may be more closely
associated with early AD pathology.
We investigated the relation between age and hippocampal and EC volumes
in a large sample of middle aged and older persons without dementia. We
examined age-related volume loss for the crude hippocampal and EC volumes,
the volumes relative to intracranial volume and the volumes relative to total
brain volume.
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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 independently living patients with symptomatic
atherosclerotic disease. Details of the design and participants have been
described elsewhere (14,15,29). 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 (AAA), and without MR contraindications were
invited to participate. During a 1-day visit to our medical center, an 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. Neuropsychological testing
was introduced in the SMART-MR study starting in January 2003 and was
performed on the same day as the MRI and other investigations.
Between January 2006 and May 2009, all participants still alive were invited
for follow-up measurements, including MRI of the brain, neuropsychological
testing, a physical examination, blood and urine sampling, risk factors, medical
history, and functioning. In addition, as part of the SMART-Medea (Memory,
depression and aging) study, an ancillary study to the SMART-MR study, aimed to
investigate brain changes associated with psychosocial vulnerability and stress
factors, measurements of salivary cortisol and psychosocial stressors early and
later in life were added. From March 2006, diagnostic assessment of depression
and a T1-weighted 3-dimensional fast field-echo sequence for measuring
hippocampal and entorhinal cortex volumes were added. The SMART-MR and
SMART-Medea study were approved by the ethics committee of our institution
and written informed consent was obtained from all participants.
Magnetic Resonance Imaging Protocol
The MR investigations were performed on a 1.5-Tesla whole-body system
(Gyroscan ACS-NT, Philips Medical Systems, Best, the Netherlands). The protocol
consisted of a transversal T1-weighted gradient-echo sequence (repetition
time (TR)/echo time (TE): 235/2 ms; flip angle, 80º), a transversal T2-weighted
turbo spin-echo sequence (TR/TE: 2200/11 ms and 2200/100 ms; turbo factor
12), a transversal T2-weighted fluid attenuating inverse recovery (FLAIR)
sequence (TR/TE/inversion time (TI): 6000/100/2000 ms) and a transversal
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inversion recovery (IR) sequence (TR/TE/TI: 2900/22/410 ms) (field of view
230x230 mm; matrix size, 180x256; slice thickness, 4.0 mm; slice gap, 0.0 mm;
38 slices). Furthermore, for measurements of the hippocampal and EC volumes,
we obtained a sagittal T1-weighted 3D FFE (fast field echo) sequence (TR/TE:
7.0/3.2 ms; flip angle, 8º), FOV 240 mm; matrix size, 240×256; slice thickness 1.0
mm; no gap; 170 slices).

We used the T1-weighted gradient-echo, IR sequence, and FLAIR sequence for
brain segmentation. The probabilistic segmentation technique according to
the k-nearest neigbor (KNN) classification has been described elsewhere.(1)
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, white matter lesions and infarcts.
Total intracranial volume was calculated by summing total brain volume and
volumes of sulcal and ventricular cerebrospinal fluid. Total brain volume was
divided by intracranial volume to obtain brain parenchymal fraction (BPF), an
indicator for global atrophy. All volumes cranial to the foramen magnum were
included in the segmentation results. Thus, the total brain volume includes the
cerebrum, brainstem and cerebellum.
Assessment of hippocampal and entorhinal cortex volume
The sagittal T1-weighted images were tilted to the coronal plane and orientated
perpendicular to the long axis of the left hippocampus. Measurements of
hippocampal volumes were performed by two trained investigators (AJGK
and LG), blinded to all clinical information. The hippocampus was manually
outlined on an average of 40 slices and included the hippocampus proper,
subiculum, fimbria, alveus, and dentate gyrus. We started at the first slice where
the hippocampus was visible as the anterior boundary. The alveus, which was
clearly visible, formed the dorsal border of the hippocampus on the anterior
slices and was used to separate the hippocampal head from the amygdala. More
posterior, the dorsal boundary was defined by CSF and choroid plexus, which
was not included in the measurements. The posterior border was defined as
the slice before the total length of the fornix was visible. The lateral boundaries
were defined by CSF of the temporal horn of the lateral ventricle and by the
gray-white matter border of the temporal stem. Medially, the hippocampus was
bounded by CSF in the cisterna ambiens and transverse fissure, and ventrally by
white matter of the parahippocampal gyrus (Figure 1).
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Figure 1 Magnetic resonance image of the hippocampal formation and entorhinal cortex in three
orientations. Shown are coronal (panel A), sagittal (panel B) and axial (panel C) magnetic resonance
images. The hippocampus and entorhinal cortex are manually outlined (white line)

All image processing for the entorhinal cortex was performed by one
investigator (LG) blinded to all clinical information. The entorhinal cortex was
manually outlined on an average of 19 slices. For determining boundaries of the
entorhinal cortex we used criteria that were based on the cortical topographic
landmarks on MRI that best approximated histologically determined
cytoarchitectural boundaries of the entorhinal cortex(19). We applied some
minor modifications in order to improve reliability, as previously described by
Xu and colleagues(47). In short, the rostral end of the hippocampus was used
to define the rostral extent of the entorhinal cortex rather than the sulcus semiannularis, because the sulcus semi-annularis was not always clearly depicted on
MRI. The posterior boundary of the entorhinal cortex was the first image section
containing the intralimbic gyrus when progressing from posterior to anterior.
Its inferolateral boundary was defined by the medial edge of the collateral
sulcus posteriorly and the rhinal sulcus anteriorly. In some cases, this sulcus was
bi- or multi-lobed. In these sections, the more medially located sulcus was used
as the border. The medial boundary was CSF in the crural cistern. The entorhinal
cortex was differentiated from the subiculum by a medial extension of the
horizontal line defined by the gray–white matter subicular interface (Figure 1).
Left and right entorhinal cortex and hippocampal volumes were calculated by
multiplying the total number of voxels by the volume of a voxel (1.0x0.94x0.94
mm). The intra-rater reliability coefficient for repeated tracing in 20 randomly
selected hippocampi was 0.96 and 0.98, and the inter-rater agreement between
the two raters was 0.96. The intra-rater reliability coefficient for repeated tracing
in 20 randomly selected entorhinal cortex was 0.92. The coefficient of variation(3)
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for the two raters was 3.8%. The mean difference in hippocampus volume
measurements between the two raters was 11.1 voxels. For the entorhinal
cortex the mean difference in volume between the two measurements was 18
voxels and the coefficient of variation was 4.8%.

During the patient’s visit to the medical center, an overnight fasting venous
blood sample was taken to determine glucose levels. Systolic and diastolic blood
pressures (mm Hg) were measured three times with a sphygmomanometer
and averaged. 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 and alcohol intake were assessed with questionnaires. Packyears of smoking was calculated and alcohol use was categorized into <1
drink p/week, 1-20 drinks p/week, and >20 drinks p/week. Global cognitive
functioning was measured using the Mini-Mental State Examination (MMSE).
Study sample
Of the 754 persons who participated, from March 2006, 709 patients received
a MRI scan including the T1-weighted 3D FFE necessary for measurements
of the hippocampal and EC volumes. The assessment of hippocampal and
entorhinal cortex volumes was done in a random subsample of 464 patients.
Participants with a score below 27 on the MMSE were examined by a physician
who conducted an additional in-house standardized dementia interview and
physical examination. The results of these investigations together with the
outcome of the neuropsychological testing were discussed in a consensus
meeting including the research physician, a neuropsychologist and a clinical
geriatrician. Three patients were diagnosed with dementia and were excluded
from the study sample. An additional 8 patients were excluded because data on
MMSE score were missing, leaving 453 patients for analysis.
Data analysis
Mean hippocampal and EC volumes relative to intracranial volume (ICV)
were estimated by dividing the crude volumes by ICV and multiplying these
proportions by the mean ICV of the population (1456 ml) to correct for inter
individual variation in head size. Furthermore, to assess hippocampal and
EC volumes relative to brain size, crude volumes were divided by total brain
volume and multiplied by the mean total brain volume of the study population
(1141 ml). First, correlations between age and hippocampal and EC volumes
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were calculated using Pearson’s product moment correlation coefficients.
Second, we used linear regression analysis to estimate the associations of age
with crude hippocampal and entorhinal cortex volumes; volumes divided by
intracranial volume; and volumes divided by total brain volume. In the first
model age and sex were entered as independent variables and in the second
model additional adjustments were made for putative confounding effects
of smoking, alcohol intake, blood pressure, diabetes mellitus and history of
vascular disease. In the third model we added the interaction between age and
sex to examine whether age-related changes in volumes were different for men
and women. SPSS 15.0 (Chicago, Ill) was used to analyze the data.
Chapter 3

Results
Table 1 provides the baseline characteristics of the study sample. The mean
age was 62 ± 9 years with a range of 33-82 years and 81% were men. Total
hippocampal volume was 5.9 ± 0.7 ml and total EC volume was 0.34 ± 0.06
ml. Figures 2 and 3 show scatterplots of age with crude hippocampal and EC
volume, hippocampal and EC volume divided by ICV and hippocampal and EC
volume divided by total brain volume. Linear regression analysis adjusted for
sex showed that total crude hippocampal volume decreased with increasing
age (B per year older= -0.01; 95% CI -0.02 to -0.004), as did hippocampal volume
divided by ICV (B per year older= -0.01; 95% CI -0.02 to -0.004) (Table 2). However,
when hippocampal volume divided by total brain volume was entered as the
dependent variable, no association was found between age and hippocampal
volume (B per year older= 0.005; 95% CI -0.002 to 0.01), suggesting that with
increasing age hippocampal volume did not become disproportionally smaller
compared to total brain volume. Adjusting the analyses for vascular risk factors
and disease history did not materially change the results (data not shown).
When we added the interaction between age and sex significant interactions (p
<0.05) were present for all three measures of hippocampal volumes. When we
repeated the analyses in men and women separately, the crude hippocampal
volume and hippocampal volume relative to ICV decreased with increasing age
in men, but not in women. Hippocampal volume relative to total brain volume
did not decrease with age in men, while in women hippocampal volume
increased with age relative to total brain size (Table 2).
Table 3 shows the association between age and EC volumes, adjusted for
sex. With older age, crude EC volumes and EC volumes relative to ICV did not
become smaller, but older age was associated with larger EC volume relative
to total brain volume, indicating that with increasing age the EC volume is
relatively spared compared to total brain volume (Table 3). When we entered
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the interaction between age and sex to the models no significant interactions
were present for either three measures of EC volumes. Also, when the analyses
were stratified by sex, similar estimates were obtained (Table 3). Adjusting the
analyses for vascular risk factors and disease history did not materially change
the results (data not shown).

Table 1 Baseline characteristics of the study sample
Age (years)*

62 ± 9

Men, %

81

MMSE score ‡

29 (27,30)

Smoking (pack-years) ‡

20 (0,49)

Chapter 3

Total sample (n=453)

Alcohol†
< 1 units/week

30

1 - 20 units/week

59

> 20 units/week

12

Systolic blood pressure (mmHg)*

142 ± 18

Diastolic blood pressure (mmHg)*

82 ± 11

Diabetes†

21

Disease history at baseline
Cerebrovascular disease†

24

Coronary artery disease†

62

Peripheral arterial disease†

18

Abdominal aortic aneurysm†

6

Intra cranial volume (ml)*

1456 ± 131

Total brain volume (ml)*

1141 ± 109

Right hippocampal volume (ml)*

3.0 ± 0.4

Left hippocampal volume (ml)*

3.0 ± 0.4

Total hippocampal volume (ml)*

5.9 ± 0.7

Right entorhinal cortex volume (ml)*

0.17 ± 0.04

Left entorhinal cortex volume (ml)*

0.17 ± 0.03

Total entorhinal cortex volume (ml)*
0.34 ± 0.06
*mean ± SD, † percentage, ‡ median (10th percentile, 90th percentile)
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Figure 2 Scatterplots of crude
hippocampal
volume
(r=-0.15,
p=0.003) (A), total hippocampal
volume corrected for intracranial
volume (r=-0.15, p=0.001) (B) and
hippocampal volume corrected for
total brain volume (r=0.06, p=0.197)
(C), according to age.
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Figure 3 Scatterplots of crude EC volume
(r=-0.026, p=0.587) (A), total EC volume
corrected for intracranial volume (r=0.032, p=0.496) (B) and EC volume
corrected for total brain volume (r=0.102,
p=0.030) (C), according to age.
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Table 2 Results of linear regression analysis of the associations of age and sex with hippocampal
volumes
Crude hippocampus Hippocampus/ICV
B (95 % CI)
B (95 % CI)

Hippocampus/Brain
B (95 % CI)

-0.011
(-0.018 to -0.004)*

-0.011
(-0.018 to -0.004)*

0.005
(-0.002 to 0.011)

Women vs.
men

-0.581
(-0.745 to -0.418)*

0.174
(0.010 to 0.338)*

0.91
(-0.068 to 0.250)

Men
(n= 368)

Age
(per year)

-0.016
(-0.022 to -0.007)*

-0.015
(-0.023 to -0.008)*

0.001
(-0.006 to 0.009)

Women
(n= 85)

Age
(per year)

0.002
(-0.012 to 0.015)

0.003
(-0.012 to 0.019)

0.017
(0.002 to 0.032)*

All subjects Age
(n= 453)†
(per year)
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B represents the difference (in ml) in crude hippocampal volume, hippocampal volume/ICV and
hippocampal volume/brain per year increase age and mean difference for women relative to men
† age and sex adjusted
* p < 0.05; ICV = intracranial volume; CI = confidence interval

Table 3 Results of linear regression analysis of the associations of age and sex with entorhinal cortex
volumes
Crude EC
B (95 % CI)

EC/ICV
B (95 % CI)

EC/Brain
B (95 % CI)

Age
(per year)

0.000
(-0.001 to 0.001)

0.000
(-0.001 to 0.000)

0.001
(0.000 to 0.001)*

Women vs.
men

-0.027
(-0.042 to -0.012)*

0.017
(0.002 to 0.032)*

0.012
(-0.003 to 0.027)

Men
(n= 368)

Age
(per year)

0.000
(-0.001 to 0.001)

0.000
(-0.001 to 0.000)

0.001
(-0.000 to 0.001)

Women
(n= 85)

Age
(per year)

0.000
(-0.001 to 0.001)

-0.000
(-0.001 to 0.002)

0.001
(-0.001 to 0.002)

All subjects
(n= 453)†

B represents the difference (in ml) in crude entorhinal cortex volume, entorhinal cortex volume/ICV
and entorhinal cortex volume/brain per year increase age and mean difference for women relative
to men
† age and sex adjusted
* p < 0.05; EC = entorhinal cortex; ICV = intracranial volume; CI = confidence interval
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In this non-demented population of patients with a history of arterial disease
we observed that hippocampal volumes decreased with increasing age, but
at the same rate as other brain tissue. Entorhinal cortex volumes were not
associated with age.
The literature on age-related hippocampal atrophy in non demented
populations is inconsistent, with most studies reporting a decline of
hippocampal volume with aging (2,18,21,38,44), while others do not (26,4143). An explanation for this may be that studies used different methods to
account for individual variation in total brain volume. Some studies only
reported uncorrected hippocampal volumes (36,41), while other studies
adjusted for total intracranial volume (28,42,44) or for total brain volume
(2,5,43). Estimations of intracranial volume and total brain volume are typically
obtained by manual tracing performed on a variable number of coronal, axial
or sagittal MR slices or by the use of semiautomatic techniques, which are raterdependent (2,12,28,38,42,44). In general, studies that used crude hippocampal
volumes or hippocampal volumes corrected for intracranial volumes reported
an age related decline of the hippocampus. To our knowledge only three
studies reported on age-related decline of hippocampal volume corrected for
total brain volume. These studies reported a weak inverse relationship in young
adults (2), no age-related decline in non demented older adults (5) or found no
difference in hippocampal volume between old and young subjects (43). Our
findings are consistent with this in showing that crude hippocampal volumes
and hippocampal volumes relative to ICV showed an age-related decline, while
hippocampal volumes did not decrease with older age relative to total brain
volume. We observed that age-related decline in crude hippocampal volume
and hippocampal volume corrected for intracranial volume was absent in
women. These findings are in line with two earlier studies, which reported an
age-related decline in crude hippocampal volume in men but not in women
(35,38). In women, we also observed that age-related decline in hippocampal
volume was relatively preserved compared to loss of total brain volume. The
reasons for these age related differences are not clear. It has been proposed
that hormonal differences may explain the differences in brain aging between
men and women (48, 49). It has and that estrogens may have a neuroprotective
effect on brain structures (49, 50). However, others report that high doses of
estrogens are associated with brain atrophy (51). Since we did not assess the
hormonal level in our patients, this topic remains unclear.
There was no association between age and entorhinal cortex in either
men or women. This is in line with other imaging studies that show no agerelated decline of the EC (5,19,39). It has been hypothesized that volume
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loss in entorhinal cortex indicates pathological aging and may be associated
with incipient Alzheimer’s disease or other type of dementias (4,16). Indeed,
neuropathology studies in humans (34) and in monkeys showed that the
number of EC does not decrease with in normal aging (13,27). After correction
for brain volume, we found a positive association between age and EC volumes,
suggesting that with older age, the entorhinal cortex is spared relative to other
brain tissue.
This study has several strengths. The large number of patients made it possible to
obtain precise risk estimates. Furthermore, we assessed both hippocampal and
entorhinal volumes by manual segmentation on 1-mm slice thickness, with high
inter- and intra-rater agreement. Also, we used a rater-independent automated
probabilistic segmentation technique to accurately quantify the volumes of
brain tissue and intracranial volume. This resulted in very precise estimates
and made it possible to adjust for intracranial and brain volume to examine
whether the association between age and hippocampal and entorhinal volume
was independent of global brain atrophy. A limitation may be that our study
population consisted of patients who were included in the study with arterial
disease on average 4 years before entering the SMART-Medea study. We thus do
not know if the observed associations can be generalized to the general. It has
been hypothesized that the hippocampus is vulnerable to vascular risk factors
and global ischemia (23,24,37). We thus expected to find more pronounced
volume loss of the hippocampus relative to other brain tissue. Nevertheless, we
did not find a more pronounced decrease with aging of hippocampal volume
or entorhinal cortex volume compared to the rest of the brain. In addition,
because all patients were non-demented and we have no follow-up data we do
not know whether those persons with disproportionately small hippocampal
volumes or smaller entorhinal cortex volume show pathological aging and are
at increased risk of developing Alzheimer’s disease. In conclusion, in this study
no age-related decline in entorhinal cortex volume was observed and although
hippocampal volume decreased with age in men, it was not more affected
by aging than the whole brain volume. Future studies on hippocampal and
entorhinal cortex volume should correct for total brain volume if the objective
is to examine whether volumes loss of the hippocampus or entorhinal cortex is
disproportionate to loss of other brain tissue as is considered to be the case in
Alzheimer’s disease
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Total cerebral blood flow and
hippocampal volume in patients
with arterial disease.
The SMART-MR study

Abstract
Objective
It has been suggested that compared to other brain tissue particularly the
hippocampus is vulnerable to chronic hypoperfusion. We investigated whether
total parenchymal cerebral blood flow (pCBF)) was associated with hippocampal
atrophy and whether this relation was modified by WML.
Methods

Chapter 4

In a cross-sectional study within the SMART-MR study, a cohort study among
patients with arterial disease, tCBF and hippocampal volume were assessed
in 392 patients (62±9 years, 84% male). tCBF was expressed per 100 ml brain
volume to obtain parenchymal cerebral blood flow (pCBF). Manual volumetric
measurements of the hippocampus were performed on a 3-dimensional FFE
T1-weighted MRI scan with isotropic voxels. Automated brain segmentation
was used to quantify the volumes of the WML and total brain.
Results
Linear regression analysis showed that reduced pCBF was not associated with
smaller hippocampal volume after adjustment for age and sex. The association
attenuated further after additional adjustment for vascular risk factors, lacunar
infarcts and WML (B= 0.01 ml per SD decrease pCBF; 95% CI -0.06 to 0.08). The
association was not modified by WML (p-value for interaction term pCBF*WML=
0.84).
Conclusions
We found no evidence that lower parenchymal blood flow contributes to
neurodegeneration of the hippocampus in a population of patients with
arterial disease.
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Hippocampal atrophy has been associated with cognitive deterioration and
conversion to dementia (24,16). It has been suggested that compared to other
brain tissue particularly the hippocampus is vulnerable to chronic hypoperfusion
(22). Hypoperfusion may result in hypoxia and ischemia, which in turn, may lead
to neurodegeneration of hippocampal neurons (20,7,15). Studies have shown
that reduced cerebral perfusion is associated with brain atrophy (9,2) and may
contribute to the development of cerebrovascular disease (4), cognitive decline
and dementia (14,21,19).
In healthy persons, the brain can compensate for hypoperfusion by decreasing
the resistance of the vascular bed and in that way maintain an adequate
cerebral perfusion (17). However, in patients suffering from cerebral small vessel
disease this autoregulation is impaired, and the capacity to respond adequately
to a decrease of blood flow to the brain thus reduced, which may lead to
neurodegeneration (15,17). Indeed, in a previous study (2) we observed that
reduced cerebral blood flow was associated with more subcortical atrophy if
moderate to severe white matter lesions were present. This study was performed
in a large sample of patients with arterial disease, a group particularly at high
risk of cerebral small vessel disease. However, no studies examined whether
this vulnerability of white matter lesions for reduced cerebral blood flow is also
present in the hippocampus.
We investigated whether reduced cerebral blood flow, relative to total brain
tissue, was associated with smaller hippocampal volume, and whether this
relation was modified by white matter lesions (WML) in patients with arterial
disease. We hypothesize that reduced cerebral blood flow due to arterial disease
in combination with the presence of white matter lesions will be associated
with smaller hippocampal volume.

Methods and Materials
SMART-MR study
The present study is a cross-sectional analysis within the SMART-MR study, a
prospective cohort study within the Second Manifestations of ARTerial disease
(SMART) study (25) on brain changes on MRI in patients with manifest arterial
disease. Methods for baseline examinations have been described previously (2).
In brief, between May 2001 and December 2005, patients were included if they
were newly referred to the University Medical Center Utrecht with coronary
artery disease, cerebrovascular disease, peripheral disease or an abdominal
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aortic aneurysm (AAA), and had no MR contraindications. During a one day
visit to our medical center a physical examination was performed, as well as
ultrasonography of the carotid arteries, blood and urine sampling. Risk factors,
medical history, and functioning were assessed with questionnaires that the
patients filled in before their visit to the medical center. In total, 1309 patients
(mean age 58 ± 10 years; 80% male) were included in the SMART-MR study. The
SMART-MR study was approved by the ethics committee of our institution and
written informed consent was obtained from all participants.
Starting in January 2006, all patients still alive have been invited for a second
MR of the brain and other follow-up examinations, including assessment of risk
factors and cognitive testing. In addition, a T1-weighted 3D FFE (fast field echo)
sequence was added to the MRI protocol for measurement of hippocampal
volume. Subjects are still being invited for follow up examinations, but for the
current analysis we used data collected in 2006 and 2007. In 2006 and 2007,
a total of 499 patients (mean age 62 ± 9 years; 85% male) received follow-up
examinations.
Magnetic Resonance Protocol
The MR investigations were performed on a 1.5-T whole-body system (Gyroscan
ACS-NT, Philips Medical Systems, Best, the Netherlands). The protocol consisted
of a transversal T1-weighted gradient-echo sequence (repetition time (TR)/echo
time (TE): 235/2 ms; flip angle, 80º), a transversal T2-weighted turbo spin-echo
sequence (TR/TE: 2200/11 ms and 2200/100 ms; turbo factor 12), a transversal T2weighted fluid attenuating inverse recovery (FLAIR) sequence (TR/TE/inversion
time (TI): 6000/100/2000 ms) and a transversal inversion recovery (IR) sequence
(TR/TE/TI: 2900/22/410 ms) (field of view (FOV) 230 x 230 mm; matrix size, 180
× 256; slice thickness, 4.0 mm; slice gap, 0.0 mm; 38 slices). Furthermore, on the
basis of a localizer MR angiographic slab in the sagittal plane, a two dimensional
phase-contrast (2D-PC) section was positioned at the level of the skull base to
measure the volume flow of in the internal carotid arteries (ICA’s) and the basilar
artery (BA) (TR/TE: 16/9 ms; flip angle, 7.5º; slice thickness, 5.0 mm; FOV, 250 x
250 mm; matrix size, 256 x 256; eight acquired signals; velocity sensitivity, 100
cm/sec). For measurements of the hippocampal volume, we obtained a sagittal
T1-weighted 3D FFE (fast field echo) sequence (TR/TE: 7.0/3.2 ms; flip angle, 8º),
FOV 240 mm; matrix size, 240 × 256; slice thickness, 1.0 mm; slice gap, 0.0 mm;
170 slices).
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Post-processing of the flow measurements was performed without knowledge
of clinical or brain characteristics of the patient. For each vessel, the spatial and
time-averaged flow velocity was calculated from the phase-difference images
by manually drawing a region of interest around the vessel (Figure 1). The
average flow velocity in each vessel was multiplied by the cross-sectional area
of the pixels in the region of interest (ROI) to obtain the volume flow rate. Good
agreement between repeated volume flow rate measurements post-processing
procedures was shown in our research group, with a coefficient of variation
of 5%(3). The flow through the left and right ICA’s and BA were summed to
calculate the total CBF (ml/min). Since part of the differences in total cerebral
blood flow (tCBF) between individuals can be attributed to differences in brain
size, we expressed total CBF per 100 ml brain tissue by dividing the total CBF
by total brain volume (ml) and multiplying this by 100 to obtain parenchymal
cerebral blood flow (pCBF) (2).

Figure 1 Left: Sagittal localizer MRA image illustrating the positioning
of a two dimensional phase-contrast MR angiographic slab used to
measure the volume flow through the internal carotid arteries and
basilar artery. Right: quantitative flow values were obtained by
integrating across manual drawn regions of interest that enclose
the vessels (1 indicates right-sided internal carotid artery; 2 indicates
basilar artery; 3 indicates left-sided internal carotid artery)
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We used the T1-weighted gradient-echo, IR sequence, and FLAIR sequence for
brain segmentation. The probabilistic segmentation technique according to
the k-nearest neigbor (KNN) classification has been described elsewhere(1).
The result of the classification method is a probability value for each voxel
that quantifies the amount of a specific tissue type contained in that voxel.
The segmentation program distinguishes gray matter, white matter, sulcal and
ventricular cerebrospinal fluid (CSF) and lesions. Total volumes were calculated
by multiplying these probabilities by the number and volumes of the voxels
(4.0 x 0.9 x 0.9 mm).
WML and infarcts are classified as ‘lesion’ volume, since the segmentation
program cannot distinguish between them. Therefore, an investigator and a
neuroradiologist visually checked the results of the segmentation analysis and
made a further distinction into WML and infarct volumes by manually assigning
the lesion volumes to one of these two categories. Total brain volume was
calculated by summing the volumes of gray and white matter and, if present,
the volumes of WML and infarcts. Total intracranial volume (ICV) was calculated
by summing total brain volume and volumes of sulcal and ventricular CSF. All
volumes cranial to the foramen magnum were included in the segmentation
results. As a result, the total brain volume includes the cerebrum, brainstem
and cerebellum.
Assessment of hippocampal volume
The sagittal T1-weighted images were tilted to the coronal plane and orientated
perpendicular to the long axis of the left hippocampus. The hippocampus was
manually outlined on an average of 40 slices and included the hippocampus
proper, subiculum, fimbria, alveus, and dentate gyrus. We started at the first
slice where the hippocampus was visible as the anterior boundary. The alveus,
which was clearly visible, formed the dorsal border of the hippocampus on
the anterior slices and was used to separate the hippocampal head from the
amygdala. More posterior, the dorsal boundary was defined by CSF and choroid
plexus, which was not included in the measurements. The posterior border
was defined as the slice before the total length of the fornix was visible. The
lateral boundaries were defined by CSF of the temporal horn of the lateral
ventricle and by the gray-white matter border of the temporal stem. Medially,
the hippocampus was bounded by CSF in the cisterna ambiens and transverse
fissure, and ventrally by white matter of the parahippocampal gyrus (Figure 2).
Measurements of hippocampal volumes were performed by two extensively
trained investigators, who were blinded to all clinical information.
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Left and right hippocampal volumes were calculated by multiplying the total
number of voxels by the volume of a voxel (1.0 x 0.94 x 0.94 mm). The intrarater reliability coefficient (ICC) for repeated tracing in 20 randomly selected
hippocampi was 0.96 and 0.98, and the inter-rater agreement was 0.96. The
reproducibility of the hippocampal measurements was also analyzed according
to the method described by Bland and Altman (5). The mean difference in
hippocampal volume measurements between the two raters was 11.1 voxels.
The coefficient of variation was 3.8 %.
White matter lesions and infarcts
The volumes of WML obtained with the segmentation program were summed
to obtain total WML volume. There was no distinction between deep and
periventricular WML since these are highly correlated and it has been suggested
that categorical distinctions between periventricular and deep WML are arbitrary
(14). The WML were divided by intracranial volume to correct for individual
differences in head size. Infarcts were defined as focal hyperintensities on T2weighted images of at least 3 mm. Hyperintensities located in the white matter,
had to appear as hypointense lesion on the T1-weighted images, in order to
discern them from WML. Dilated perivascular spaces were distinguished form
infarcts on the basis of their location, form (round/oval) and the absence of
gliosis (13). The location, affected flow territory and type were scored for every
infarct. A lacunar infarct was defined as infarct sized 3-15 mm and located in the
subcortical white matter, thalamus or basal ganglia.
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Figure 2 Magnetic resonance image of the hippocampal formation in three orientations. Shown are
coronal (panel A), sagittal (panel B) and axial (panel C) magnetic resonance images. The hippocampus
is manually outlined (white line).

Vascular risk factors
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During the patient’s visit to the hospital an overnight fasting venous blood
sample was drawn to determine glucose and lipid levels. Height and weight
were measured without shoes and heavy clothing and the body mass index
(BMI) was calculated (kg/m2). Systolic and diastolic blood pressures (mmHg)
were measured with a sphygmomanometer three times while the patient was
seated and the average of the three measurements was calculated. Information
on current use of medication, smoking and alcohol status was obtained using
questionnaires. To calculate pack-years of smoking, the average number
of smoked cigarettes per day was divided by 20 and then multiplied by the
number of years of smoking. Diabetes mellitus was defined as either a referral
diagnosis of diabetes, self-reported diabetes (use of glucose-lowering agents),
a known history of diabetes or a fasting plasma glucose level ≥7.0 mmol/l at
baseline and receiving treatment with glucose-lowering agents within 1 year
after baseline. Hyperlipidemia was defined as total cholesterol >5.0 mmol/l,
low-density lipoprotein cholesterol > 3.2 mmol/l or use of lipid lowering drugs.
Study sample
Of the 499 patients who were examined in 2006 and 2007, segmentation data
were missing in 85 patients (missing MR sequences needed for the segmentation
analysis, due to the development of the scanning protocol for the segmentation
of the hippocampus (n= 49), MR data irretrievable (n=18) and motion or other
artefacts (n=18)). Of the remaining 414 patients, CBF measurements were
missing in 2 patients. Furthermore, 20 patients were lost from analysis, because
these subjects had missing values on one or more covariates. Therefore, the
total study sample consisted of 392 subjects.
Data analysis
Mean hippocampal volumes were divided by intracranial volume (ICV) to
correct for variation in head size. This proportion was multiplied by the mean
ICV the study population (1465 ml) to obtain relative hippocampal volumes
in ml. We summed the left and right sides to yield total volumes because the
analyses did not suggest laterality of effects. To assess to what extent pCBF
was associated with hippocampal volumes linear regression analysis was used.
pCBF was expressed per SD increase. In the first model, no adjustments were
made. In the second model, adjustments were made for age and sex. In the
third model, additional adjustments were made for smoking, alcohol use,
BMI, hyperlipidemia (yes vs. no), diabetes mellitus (yes vs. no), systolic and
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diastolic blood pressure, the presence of lacunar infarcts and WML. In order to
examine if the association between pCBF and measures of brain atrophy was
modified by the WML an interaction term between pCBF and WML volume was
entered in model 3. Furthermore, since it has been suggested that atrophy of
the hippocampus may accelerate with increasing age (23), an interaction term
between age and pCBF was entered in the final model to investigate whether
the association between pCBF and hippocampus changed with age. All analyses
were repeated after exclusion of patients with one or more non-lacunar cerebral
infarcts (i.e. cortical, large subcortical or infratentorial infarcts (n=82)).
In all analyses the 95% confidence intervals are given. The statistical package
SPSS version 14.0 (Chicago, Ill, USA) was used to analyze the data.

Baseline characteristics for the total study sample and according to tertiles of
pCBF are presented in Table 1.
Table 1 Patient characteristics according to pCBF (ml/min per 100 ml brain volume) and in total study
sample (n=392)
pCBF (ml/min per 100 ml brain volume)
<45.4
(n=130)

45.4-54.1
(n=131)

>54.1
(n=131)

Total
(n=392)

Age (years)*

65 ± 8

60 ± 9

60 ± 10

62 ± 9

Male gender†

92

86

74

84

<1 unit/week

17

11

12

13

1-20 units/week

58

66

57

60

>20 units/week

Alcohol consumption

25

23

32

27

Smoking (pack-years)‡

18 (0, 54)

19 (0, 52)

24 (0, 50)

20 (0, 52)

Body mass index (kg/m2)*

27 ± 3

28± 4

27 ± 4

27 ± 4

Systolic blood pressure (mmHg)*

144 ± 19

144 ± 19

141 ± 17

143 ± 18

Diastolic blood pressure (mmHg)*

82 ± 10

83 ± 12

82 ± 10

82 ± 11

Diabetes Mellitus†

22

19

19

20

Hyperlipidemia†

77

84

79

80

WML volume (ml)‡

1.7 (0.5, 12.5) 1.0 (0.4, 4.5)

1.2 (0.4, 5.2)

1.3(0.4, 7.4)

One or more lacunar infarcts†

31

19

23

6.3 ± 0.7

6.2 ± 0.7

19

Total hippocampal volume (ml)*
6.0 ± 0.7
6.2± 0.7
CBF = cerebral blood flow, WML= white mater lesions
*Mean ± SD, † percentage, ‡ median (10th percentile, 90th percentile)
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The total sample consisted of 392 patients of whom 84% were male and mean
age ± SD was 62 ± 9 years. The mean pCBF ± SD was 49.8 ± 11.2 ml/min per 100
ml brain volume. The mean total hippocampal volume was 6.2 ± 0.7 ml and
this volume was smaller in the lowest tertile of pCBF (Table 1). The subjects in
the lowest tertile of pCBF were older, more often male and had more often DM
compared with subjects in the upper two tertiles. Furthermore, WML volume
was larger and lacunar infarcts were more often present in patients with lower
pCBF.
Table 2 presents the regression coefficients and 95% confidence intervals of
the linear regression analysis with hippocampal volume as dependent and
pCBF, measured continuously, as independent variable. With higher pCBF the
hippocampal volume increased (B= 0.08; 95% CI 0.01 to 0.14). However, after
adjustment for age and sex there was no significant association between pCBF
and hippocampal volume (B= 0.02; 95% CI -0.05 to 0.09). Additional adjustment
for use of alcohol, smoking, hyperlipidemia, diabetes mellitus, blood pressure,
body mass index, lacunar infarcts and WML attenuated the association further
(B= 0.01; 95% CI -0.06 to 0.08). When we added the interaction between pCBF
and WML to examine whether the association between pCBF and hippocampal
volume was modified by WML, no significant interaction between pCBF
and WML was found (interaction term p= 0.84). Furthermore, there was no
significant interaction between pCBF and age (p= 0.38), indicating that the
association between pCBF and hippocampal volume did not become stronger
with increasing age.
Finally, we repeated the analyses excluding all patients (n=82) with non-lacunar
cerebral infarcts, but the results did not materially change (data not shown).

Table 2 Results of the linear regression analysis of the association between pCBF (standard
deviation, 11.2 ml/min per 100 ml increase) as independent variable and hippocampal volume as
dependent variable (n=392)
Hippocampal volume/ICV
B

(95% confidence interval)

Model I

0.075

(0.006 to 0.144)

Model II

0.024

(-0.046 to 0.093)

Model III
0.012
(-0.058 to 0.082)
Model I: Crude association
Model II: Adjusted for age and sex
Model III: Model II additionally adjusted for smoking, alcohol intake, BMI, blood pressure,
hyperlipidemia, diabetes mellitus, presence of lacunar infarcts and WML
The B represents the change of in measures of hippocampal volume per standard deviation (11.2 ml/min
per 100 ml) increase in pCBF.
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We observed that, in a large population of patients with arterial disease,
parenchymal cerebral blood flow was not associated with hippocampal
volume after adjustment for age, sex and other potential confounders.
Furthermore, white matter lesions did not modify the relation between pCBF
and hippocampal volume.
Previous phase contrast studies have shown that lower total CBF is related
to poorer cognition and dementia (21,27). To our knowledge, only one study
examined the association between CBF and hippocampal volumes (22). This
study reported that higher CBF velocity, measured with transcranial Doppler
ultrasonography, was related to larger hippocampal and amygdalar volumes.
However, these studies did not adjust CBF for brain volume to correct for
differences in brain size between patients. Cerebral blood flow regulates the
oxygen and nutritional demand to the brain and an explanation for these
findings may thus be that smaller brain volumes have less metabolic demand,
which results in diminished total cerebral blood flow (28,31). Therefore, since
part of the differences in total CBF can be attributed to individual differences in
brain size, it is important to adjust for brain volumes by dividing the total CBF
by the total brain parenchymal volume. We did not find an association between
reduced pCBF, expressed as total CBF per 100 ml parenchymal volume, and
hippocampal volume, indicating that the differences in hippocampal volume
cannot be explained by reductions in CBF. Furthermore, since hippocampal
atrophy is considered to be an early marker for dementia (8) our findings do not
support the notion that reduction in total cerebral blood flow may contribute
to the development of dementia (10).
In a recent study of our group (2), the pCBF was associated with loss of subcortical
white matter. Previous studies have shown that cerebral white matter is more
vulnerable to cerebral ischemia than gray matter (18). The cerebral white
matter is supplied by long medullary penetrating arteries, which give off short
branches that supply the deep white matter. The periventricular white matter
is supplied by perforating branches of the medial cerebral artery. Because
there are no anastomoses between the deep perforating arteries and the
medullary arterioles, the white matter is an arterial borderzone and particularly
susceptible to injury caused by a decrease in cerebral blood flow (18). The
results of this study show that hippocampal atrophy was not associated with
pCBF. An explanation for this difference could be the fact that the hippocampus
is part of the subcortical gray matter and is primarily supplied by short branches
that originate directly of the posterior cerebral artery, and may therefore be less
susceptible for changes in cerebral blood flow. In line with our findings are the
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results of a recent population-based study that demonstrated that the relation
between total CBF and cognition was dependent of brain volume, and that after
correction for brain volume the association between cognitive functioning and
total CBF disappeared (19).
White matter lesions are associated with the inability to autoregulate cerebral
blood flow. This inability to maintain adequate cerebral perfusion may lead to
hypoxia (17). Since it has been suggested that the hippocampus in particular is
vulnerable to chronic cerebral hypoperfusion, we examined whether a relation
between pCBF and hippocampal volume was more pronounced in patients with
more white matter lesions. However, we did not find an interaction between
pCBF and white matter lesions on hippocampal volume.
This study has several strengths. First, we examined a large number of patients
with arterial disease, a group of subjects particularly at risk for cerebral small
vessel disease and brain atrophy. The large number of patients included in
the study made precise estimates possible. Second, we assessed hippocampal
volumes manually with high inter- and intra-rater agreement and we used a raterindependent automated probabilistic segmentation technique to accurately
quantify the volumes of WML, brain tissue and intracranial volume (1). Third,
two dimensional phase contrast MRI angiography is a fast and noninvasive and
reproducible technique to measure total CBF (26). It is therefore, in contrast
to invasive and relatively expensive methods to measure brain perfusion, a
feasible method to use in large epidemiologic studies. Fourth, we expressed
CBF relative to total brain volume to correct for individual differences in brain
metabolic demand.
A limitation of our study is that we assessed blood flow in total brain tissue and
we therefore do not know if the pCBF directly reflects CBF in the hippocampus.
Therefore, we cannot exclude the possibility that regional differences in flow are
related to volume loss in the hippocampus. In several studies where Positron
Emission Tomography (PET) or Single Photon Emission Computed Tomography
(SPECT) was used to determine regional blood flow, lower regional blood
flow in the hippocampus was found in Alzheimer patients, a disease in which
hippocampal atrophy is a key feature, compared to controls (6,12,30). Also, we
did not measure the PaCO2 during the investigation in the present study. The
pCBF may change with changes in CO2, and this reactivity may be influenced
by atherosclerosis or may indicate cerebral small vessel disease(29). However,
although our patients were included in the SMART study after referral the
University Medical Center Utrecht with coronary artery disease, cerebrovascular
disease, peripheral disease or an abdominal aortic aneurysm (AAA), they are all
treated in a outpatient setting and were generally in a good condition. During
the investigation the participants were at rest and no hyper- or hypocapnia was
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induced with administration of CO2 or hyperventilation. Therefore, it is likely
that the paCO2 values were within normal range during the investigation.
Furthermore, our study was performed in patients with arterial disease.
Although this population may be at high risk of cerebral small vessel disease
and brain atrophy (9), the study population was relative young with a mean age
of 62 years. It is thus possible that hippocampal volume loss is still in its early
phase, making it more difficult to find a significant association. However, we
observed no interaction between age and pCBF, indicating that the association
between pCBF and hippocampal volume did not change with age.
In conclusion, we found no evidence that lower parenchymal blood flow
contributes to neurodegeneration of the hippocampus in a population of
patients with arterial disease. Future studies should evaluate if regional
hypoperfusion contributes to hippocampal volume loss.
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White matter lesions, lacunar
infarcts and hippocampal volume
in patients with arterial disease

Abstract
Objective
We investigated the association of white matter lesions (WML) and lacunar
infarcts with hippocampal volumes in a large sample of patients with arterial
disease.
Methods
Cross-sectional analyses were performed in 608 patients (mean age 62±9
years). Manual volumetric measurements of the hippocampus were performed
on a MRI scan. Automated segmentation was used to quantify volumes of WML
and total brain. Lacunar infarcts were visually rated.
Results

Chapter 5

Linear regression analysis showed that higher WML volume was associated with
smaller hippocampal volume after adjustment for age and sex (B= -0.061 ml per
SD WML increase; 95%CI -0.120 to -0.002). This association remained essentially
the same after adjustment for vascular risk factors and lacunar infarcts (B=
-0.068; 95%CI -0.131 to -0.006). However, after additional adjustment for brain
parenchymal fraction WML were no longer associated with hippocampal
volume. No relation was found between lacunar infarcts and hippocampal
volumes.
Conclusions
WML are associated with smaller hippocampal volumes, independent of shared
vascular risk factors, but there was no evidence of increased hippocampal
volume loss compared to other brain tissue.
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Hippocampal atrophy has been associated with cognitive impairment and has
proven to be an early marker for the development of dementia (7). Recently,
several vascular risk factors such as hypertension (21) and diabetes (16) have
been associated with atrophy of the hippocampus. It has been suggested that,
compared to other brain tissue, particularly the hippocampus is vulnerable to
hypoxia and ischemia, which may lead to hippocampal atrophy (6,22,30). In a
histopathology study in a small group of patients with dementia due to small
vessel disease significant hippocampal pyramidal cell loss and hippocampal
degeneration was found, suggesting a causative link between small vessel
disease and hippocampal degeneration (22).
In the brain, small vessel disease is characterized by white matter lesion (WML)
and lacunar infarcts on MRI. Cerebral small vessel disease is often seen on MRI
in the elderly (24) and has been hypothesized to play a role in the pathogenesis
of brain atrophy (19,21,24), cognitive decline and dementia (5,28). The nature
of the relationship between cerebral small vessel disease and hippocampal
atrophy is less clear and studies investigating the relation between WML,
lacunar infarcts and hippocampal atrophy found inconsistent results. Several
studies found more atrophy of the medial temporal lobe with more WML
(8,9,12,28,33,36) or lacunar infarcts (33). while others did not find an association
(3,10,11,21). Most of these studies assessed WML or hippocampal atrophy with
visual rating scales, which are hampered by floor and ceiling effects and often
have limited reliability(34). With recently developed methods for automated
probabilistic segmentation of brain structures, it is possible to make accurate
estimations WML volume, and volumes of other brain structures (2). In addition,
although both cerebral small vessel disease (25) and hippocampal atrophy (21)
are associated with vascular risk factors only few studies adjusted for shared
vascular risk factors. Therefore, it remains unclear to what extent WML and
lacunar infarcts are associated with hippocampal atrophy independent of
shared vascular risk factors.
The goal of the study was to examine if WML volume and lacunar infarcts
were associated with hippocampal atrophy independent of shared vascular
risk factors. Furthermore, since it has been suggested that particularly the
hippocampus is vulnerable to hypoxia, we examined to what extent an
association between WML and hippocampal volume was specifically confined
to the hippocampus, independent of total brain tissue. The present study was
performed in a large sample of patients with manifest arterial disease, a group
in particular at high risk of cerebral small vessel disease and brain atrophy.
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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 independently living patients with symptomatic
atherosclerotic disease. Details of the design and participants have been
described elsewhere (14,15,27). 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 (AAA), and without MR contraindications were
invited to participate. During a 1-day visit to our medical center, an 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. Neuropsychological testing
was introduced in the SMART-MR study starting in January 2003 and was
performed on the same day as the MRI and other investigations.
Between January 2006 and May 2009, all participants still alive were invited
for follow-up measurements, including MRI of the brain, neuropsychological
testing, a physical examination, blood and urine sampling, risk factors, medical
history, and functioning. In addition, as part of the SMART-Medea (Memory,
depression and aging) study, an ancillary study to the SMART-MR study, aimed to
investigate brain changes associated with psychosocial vulnerability and stress
factors, measurements of salivary cortisol and psychosocial stressors early and
later in life were added. From March 2006, diagnostic assessment of depression
and a T1-weighted 3-dimensional fast field-echo sequence for measuring
hippocampal and entorhinal cortex volumes were added. The SMART-MR and
SMART-Medea study were approved by the ethics committee of our institution
and written informed consent was obtained from all participants.
In total, 754 of the surviving cohort (61% of n=1,238) gave written informed
consent and participated at follow-up; 466 persons (38%) refused or did not
respond, and 18 persons (1%) were lost to follow-up.
Magnetic Resonance Protocol
The MR investigations were performed on a 1.5-Tesla whole-body system
(Gyroscan ACS-NT, Philips Medical Systems, Best, the Netherlands). The protocol
consisted of a transversal T1-weighted gradient-echo sequence (repetition
time (TR)/echo time (TE): 235/2 ms; flip angle, 80º), a transversal T2-weighted
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turbo spin-echo sequence (TR/TE: 2200/11 ms and 2200/100 ms; turbo factor
12), a transversal T2-weighted fluid attenuating inverse recovery (FLAIR)
sequence (TR/TE/inversion time (TI): 6000/100/2000 ms) and a transversal
inversion recovery (IR) sequence (TR/TE/TI: 2900/22/410 ms) (field of view
230x230 mm; matrix size, 180x256; slice thickness, 4.0 mm; slice gap, 0.0 mm;
38 slices). Furthermore, for measurements of the hippocampal and EC volumes,
we obtained a sagittal T1-weighted 3D FFE (fast field echo) sequence (TR/TE:
7.0/3.2 ms; flip angle, 8º), FOV 240 mm; matrix size, 240×256; slice thickness 1.0
mm; no gap; 170 slices).

We used the T1-weighted gradient-echo, IR sequence, and FLAIR sequence for
brain segmentation. The probabilistic segmentation technique according to
the k-nearest neigbor (KNN) classification has been described elsewhere (2).
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, white matter lesions and infarcts.
Total intracranial volume was calculated by summing total brain volume and
volumes of sulcal and ventricular cerebrospinal fluid. Total brain volume was
divided by intracranial volume to obtain brain parenchymal fraction (BPF), an
indicator for global atrophy. All volumes cranial to the foramen magnum were
included in the segmentation results. Thus, the total brain volume includes the
cerebrum, brainstem and cerebellum.
Assessment of hippocampal volume
The sagittal T1-weighted images were tilted to the coronal plane and orientated
perpendicular to the long axis of the left hippocampus. Measurements of
hippocampal volumes were performed by two trained investigators (AJGK
and LG), blinded to all clinical information. The hippocampus was manually
outlined on an average of 40 slices and included the hippocampus proper,
subiculum, fimbria, alveus, and dentate gyrus. We started at the first slice where
the hippocampus was visible as the anterior boundary. The alveus, which was
clearly visible, formed the dorsal border of the hippocampus on the anterior
slices and was used to separate the hippocampal head from the amygdala. More
posterior, the dorsal boundary was defined by CSF and choroid plexus, which
was not included in the measurements. The posterior border was defined as
the slice before the total length of the fornix was visible. The lateral boundaries
were defined by CSF of the temporal horn of the lateral ventricle and by the
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gray-white matter border of the temporal stem. Medially, the hippocampus was
bounded by CSF in the cisterna ambiens and transverse fissure, and ventrally
by white matter of the parahippocampal gyrus. Hippocampal volumes were
calculated by multiplying the total number of voxels by the volume of a voxel
(1.0x0.94x0.94 mm). The intra-rater reliability coefficient for repeated tracing
in 20 randomly selected hippocampi was 0.96 and 0.98, and the inter-rater
agreement between the two raters was 0.96. The coefficient of variation(4)
for the two raters was 3.8%. The mean difference in hippocampus volume
measurements between the two raters was 11.1 voxels.
Infarcts and white matter lesions

Chapter 5

The whole brain, including cortex, brainstem, and cerebellum, was visually
searched for infarcts by two trained investigators and a neuroradiologist. Raters
were blinded regarding 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 T1weighted and FLAIR images in order to distinguish them from WML. Dilated
perivascular spaces were distinguished from infarcts on the basis of their
location (along perforating or medullary arteries, often symmetric bilaterally,
usually in the lower third of the basal ganglia or in the centrum semiovale), form
(round/oval), and the absence of gliosis. The location, affected flow territory and
type were scored for every infarct. Brain infarcts were categorized as cortical
infarcts, lacunar infarcts, large subcortical infarcts and infratentorial infarcts. We
defined lacunar infarcts as infarcts of 3 to 15 mm in diameter and located in the
subcortical white matter, thalamus or basal ganglia. Large subcortical infarcts
were sized >15 mm and were not confluent with cortical infarcts.
Volumes of periventricular and deep WML were summed to obtain the total
volume of WML. We made no distinction between deep and periventricular
WML, because it has been shown that deep, periventricular and total WML are
highly correlated with each other, and it has been suggested that categorical
distinctions between periventricular and deep WML are arbitrary.(DeCarli et
al. 2005) Volumes of WML were normalized for ICV to correct for differences in
head size, by dividing WML volume by ICV and multiplying this value by 100 to
obtain percentage of ICV.
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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 without shoes and heavy clothing, and the body mass
index (BMI) was calculated (kg/m2). Systolic and diastolic blood pressures
(mmHg) were measured twice with a sphygmomanometer and the average of
the two measures was calculated. Diabetes mellitus was defined as a glucose
level of ≥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.

Of the 754 persons who participated, 709 patients received an MRI scan.
Nineteen scans had artefacts and because the 3D T1-weighted FFE sequence
was added from March 14, data for hippocampal volumes were missing in 54
patients. Of the remaining 636 subjects, an additional 28 patients were lost from
analysis, because they had missing values on one or more covariates. Therefore,
the total study sample consisted of 608 subjects.
Data analysis
Mean hippocampal volumes were divided by intracranial volume (ICV) to
correct for variation in head size. This proportion was multiplied by the mean
ICV of the study population (1449 ml) to obtain relative hippocampal volumes
in ml. We summed the left and right sides to yield total volumes because the
analyses did not suggest laterality of effects. Brain parenchymal fraction (BPF),
an indicator for global atrophy was calculated as the percentage brain tissue
of the total ICV. The association between WML and hippocampal volume was
assessed with analysis of variance and linear regression analysis. First, we
calculated the mean relative hippocampal volumes according to tertiles of
WML volume. Post hoc between group testing was performed with the Fisher
Least Significant Difference (LSD) test. Second, linear regression analysis was
performed with WML per standard deviation increase as the independent
variable and relative hippocampal volume as the dependent variable. In the first
model adjustments were made for age and sex. In the second model additional
adjustments were made for smoking, alcohol use, BMI, hyperlipidemia (yes vs.
no), diabetes mellitus (yes vs. no), systolic and diastolic blood pressure and
presence of lacunar infarcts. In the third model we additionally adjusted for BPF
to investigate to what extent an association between WML and hippocampal
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volume was specifically confined to the hippocampus, independent of total
brain tissue. The association between lacunar infarcts and hippocampal volumes
was assessed with linear regression analyses using a similar strategy as above.
Lacunar infarcts were categorized in two groups according to the presence
(n= 132), or absence (n= 476) of lacunar infracts. All analyses were repeated
after exclusion of patients with one or more cortical, large subcortical or
infratentorial infarcts on MRI. In all analyses the 95% confidence intervals are
given.

Results
Baseline characteristics of the total study sample and according to tertiles
of WML are presented in Table 1. A total of 608 patients was included in the
analyses of whom 85% were men and with a mean age of 62 ± 9 years. Subjects
in the highest tertile of WML were older, more often female, had higher systolic
blood pressure, and more frequently had diabetes compared with subjects in
the lower tertiles. Furthermore, lacunar infarcts were more prevalent in patients
with more WML.
Chapter 5

Table 1 Patient characteristics according to tertiles of white matter lesion volume and total study
sample (n=608)
WML
<0.92 ml
n= 203

WML
0.92-2.0 ml
n= 202

WML
>2.0 ml
n= 203

Total

55.9 ± 8.8

62.1 ± 8.5

67.1 ± 7.9

61.7 ± 9.6

84

82

77

81

<1 units/week

30

30

31

30

1 - 20 units/week

58

61

57

59

Age (years)

1

Male gender

2

n= 608

Alcohol consumption2

13

9

11

11

Smoking (pack-years)3

>20 units/week

19 (0, 47)

17 (0, 48)

19 (0, 54)

19 (0, 50)

Body mass index (kg/m2)1

28 ± 4

27 ± 4

27 ± 3

27 ± 4

Systolic blood pressure (mmHg)1

140 ± 18

142 ± 17

145 ± 19

142 ± 18

83 ± 11

81 ± 9

81 ± 11

82 ± 11

16

21

27

21

84

79

78

80

8

16

41

22

5.8 ± 0.7

6.0 ± 0.7

Diastolic blood pressure (mmHg)
Diabetes Mellitus2
Hyperlipidemia

2

One or more lacunar infarcts

2

1

Total hippocampal volume (ml)a
6.1 ± 0.7
6.0 ± 0.7
1
Mean ± SD, 2percentage, 3median (10th percentile, 90th percentile)
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Figure 1 shows the crude mean relative hippocampal volume according to
tertiles of WML. Subjects in the upper tertile had lower mean hippocampal
volume compared with subjects in the lower tertile (mean difference -0.19 ml;
95% CI; -0.326 to -0.054 ml) indicating that subjects with more WML had smaller
hippocampal volumes (test for linear trend p= 0.012).

Table 2 presents the results of the linear regression analysis with relative
hippocampal volume as the dependent variable and WML as the independent
variable. After adjustment for age and sex, hippocampal volume decreased
with 0.06 ml per SD increase in WML volume (6.1 ml) (B= -0.061; 95% CI -0.120
to -0.002). After additional adjustment for vascular risk factors and lacunar
infarcts, increase in WML volume remained significantly associated with smaller
hippocampal volume.
Table 2 Results of the linear regression analysis of the association between normalized WML as
independent variable and hippocampal volume as dependent variable (n=608)
Hippocampal volume/ICV
B

(95% confidence interval)

Model I

-0.061

(-0.120 to -0.002)

Model II

-0.068

(-0.131 to -0.006)

Model III

-0.050

(-0.112 to 0.012)

Model I:
Model II:

Adjusted for age and sex
Model I additionally adjusted for smoking, alcohol intake, BMI, blood pressure, hyperlipidemia, diabetes mellitus and lacunar infarcts
Model III: Model II additionally adjusted for brain parenchymal fraction
B represents the difference (95% confidence interval) in hippocampal volume (ml) per standard
deviation (6.14 ml) increase in white matter lesion volume.
ICV = Intracranial volume
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Figure 1 Mean hippocampal volume
and white matter lesion volume. Mean
hippocampal volume/ICV according to
tertiles of white matter lesion volume.
(Test for linear trend, p= 0.012). Error bars
represent the standard error.

When we added brain parenchymal fraction to the model to correct for global
atrophy, the association between WML and hippocampal volume attenuated
and was no longer statistically significant (B = -0.050; 95% CI -0.11 to 0.01).
Figure 2 shows the crude mean relative hippocampal volume according to
number of lacunar infarcts. There was no relation between number of lacunar
infarcts and hippocampal volumes (test for linear trend p= 0.76). Table 3 presents
the results of the regression analysis of the association between presence of
lacunar infarcts and hippocampal volume. There was no statistically significant
difference in hippocampal volume between subjects with and without lacunar
infarcts (B = -0.70; 95% CI -0.206 to 0.066). These results did not change after
adjustment for age, sex, vascular risk factors, WML volume, and BPF.

Figure 2 Mean hippocampal volume
and lacunar infarcts.Mean hippocampal
volume/ICV according to patients with
no, one and two or more infarcts. (Test
for linear trend, p= 0.722). Error bars
represent the standard error.
Chapter 5
Table 3 Results of the linear regression analysis of the association between presence or absence of
lacunar infarcts as independent variables and hippocampal volume as dependent variable (n=608)
Hippocampal volume/ICV
B

(95% confidence interval)

Model I

0.012

(-0.128 to 0.152)

Model II

0.053

(-0.095 to 0.202)

Model III
0.088
(-0.058 to 0.234)
Model I: Adjusted for age and sex
Model II: Model I additionally adjusted for smoking, alcohol intake, BMI, blood pressure, hyperlipidemia, diabetes mellitus and WML
Model III: Model II additionally adjusted for brain parenchymal fraction
B represents the difference (95% confidence interval) in hippocampal volume (ml) between having none
and one or more lacunar infarcts.
ICV = Intracranial volume

78

Finally, when we repeated the analyses after excluding all patients (n=124) with
non-lacunar cerebral infarcts, the results did not materially change (data not
shown).

In this population of patients with arterial disease, we observed that increasing
white matter lesion volume was associated with smaller hippocampal volumes.
This association remained significant after adjustment for age, sex and shared
vascular risk factors. However, after correction for brain parenchymal fraction
the association attenuated and was no longer significant, indicating that with
increasing WML volume hippocampal volume decreased at the same rate as
other brain tissue. We observed no association between lacunar infarcts and
hippocampal volume.
This study has several strengths. First, we assessed hippocampal volume
with high inter- and intra-rater agreement and we used a rater-independent
automated probabilistic segmentation technique to accurately quantify the
volumes of WML, brain tissue and intracranial volume (2). This made it possible
to obtain very precise estimates of the determinants and outcome. Second, the
large number of patients also made it possible to obtain precise risk estimates.
Third, we had extensive information on vascular risk factors, which made it
possible to adjust for shared vascular risk factors. Fourth, we adjusted for BPF to
examine whether the association between WML and hippocampal volume was
independent of global brain atrophy.
A limitation of this study is the cross-sectional design, which made it not possible
to discern cause from consequence. Therefore, we cannot determine whether
atrophy of brain tissue resulted in WML or whether WML resulted in atrophy.
It has been suggested that secondary to brain atrophy, anterograde Wallerian
degeneration may be responsible for WML development (1,26). However, brain
atrophy is commonly found in patients with cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), a
genetic variant of small vessel disease (18,29). Since microangiopathy is the
primary mechanism in this inherited small vessel disease, the brain atrophy
in these most likely the result of the small vessel disease (29). Furthermore,
findings from a prospective study in which elderly with extensive WML at
baseline experienced a greater loss of brain volume at follow up support the
idea that WML precedes loss in brain volumes (31).
Previous studies that examined the association between WML or lacunar infarcts
and hippocampal volume found inconsistent results. Most of these studies used
visual ratings scales to assess WML and hippocampus size. These rating scales
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are hampered by floor and ceiling effects and their reliability is often limited
(34). Although time consuming, volumetric measurements offer a more reliable,
sensitive and more objective alternative to visual rating scales. Studies using a
visual rating scale to assess medial temporal lobe atrophy generally found a
significant association between WML and more atrophy of the hippocampus
(8,12,20,32,36), while studies using volumetric measurements show more
inconsistent findings (9,10,28,35). An explanation for these inconsistent results
may be that visual rating scales to assess medial temporal lobe atrophy are
not only based on visual assessment of the hippocampal volume, but also
on the volume of surrounding cerebrospinal spaces (37,38). Since WML have
been associated with global brain atrophy (17,39), it is likely that simultaneous
ventricular enlargement accounts for the observed association between WML
and medial temporal lobe atrophy.
Most of the studies using volumetric measurements of WML and the
hippocampus that did find an association between WML and smaller
hippocampal volumes did not adjust for age or other shared risk factors (28,35).
Since WML and hippocampal atrophy share common risk factors it is important
to control for these possible confounders. When we adjusted for age, sex and
other shared risk factors, the association between WML and hippocampus
attenuated, indicating that part of this association was explained by these risk
factors.
WML are associated with a deficient autoregulatory response (23) and in
combination with occlusion of microvessels this may result in reduced blood
flow. This reduced blood flow may then lead to ischemic injury. It has been
suggested that in particular the hippocampus is sensitive to ischemia and
hypoperfusion (6,22,30) and that this hypoperfusion may lead to loss of neurons.
If true, this implies that the hippocampus would be more affected by WML than
the rest of the brain. However, our results showed that the association between
WML and hippocampal volume was not found independent of volume of other
brain tissue.
We did not observe an association between presence of lacunar infarcts
and hippocampal volume. Similar null findings have been reported by other
investigators (10,11). Lacunar infarcts are caused by focal ischemic damage
resulting in a small area of necrosis (13). In contrast to the more diffuse and
widespread WML, lacunar infarcts are confined to cerebral white matter and
subcortical nuclei and the impact of lacunar infarcts may therefore be too small
to lead to hippocampal atrophy.
Our study population consisted of patients with arterial disease. We therefore
do not know to what extent our results can be generalized to the general
population. It is possible that patients with manifest arterial disease are more
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susceptible to the consequences of a WML increase and that the association
between WML and hippocampus is less apparent in subjects free of vascular
disease. However, since WML are also prevalent in older subjects in the general
population our results may still be clinically relevant to the population at large.
In conclusion, in this population of patients with arterial disease, white matter
lesions are associated with smaller hippocampal volumes, independent of
shared vascular risk factors, but there was no evidence of increased hippocampal
volume loss compared to other brain tissue.
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Age-related changes in
hypothalamic-pituitary-adrenal
axis activity in patients with
manifest arterial disease

Abstract
Objective
Reports on age related changes of hypothalamic-pituitary-adrenal (HPA)
axis activity are equivocal. In addition, subtle changes in HPA axis activity are
associated cardiovascular risk factors. This study evaluates the effect of age in
a large sample of patients with arterial disease on several parts of the circadian
rhythm of the HPA axis.
Methods
Within the SMART-MR study, a prospective cohort study among patients with
manifest arterial disease, cross-sectional analyses were performed in 419
patients (age 63 ± 9 yrs).Circadian cortisol rhythm was assessed with 6 saliva
samples, collected at awakening and 30, 45 and 60 minutes thereafter, and at
10 pm and 11 pm. Furthermore, a low dose of dexamethasone (0.5 mg) was
administered at 11 pm and saliva was sampled the next morning to test the
cortisol suppression.
Results
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Linear regression analyses adjusted for sex, awakening time, workday, smoking,
blood pressure, BMI, diabetes mellitus and dyslipidemia showed that older age
was associated with a blunted cortisol awakening response. Per year increase,
the rise (B= -0.15 nmol/l; 95%CI -0.25 to -0.05) and diurnal pattern (B= -0.14
nmol/l; 95%CI -0.25 to -0.02) decreased. Furthermore, older age was associated
with higher evening levels (B log transformed= 0.01; 95%CI 0.01 to 0.02) and
higher mean cortisol after dexamethasone (B log transformed= 0.01; 95%CI
0.002 to 0.02).
Conclusions
In patients with arterial disease, HPA axis activity showed reduced variability
with older age, this association was independent of cardiovascular risk factors.
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The hypothalamus pituitary adrenal (HPA) axis is part of the neuroendocrine
system that controls reactions to stressors and is important for homeostasis.
It has been suggested that HPA functioning may serve as an indicator of the
long term effect of physiologic response to stress on the body, also referred
to as allostatic load (14). With aging, the allostatic load accumulates and this
may cause changes in the HPA axis functioning (4,20). There is increasing
evidence that change in the HPA activity is associated with several age related
pathologies, such as cardiovascular disease and Alzheimer’s disease (7,9,30).
Data about changes of HPA axis activity during aging show mixed findings.
Some studies report an increased mean basal cortisol activity with aging
(4,8,10), while others basal cortisol concentrations to be unaltered in the elderly
(12,24), for a review see (21).
Most of these studies were done in healthy individuals in a relatively restricted
age range. Since an altered HPA axis activity has often been associated with
age related illnesses, selecting healthy subjects may have made it more difficult
to observe age related changes. In fact, one reason that healthy individuals
remained healthy may be that their HPA axis better maintained its resiliency and
feedback sensitivity (21,22). To date, information about age related changes of
the basal circadian cortisol pattern in a non healthy population is scarce.
In this study, we investigated the association between age and several aspects
of the basal diurnal rhythm including the cortisol awakening response (CAR),
evening levels, the diurnal pattern and the dexamethasone suppression test
(DST) in a large sample of patients with manifest arterial disease. In addition,
since several studies have suggested that subtle changes in HPA axis activity are
associated cardiovascular risk factors, such as hypertension, diabetes mellitus
and central obesity (for a review see, (25)) we also examined the associations
of these risk factors and HPA axis activity within this group of subjects in whom
cardiovascular risk factors are well characterized.

Methods and Materials
SMART-MR study
The present study is a cross-sectional study within the SMART-MR study, a
prospective cohort study within the Second Manifestations of ARTerial disease
(SMART) study (23) on causes and consequences of brain changes on MRI in
patients with manifest arterial disease. Between May 2001 and December
2005, all patients were eligible if they were newly referred to the University
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Medical Center Utrecht with coronary artery disease, cerebrovascular disease,
peripheral disease or an abdominal aortic aneurysm (AAA), and had no MR
contraindications. During a one day visit to our medical center a physical
examination was performed, as well as ultrasonography of the carotid arteries,
blood and urine sampling. Risk factors, medical history, and functioning were
assessed with questionnaires that the patients filled in before their visit to
the medical center. Methods for baseline examinations have been described
extensively in a previous study (1). In total, 1309 patients (mean age 58 ± 10
years; 80% male) were included in the SMART-MR study. The SMART study and
SMART-MR study were approved by the ethics committee of our institution and
written informed consent was obtained from all participants.
Starting in January 2006, all patients still alive have been invited for a second
MR of the brain and other follow-up examinations, including assessment of risk
factors, and cognitive testing. In addition, measurements of HPA axis activation
were added. In 2006 and 2007, a total of 499 patients (mean age 62 ± 9 years;
85% male) received follow-up examinations.
HPA axis activity
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HPA axis activity was assessed at home by 6 measurements of cortisol in saliva
over a period of 24 hours to obtain the circadian rhythm. The saliva was collected
using cotton dental rolls (Salivette, Startstedt). Participants were instructed to
refrain from smoking, drinking caffeine, eating or cleaning their teeth at least 30
minutes before collecting a saliva sample. On day 1, participants were instructed
to take the first sample immediately after awakening while still lying in bed,
and to take the second, third and fourth samples after 30, 45 and 60 minutes,
respectively. Sample 5 and 6 were collected at 10pm and 11pm, respectively.
In addition, participants were asked to take 0.5 mg of dexamethasone orally
after their sixth saliva sample, and to sample their saliva again the next day
directly after awaking. They were instructed to start sampling a few days before
their visit to the hospital and to store their saliva samples in their freezers,
until the day of the visit. At the lab, the saliva samples were centrifuged at
3000 rpm for 10 minutes and then stored at -80 ºC until assayed. The cortisol
in saliva was measured without extraction using an in house competitive
radio-immunoassay employing a polyclonal anticortisol-antibody (K7348).
[1,2-3H(N)]-Hydrocortisone (NET185, NEN - DUPONT, Dreiech, Germany) was
used as a tracer. The lower limit of detection was 0.5 nmol/l and inter-assay
variation was 9% at 3 nmol/l and 5% at 23 nmol/l. Intra-assay variation was 4%.
HPA-axis activity and its circadian pattern were quantified in several ways.
First, the cortisol awakening response (CAR), which is the immediate increase
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of cortisol in the hour after awakening, was computed as the area under the
cortisol curve with respect to zero (AUC) and as the rise. The AUC was calculated
by multiplying the levels of the 4 morning cortisol samples by the time interval
between sampling points in minutes (16). The rise was defined as the difference
between waking and the S30 values. The AUC provides information about overall
levels of cortisol post-awakening, whereas the rise represent the dynamic of the
change in concentration of cortisol during the awakening response. Second,
evening levels of cortisol were defined as the average of the saliva samples taken
at 10pm and 11pm. Third, the diurnal pattern was calculated as the difference
between the sample at 30 minutes after awakening and the average evening
value and indicates the cortisol decline during the day. Finally, as an indicator
of suppression of the HPA axis, the cortisol value was taken at awakening the
morning after the ingestion of the dexamethasone.

Participants were asked to record the time at which each saliva sample was
taken and to complete a questionnaire, providing information on smoking
status, time of awakening and whether they had to work on the sampling day.
All these factors are considered as potential confounders (for review see(6)).
During the patient’s visit to the hospital an overnight fasting venous blood
sample was drawn to determine glucose and lipid levels. Height and weight
were measured and the body mass index (BMI) was calculated (kg/m2). Waist
circumference was measured halfway between the lower rib and the iliac crest
and hip circumference was measured at the level of the greater trochanter.
Blood pressure was assessed by measuring three times systolic and diastolic
blood pressures (mmHg) with a sphygmomanometer while the patient was
seated. The average of the three measurements was taken for both diastolic
and systolic blood pressure. Diabetes mellitus (DM) was defined as glucose
≥7.0 mmol/L or when the patient reported having DM or using oral antidiabetic
drugs or insulin. Dyslipidemia was defined as total cholesterol >5.0 mmol/l,
low-density lipoprotein cholesterol > 3.2 mmol/l or use of lipid lowering drugs.
Study sample
Of the 499 patients who were examined in 2006 and 2007, the data of cortisol
levels of 42 patients were missing, due to development of the sampling
protocol, refusal of patients to collect saliva and because some received saliva
samples were lost. One patient did not collect sufficient amounts of saliva.
Furthermore there were 6 patients who did not adhere to the sampling times
described in the sampling protocol. These 7 patients were excluded from the
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study sample. Since we performed complete case analysis an additional 31
patients were lost from analysis, because these subjects had missing values on
one ore more covariates. The excluded patients were somewhat younger (60
vs. 63 years), but other patient characteristics were comparable between the
excluded patients and the 419 patients available for analysis. For the analysis
of dexamethasone, 36 patients had missing data because they refrained from
taking the dexamethasone or did not deliver enough saliva for analysis of
cortisol after dexamethasone.
Data analysis
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Because the cortisol data of evening values and the mean cortisol after ingestion
of dexamethasone were highly skewed we used a natural log transformation to
normalise the distribution. First, using ANOVA , we calculated the unadjusted
mean levels of free cortisol for the measures of HPA axis activity across three
age groups (<55 years, 55-65 years, >65 years). Second, Pearson’s product
moment correlation coefficients was used to calculate correlations between
age and measures of cortisol. Third, since dysregulation of the HPA axis has
been implicated with several cardiovascular risk factors age adjusted linear
regression was used to examine the associations of the risk factors: sex, blood
pressure, BMI, waist hip ratio (WHR), diabetes mellitus and hyperlipidemia
with the different measures of HPA axis activity as dependent variable. Fourth,
linear regression analysis was used to determine the relation between age (on
a continuous scale) and the measures of HPA axis activity. In the first model,
univariable associations between age and HPA axis outcomes were estimated,
and in the second model adjustments were made for sex, awakening time,
workday (yes vs. no), smoking, BMI, hyperlipidemia (yes vs. no), diabetes
mellitus (yes vs. no) and blood pressure. Finally, we additionally adjusted for
location of vascular disease (cerebrovascular disease yes vs. no; cardiovascular
disease yes vs. no; peripheral disease yes vs. no; and AAA yes vs. no). We
repeated the regression analyses after excluding patients who showed no clear
cortisol response after awakening, because these “non-responders” may not
have complied with the protocol. An increase of cortisol after awakening of less
than 2.5 nmol/l was defined as non-response (32). Assumptions of all models
were tested by residual analyses. In all analyses the 95% confidence intervals
are given.
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Results
The mean age ± SD of the study sample (n=419) was 62.8 ± 9.2 years, with a
range of 33-83 years. The characteristics of the study sample are presented
across 3 age groups (Table 1). Patients in the youngest group (<55 years) more
often had to work on the sampling day and were awake earlier. The patients in
the oldest age group (>65 years) smoked less, but had a higher mean systolic
blood pressure.

<55
(N=71)

55-65
(N=170)

>65
(N=178)

Total
sample
(N=419)

Age (years) *

49.0 ± 4.4

59.7 ± 2.8

71.4 ± 4.7

62.8 ± 9.2

Sex (male)

85

87

84

85

Awakening time (h) *

6:44 ± 1:12

7:14 ± 1:05

7:23 ± 0:58

7:13 ± 1:05

Workday collection

†

68

43

15

35

Smoking†

44

23

10

21

Systolic blood pressure (mmHg) *

138 ± 18

143 ± 19

148 ± 20

144 ± 20

Diastolic blood pressure (mmHg) *

86 ± 11

84 ± 10

81 ± 11

83 ± 11

Cortisol at awakening (nmol/l) *

11.0 ± 4.7

12.2 ± 5.6

11.9 ± 5.1

11.9 ± 5.2

Cortisol after 30 minutes (nmol/l) *

20.2 ± 9.2

18.2 ± 7.2

17.2 ± 7.3

18.1 ± 7.6

Cortisol after 45 minutes (nmol/l) *

20.0 ± 9.2

17.7 ± 7.2

17.5 ± 8.0

18.0 ± 8.0

Cortisol after 60 minutes (nmol/l) *

18.4 ± 9.2

16.0 ± 7.7

16.3 ± 7.6

16.6 ± 8.0

Mean evening cortisol (nmol/l) *

3.3 ± 1.7

3.4 ± 1.8

4.2 ± 3.7

3.7 ± 2.8

1.7 (1.2, 2.5)

1.5 (1.1, 2.1)

†

Cortisol after dexamethasone (nmol/l)‡ 1.5 (1.0, 12.1) 1.4 (1.0, 1.9)
*Mean ± SD, † percentage, ‡ median (25th percentile, 75th percentile)

Figure 1 shows the cortisol curve with unadjusted mean cortisol levels
throughout the day for the three age groups. Using ANOVA, the oldest age
group showed an attenuated awakening response compared with the youngest
age group, with a mean difference for the rise of -4.1 nmol/l (95% CI -6.1 to
-2.1 nmol/l), and for the area under the curve to the ground (AUCg) of -1.8
nmol/l*hour (95% CI -3.5 to -0.1 nmol/l*hour), and they had higher levels in the
evening (mean difference of 0.8 nmol/l; 95% CI 0.0 to 1.6 nmol/l). The diurnal
pattern was smaller in the oldest age group, compared with the youngest age
group (mean difference of -3.8 nmol/l; 95% CI -6.0 to -1.5 nmol/l). There were
no differences between the age groups in cortisol levels after dexamethasone
suppression.
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Tabel 1 Baseline characteristics of the study sample according to age group

Figure 1 Cortisol profiles (mean
± SEM) of all participants (N=419)
divided in three age groups.
Shown are the awakening response, evening levels and mean
cortisol levels after ingestion of
0.5 mg dexamethasone
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Figure 2 presents the scatterplots of age (on the x-axis) with the different
cortisol measures (on the y-axis). As can be seen, show that the rise (figure 2A)
and diurnal pattern (figure 2D) were significantly lower with increasing age (r=
-0.22; p< 0.001 and r= -0.2; p< 0,001, respectively), while with increasing age,
evening levels (figure 2C) as well as mean cortisol level after dexamethasone
suppression (Figure 2E) were higher (r= 0.21; p< 0.001 and r= 0.17; p= 0.001).
The AUC (Figure 2B) did not change with increasing age (r= -0.88, p=0.88) .
We examined the age adjusted association of several cardiovascular risk
factors with the indices of HPA axis activity (Table 2). Higher diastolic blood
and systolic pressure were significantly associated with higher rise and AUCg
in the morning and subjects with dyslipidemia had lower levels of cortisol after
dexamethasone compared to subjects without dyslipidemia. Furthermore,
women had higher levels of cortisol after the DST compared to men (B= 0.20
nmol/l; 95% CI 0.01 to 0.39). There were no associations between the other risk
factors and the measures of HPA axis activity.
The results of the linear regression analysis of the association between age and
different measurements of HPA-axis activity (Table 3) show that increasing age
was significantly associated with a lower rise (B= -0.17 nmol/l; 95% CI -0.25 to
-0.10) and a reduced diurnal pattern (B= -0.17 nmol/l; 95% CI -0.26 to -0.08), and
borderline significant with a changed AUCg (B= -0.06 mol/l*hour; 95% CI -0.12
to 0.01). Increasing age was also associated with higher levels in the evening
and higher levels at awakening after dexamethasone. After adjustment for sex,
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Figure 2 Scatterplots representing the age related
changes in different cortisol measures
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Table 2 Results of the linear regression analyses of the relation between age and different cortisol
measures (N=419)
Rise
(nmol/l)

AUC
Evening value
(nmol/l*hour) (ln* nmol/l)

-0.76
0.92
(-2.76 to 1.20) (-0.80 to 2.63)

Sex

-0.003
(-0.14 to 0.13)

Diurnal
pattern
(nmol/l)

After dexa
(ln* nmol/l)

1.37
0.20
(-0.85 to 3.59) (0.01 to 0.39)

Systolic blood 0.05
0.03
-0.000
0.03
-0.002
pressure
(0.01 to 0.08) (0.001 to 0.06) (-0.002 to 0.002) (-0.01 to 0.08) (-0.01 to 0.002)
Diastolic blood 0.06
0.05
pressure
(-0.01 to 0.13) (-0.01 to 0.11)

-0.002
(-0.01 to 0.003)

0.07
-0.01
(-0.01 to 0.14) (-0.01 to 0.000)

BMI

-0.01
-0.12
(-0.19 to 0.17) (-0.28 to 0.04)

-0.004
(-0.02 to 0.01)

-0.12
-0.01
(-0.32 to 0.09) (-0.02 to 0.02)

WHR

-0.15
-0.68
(-3.51 to 3.20) (-3.59 to 2.24)

0.08
(-0.15 to 0.32)

-0.49
-0.07
(-4.28 to 3.30) (-0.37 to 0.24)

Diabetes

0.30
-0.65
(-1.45 to 2.05) (-2.20 to 0.89)

0.06
(-0.06 to 0.18)

-0.41
-0.001
(-2.39 to 1.58) (-0.16 to 0.16)

Dyslipidemia

-0.42
-0.09
(-2.17 to 1.34) (-1.64 to 1.45)

-0.09
(-0.20 to 0.031)

0.03
-0.18
(-1.94 to 2.01) (-0.36 to -0.01)

Crude regression coefficients with 95% confidence interval, adjusted for age
AUC = area under the curve with respect to the ground, ln = natural log transformed, BMI = body mass
index, WHR = waist hip ratio
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Table 3 Results of the linear regression analyses of the relation between age and different cortisol
measures (N=419)
Rise
(nmol/l)

AUC
Evening value Diurnal pattern
(nmol/l*hour) (ln* nmol/l)
(nmol/l)

After dexa
(ln* nmol/l)

Model 1†

-0.17
-0.06
(-0.25 to -0.10) (-0.12 to 0.01)

0.01
(0.01 to 0.02)

-0.17
(-0.26 to -0.08)

0.01
(0.01 to 0.02)

Model 2‡

-0.15
-0.04
(-0.25 to -0.06) (-0.13 to 0.04)

0.01
(0.01 to 0.02)

-0.15
(-0.26 to -0.04)

0.01
(0.002 to 0.02)

Crude regression coefficients with 95% confidence interval
Adjusted for sex, awakening time, workday, smoking, systolic, diastolic blood pressure, BMI, Diabetes
mellitus and dyslipidemia
AUC = area under the curve with respect to the ground, ln = natural log transformed
†
‡
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awakening time, sampling on a workday, smoking and blood pressure, BMI,
diabetes and dyslipidemia these results attenuated slightly. When we added
location of arterial disease (coronary artery disease, cerebrovascular disease,
peripheral arterial disease, and abdominal aortic aneurysm (AAA)) to the model
the results did not materially change (data not shown).
One hundred twenty three participants (29%) showed a rise in cortisol after
awakening of less than 2.5 nmol/l. They were not significantly different from
the rest of the sample with respect to sex, awakening time, smoking status, or
blood pressure, on bases of t-tests and Chi-square tests. However, there was
a difference in age between the two groups with the non-responders being
significantly older (65 vs. 62 years; p= 0.007). When we repeated the regression
analyses after excluding these non-responders, the results did not materially
change (Table 4).

Rise
(nmol/l)

AUC
(nmol/l)

Evening value Diurnal pattern
(ln* nmol/l)
(nmol/l)

After dexa
(ln* nmol/l)

Model 1†

-0.15
(-0.22 to -0.07)

-0.03
(-0.12 to 0.05)

0.01
(0.01 to 0.02)

-0.15
(-0.25 to -0.04)

0.01
(0.01 to 0.02)

Model 2‡

-0.12
(-0.22 to -0.03)

-0.02
(-0.12 to 0.08)

0.01
(0.01 to 0.02)

-0.13
(-0.26 to -0.001)

0.01
(0.002 to 0.02)

Crude regression coefficients with 95% confidence interval
Adjusted for sex, awakening time, workday, smoking, systolic, diastolic blood pressure, BMI, Diabetes
mellitus and dyslipidemia
AUC = area under the curve with respect to the ground, ln = natural log transformed
†
‡

Discussion
In this study, we examined the association between age and several aspects of
HPA axis activity, determined by salivary cortisol, in a large sample of middle
aged and elderly persons with manifest arterial disease. We observed that
HPA axis activity showed reduced variability with older age in this population
and that this age effect was independent of sex, cardiovascular risk factors,
time of awakening and workday. With older age, the awakening response
as determined with the rise, decreased, indicating a more blunted cortisol
response after awakening. Evening cortisol levels were higher with increasing
age, and the diurnal pattern was decreased. Furthermore, with increasing age
HPA axis activity was less suppressed after dexamethasone. The area under the
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Table 4 Results of the linear regression analyses of the relation between age and different cortisol
measures for responders (N=296)
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curve in the first hour after awakening was not significantly associated with age.
In previous studies, a multitude of outcomes have been used to describe
age-related changes in HPA axis activity. The evaluation of the HPA axis is
complicated by the circadian cortisol pattern. After awakening a rapid rise of
30-50% is observed and followed by a gradual decline during the evening.
Since different outcomes were examined in different study samples it is difficult
to compare the results of studies. In this study, we measured the cortisol
response to awakening, collected circadian cortisol profiles and determined
the HPA feedback sensitivity following dexamethasone suppression in one
population, which allowed us to compare several aspects of HPA-axis activity.
To our knowledge, this is the first study determining the association between
age and several outcomes used to describe the different aspects of circadian
pattern of the HPA axis using salivary free cortisol. Furthermore, this is first
large study done in non healthy population, which may increase the possibility
to detect age related changes in HPA axis activity (21). The large sample size
and wide age range of subjects in this study and adjustment for a number
of confounding factors made it possible to obtain relatively precise and valid
estimates of the associations between age and HPA-axis activity.
With respect to the awakening response studies have reported somewhat
mixed findings. There is some evidence for a muted response after awakening
with aging (13, 17, 32). In line with our findings are the results of a study that
used 24-hour cortisol measurements in plasma and showed that the morning
acrophase was associated with older age in normal elderly (13). However, other
studies did not find a relation between age and cortisol levels after awakening
(15,32). These studies were done in healthy and relatively young subjects, which
may have made it more difficult to detect age related differences in HPA activity.
In our study we adjusted for known confounding factors, such as awakening
time or sampling on workday. Also, we tried to maximize compliance by giving
clear instructions and having the patient record the sampling time. Still, we
cannot exclude the possibility of non-adherence to the sampling protocol
in some persons. Especially persons without a rise within the first hour after
awaking may have been non-compliant. We found that persons with a rise lower
than 2.5 nmol/l were significantly older than persons with a clear awakening
response. It could thus be argued that the blunted awakening response that
we observed with older age may be due to non-compliance in the older age
group. However, when we excluded persons with a rise lower than 2.5 nmol/l,
the results were quite similar after adjustment for covariates. It is possible that
absence of a clear cortisol response in the morning is the result of an intrinsic
aberrant awakening response. Since an absent response after awakening is also
found in several pathologies, it may well be that with increasing age there are
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more non-responders with a physiologic explanation, instead of merely non
adherence to the sampling protocol (3,31).
Consistent with other reports using blood sampling, although not all (12),
we found higher mean post dexamethasone cortisol levels in the older
subjects (2,15). These findings suggest that with aging the ability to suppress
glucocorticoids is diminished. There is evidence that the sensitivity of the
HPA axis to negative feedback by cortisol is decreased in older people (29).
It has been suggested that this loss of sensitivity may account for elevated
cortisol secretion in the evening (18). Our finding of higher evening cortisol
concentrations with increasing age is consistent with this explanation.
Our observation of elevated evening values and an attenuated awakening
response, which resulted in a diminished diurnal pattern, could be indicative
of a reduced range of HPA axis activity. This loss of variability has also been
reported by several other authors and is related to several risk factors for
cardiovascular disease, type 2 diabetes and stroke and is also seen in patients
with dementia (8,11,19). It has been hypothesized that loss of variability is a
consequence of repeated or chronic challenges of the HPA axis by several stress
factors, which may make an individual more susceptible to disease and it may
be an important factor to the onset of frailty in the elderly (5,14,27).
It is thus possible that in our population, altered HPA axis functioning contributed
to the development of arterial disease. In our study the higher levels in the
morning were associated with both higher systolic and diastolic blood pressure
but not with other cardiovascular risk factors. These results are in line earlier
studies that examined the relationship between cortisol and blood pressure
(26,28). Since our study sample consisted of patients with arterial disease, we
cannot exclude the possibility that the observed age related changes are the
result of the arterial disease. We tried to minimize this possibility by adjusting
for cardiovascular risk factors, but the sample had arterial disease nonetheless.
As a result, we do not know to what extent our findings could be generalized to
the general population.
Given the cross-sectional nature, it is hard to disentangle whether the observed
association between age and HPA axis activity in our study population is a
cause or a consequence of the health status. The results of this study are in line
with the idea that the allostatic load, however, due to a lifetime exposure to
stressors, accumulates with aging and may cause a loss in resiliency of the HPA
axis functioning (14).
In summary, in this population of patients with arterial disease we observed that
the HPA axis activity showed a reduced variability with aging. Older age was
associated with a blunted awakening cortisol response, higher levels of cortisol
in the evening, decreased diurnal variability, and diminished suppression after
dexamethasone.
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Abstract
Objective
It has frequently been hypothesized that high levels of glucocorticoids have
deleterious effects on the hippocampus and increase risk for cognitive decline
and dementia, but no large-scale studies in humans examined the direct
relation between hippocampal volumes and hypothalamic-pituitary-adrenal
(HPA) axis activity.
Methods
Cross-sectional analyses within the SMART-Medea study, an ancillary study to
the SMART-MR study on brain changes on MRI among patients with arterial
disease. In 575 patients (mean age 62±9 years) diurnal cortisol rhythm was
assessed with 6 saliva samples, collected at awakening and 30, 45 and 60
minutes thereafter, and at 10PM and 11PM. A low dose of dexamethasone (0.5
mg) was administered at 11PM and saliva was sampled the next morning at
awakening. Volumetric measurements of the hippocampus were performed on
a 3-dimensional FFE T1-weighted MRI scan with isotropic voxels.
Results
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Mean total relative hippocampal volume was 6.0±0.7 ml. Linear regression
analyses, adjusted for age, sex, vascular risk factors and global brain atrophy
showed that participants with higher evening levels and higher awakening
levels after dexamethasone had smaller hippocampal volumes (B per SD (4.2)
increase= -0.09 ml; 95%CI -0.15 to -0.03 ml and B per SD (2.5) increase = -0.07
ml; 95%CI -0.13 to -0.01 ml, respectively). The awakening response was not
significantly associated with hippocampal volumes.
Conclusion
In this population, higher evening cortisol levels and reduced suppression
after dexamethasone were associated with smaller hippocampal volumes,
independent of total brain volume. The cortisol response after awaking was not
associated with hippocampal volume.
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The hippocampus, located in the medial temporal lobe, is important for memory
functioning and one of the first structures to be affected in Alzheimer’s disease
(28,52). It has been hypothesized that alterations in hypothalamic-pituitaryadrenal (HPA)-axis activity, especially hypersecretion of glucocorticoids,
have adverse effects on hippocampal neurons (34,50,57). The HPA-axis is an
important neuroendocrine system involved in responses to stress. Hippocampal
neurons are not only a target for glucocorticoids but also play an important
role in regulating the HPA-axis activity by inhibiting glucocorticoid secretion
(29). According to the glucocorticoid cascade hypothesis (51), elevated levels of
cortisol, an important glucocorticoid in humans, lead to damage to hippocampal
neurons, which, in turn, will result in diminished inhibition of glucocorticoids.
This diminished inhibition will then result in higher levels of cortisol and lead
to further damage and neuronal loss of the hippocampus (51). Support for this
hypothesis comes predominantly from animal studies where overexposure of
glucocorticoids leads to remodelling and atrophy of hippocampal neurons in
rodents and non-human primates (27,30,51).
Evidence from human research supporting this hypothesis is mainly indirect. A
decrease in hippocampal volume has been observed in patients with elevated
cortisol levels due to Cushing’s disease (57) and in corticosteroid dependent
patients with asthma or rheumatic illness (11). However, the effect of cortisol
on hippocampal volume may be reversible (7). One study showed increase of
hippocampal volumes after a decrease of the steroid exposure as a result of
successful treatment of Cushing’s disease (58). Also, many studies, although not
all (4,5), reported smaller hippocampal volumes in patients with stress-related
disorders, such as post-traumatic stress disorder (PTSD) or major depressive
disorder (9,23,54). Fewer studies investigated the direct association between
basal HPA-axis activity and hippocampal volume in humans, and findings are
inconsistent. Some studies observed that prolonged elevated cortisol levels
were associated with smaller hippocampal volume in older healthy subjects
(34,41,67). However, others found no relation between HPA-axis activity and
hippocampal volume (35,40,61,65).
With the exception of one study among depressed patients that found no
relationship between cortisol levels and hippocampus size (40), the existing
studies were based on small sample sizes or were done in young or healthy
elderly subjects. Selecting healthy subjects may reduce the ability to detect an
association between cortisol levels and hippocampal volumes, because one of
the reasons subjects stayed healthy may be that there is no disturbance in HPAaxis functioning (53). Since alterations in HPA-axis activity have been described
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Introduction

in patients with diabetes (47), hypertension (66), and the metabolic syndrome
(46), an association between HPA-axis activity and hippocampal volume may
be more easily detected in a population with a high burden of vascular risk.
This study examined the association between basal HPA-axis activity and
hippocampal volume in a large population of subjects with arterial disease.

Methods and Materials
Subjects
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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 independently living patients with symptomatic
atherosclerotic disease. Details of the design and participants have been
described elsewhere (22,39). 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 (AAA), and without MR contraindications were
invited to participate. During a 1-day visit to our medical center, an MRI of the
brain was performed, a physical examination, and blood and urine sampling.
Risk factors, medical history, and functioning were assessed with questionnaires.
Between January 2006 and May 2009, all participants still alive were invited
for follow-up measurements, including MRI of the brain, neuropsychological
testing, a physical examination, blood and urine sampling, risk factors, medical
history, and functioning. In addition, as part of the SMART-Medea (Memory,
depression and aging) study, an ancillary study to the SMART-MR study, aimed
to investigate brain changes associated with psychosocial vulnerability and
stress factors, measurements of salivary cortisol and psychosocial stressors
early and later in life were added. From March 2006, diagnostic assessment
of depression was added and a T1-weighted 3-dimensional fast field-echo
sequence for measuring hippocampal volumes. The SMART-MR and SMARTMedea study were approved by the ethics committee of our institution and
written informed consent was obtained from all participants. In total, 754 of the
surviving cohort (61% of n=1,238) gave written informed consent; 466 (38%)
persons refused and 18 (1%) were lost to follow-up.
HPA-axis activity
HPA-axis activity was assessed at home by 7 measurements of cortisol in saliva
over a period of 24 hours. Cortisol exists in free (non-protein-bound) form in
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Magnetic Resonance Protocol
The MR investigations were performed on a 1.5-T whole-body system (Gyroscan
ACS-NT, Philips Medical Systems, Netherlands). The protocol consisted of a
transversal T1-weighted gradient-echo sequence (repetition time (TR)/echo
time (TE): 235/2 ms; flip angle, 80º), a transversal T2-weighted turbo spin-echo
sequence (TR/TE: 2200/11 ms and 2200/100 ms; turbo factor 12), a transversal
T2-weighted fluid attenuating inverse recovery (FLAIR) sequence (TR/TE/
inversion time (TI): 6000/100/2000 ms) and a transversal inversion recovery
(IR) sequence (TR/TE/TI: 2900/22/410 ms) (field of view (FOV) 230x230 mm;
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saliva. The free form is the biologically active one (62). The saliva was collected
using cotton dental rolls (Salivette, Startstedt). Participants were instructed to
refrain from smoking, drinking caffeine, eating or cleaning their teeth at least
30 minutes before collecting a saliva sample and were asked to chew on the
rolls for at least 2 minutes. On day 1, participants were instructed to take the
first sample immediately after awakening while still lying in bed, and to take
the second, third and fourth samples after 30, 45 and 60 minutes. Sample 5 and
6 were collected at 10 PM and 11 PM. Furthermore, participants were asked
to take 0.5 mg of dexamethasone orally after their sixth saliva sample, and
to sample their saliva the next morning directly after awakening. They were
instructed to sample on a normal weekday and to store their saliva in their
freezers until the day of the visit. At the lab, the saliva samples were centrifuged
at 3000 rpm for 10 minutes and then stored at -20ºC until assayed. The cortisol
in saliva was measured without extraction using an in house competitive
radio-immunoassay employing a polyclonal anticortisol-antibody (K7348).
[1,2-3H(N)]-Hydrocortisone (NET185, NEN-DUPONT, Dreiech, Germany) was
used as a tracer. The lower limit of detection was 0.5 nmol/L and inter-assay
variation was 9% at 3 nmol/L and 5% at 23 nmol/L. Intra-assay variation was 4%.
HPA-axis activity and its diurnal pattern were quantified in several ways. First,
the cortisol awakening response, which is the immediate increase of cortisol in
the hour after awakening, was computed as the area under the cortisol curve
with respect to zero (AUC) (43). The AUC was calculated by multiplying the levels
of the four morning cortisol samples by the time interval between sampling
points in minutes. In addition, the rise was defined as the difference between
the sample direct after awaking and the sample taken at 30 minutes (16,21).
Second, resting evening levels of cortisol were defined as the average of the
saliva samples taken at 10PM and 11PM. Third, as an indicator of suppression of
the HPA-axis, the cortisol value was taken at awakening the morning after the
ingestion of the dexamethason

matrix size 180×256; slice thickness 4.0 mm; no gap; 38 slices). Furthermore, for
measurements of the hippocampal volume, we obtained a sagittal T1-weighted
3D FFE (fast field echo) sequence (TR/TE: 7.0/3.2 ms; flip angle, 8º), FOV 240 mm;
matrix size, 240×256; slice thickness 1.0 mm; no gap; 170 slices).
Brain segmentation
We used the T1-weighted gradient-echo, IR sequence, and FLAIR sequence for
brain segmentation. The probabilistic segmentation technique according to
the k-nearest neigbor (KNN) classification has been described elsewhere (3).
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, white matter lesions and infarcts.
Total intracranial volume was calculated by summing total brain volume and
volumes of sulcal and ventricular cerebrospinal fluid. Total brain volume was
divided by intracranial volume to obtain brain parenchymal fraction (BPF), an
indicator for global atrophy. All volumes cranial to the foramen magnum were
included in the segmentation results. Thus, the total brain volume includes the
cerebrum, brainstem and cerebellum.
Assessment of hippocampal volume

Chapter 7

The sagittal T1-weighted images were tilted to the coronal plane and orientated
perpendicular to the long axis of the left hippocampus. The hippocampus was
manually outlined on an average of 40 slices and included the hippocampus
proper, subiculum, fimbria, alveus, and dentate gyrus (Figure 1).The most
anterior slice was defined as the slice where the hippocampus appeared
below the amygdala. The alveus, which was clearly visible, formed the dorsal
border of the hippocampus on the anterior slices and was used to separate the
hippocampal head from the amygdala. More posterior, the dorsal boundary
was defined by CSF and choroid plexus, which was not included in the
measurements. The posterior border was defined as the slice where the total
length of the fornix was visible. The lateral boundaries were defined by CSF of
the temporal horn of the lateral ventricle and by the gray-white matter border
of the temporal stem. Medially, the hippocampus was bounded by CSF in the
cisterna ambiens and transverse fissure, and ventrally by white matter of the
parahippocampal gyrus
Measurements of hippocampal volumes were performed by two trained
investigators, blinded to all clinical information. Left and right hippocampal
volumes were calculated by multiplying the total number of voxels by the
108

Figure 1 Magnetic resonance image of the hippocampal formation in three orientations. Shown are
coronal (panel A), sagittal (panel B) and axial (panel C) magnetic resonance images. The hippocampus
is manually outlined (white line).

volume of a voxel (1.0x0.94x0.94 mm). The intra-rater reliability coefficient
for repeated tracing in 20 randomly selected hippocampi was 0.96 and 0.98,
and the inter-rater agreement was 0.96. The coefficient of variation for the two
raters was 3.8 % (6), and the mean difference between raters was 11.1 voxels.

Participants were asked to record saliva sampling time and to complete a
questionnaire on current use of medication, smoking habits and alcohol use.
During the patient’s visit an overnight fasting blood sample was drawn to
determine glucose and lipid levels. Height and weight were measured and body
mass index (BMI) (kg/m2) was calculated. Systolic and diastolic blood pressures
(mmHg) were measured with a sphygmomanometer three times while the
patient was seated and the average of the measurements was calculated.
Diabetes mellitus was defined as a glucose level of ≥7.0 mmol/l or use of oral
antidiabetic drugs or insulin at baseline or follow-up. Hyperlipidemia was
defined as total cholesterol >5.0 mmol/l, low-density lipoprotein cholesterol
>3.2 mmol/l or use of lipid lowering drugs. Twelve-month prevalence of
major depressive disorder according to DSM-IV criteria was assessed using
the Composite International Depression Interview (CIDI)(1). General cognitive
functioning was assessed with the Mini Mental State Examination (MMSE)(20)
and participants with a score <27 were examined by a physician who conducted
an additional in-house standardized dementia interview and physical
examination. The results of these investigations together with the outcome of
the neuropsychological testing were discussed in a consensus meeting with a
geriatrician to diagnose dementia.
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Covariates

Study sample
Of the 754 persons who participated, 709 patients received an MRI scan.
Nineteen scans had artefacts and because the 3D T1-weighted FFE sequence
was added from March 14, data for hippocampal volumes were missing in 54
patients. Of the remaining 636 subjects, the data of cortisol levels of 61 patients
were missing, due to development of the sampling protocol, refusal of patients
to collect saliva, non-adherence to the sampling times and because some of the
samples were misplaced. These subjects did not differ in mean hippocampal
volume from the study sample (5.9±0.7 ml vs. 6.0±0.7 ml). These 61 subjects
were also excluded, leaving 575 subjects for analysis.
Data analysis

Chapter 7

Crude hippocampal volumes were divided by ICV and multiplied by the mean
ICV of the study sample (1454 ml) to obtain relative hippocampal volumes in ml.
We summed the left and right sides to yield total volumes because the analyses
did not suggest laterality of effects. The association between HPA-axis activity
and hippocampal volume was assessed with analysis of variance (ANOVA) and
multiple linear regression analysis.
First, we calculated baseline characteristics for the total study sample and
across tertiles of evening cortisol. Second, we used linear regression analysis
to estimate the age-adjusted associations between vascular risk factors and
hippocampal volumes. Third, Pearson’s product moment correlation coefficients
between cortisol measures were calculated. Fourth, we calculated mean relative
hippocampal volumes according to tertiles of the rise, AUC, evening cortisol and
cortisol suppression after dexamethasone. Post-hoc between-group testing
was performed using the Fisher LSD test. Furthermore, linear regression analysis
was used to estimate the associations per standard deviation (SD) increase of
the rise, AUC, evening level and cortisol suppression after dexamethasone with
mean relative hippocampal volumes. In the first model we adjusted for age and
sex. In the second model, additional adjustments were made for systolic and
diastolic blood pressure, diabetes mellitus (yes vs. no), hyperlipidemia (yes vs.
no), pack-years of smoking, alcohol use (<1 units, ≥1 units ≤20, >20 units per
week), BMI, and history of disease (coronary artery disease, cerebrovascular
disease, peripheral arterial disease, or AAA). In the third model, we additionally
adjusted for BPF to investigate whether the association between HPA-axis
activity and hippocampal volume was independent of global brain atrophy. We
repeated all analyses after excluding patients with major depressive disorder or
with a diagnosis of dementia.
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Results
The mean age ± SD of the study sample was 62±9 years, the majority were men
(81%), and the majority had a history of coronary artery disease (62%). The
mean relative total hippocampal volume was 6.0±0.7 ml (Table 1).

Table 1 Characteristics of the study sample (n=575) across tertiles of evening cortisol levels
Evening cortisol levels

Lower tertile Middle tertile
<2.8 nmol/l 2.8-4.1 nmol/l

Upper tertile
>4.1 nmol/l

Total

Age (years)*

60 ± 9

62 ± 9

64 ± 9

62 ± 9

Sex (male)†

78

83

82

81

Diastolic

82 ± 10

83 ± 11

80 ± 11

82 ± 11

Systolic

141 ± 19

142 ± 18

Blood pressure (mmHg)*
142 ± 16

144 ± 21

Diabetes mellitus†

21

19

25

22

Hyperlipidemia†

83

82

82

83

Body mass index (kg/m2)*

28 ± 4

27 ± 4

27 ± 4

27 ± 4

Smoking (pack-years)‡

18 (0, 49)

20 (0, 53)

21 (0, 51)

19 (0, 50)

< 1 units/week

37

27

27

31

1 - 20 units/week

53

61

58

58

> 20 units/week

9

12

16

12

Coronary artery disease

67

64

64

62

Cerebrovascular disease

18

24

25

24

Peripheral arterial disease

14

17

25

18

5

6

6

Alcohol consumption†

Abdominal aortic aneurysm 8
Major depressive disorder†

9
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Disease history†

5

8

7

Rise

6.4 ± 8.4

7.0 ± 7.2

6.4 ± 7.6

6.6 ± 7.8

AUC

15.7 ± 6.9

17.9 ± 6.0

18.2 ± 7.4

17.2 ± 6.9

After dexamethasone

1.6 ± 1.6

1.9 ± 1.2

3.2 ± 3.8

2.2 ± 2.5

Total hippocampal volume (ml)*

6.1 ± 0.6

5.9 ± 0.7

5.8 ± 0.4

6.0 ± 0.7

Brain parenchymal fraction†

79 ± 3

78 ± 3

78 ± 3

78 ± 3

1443 ± 125

1454 ± 131

Cortisol (nmol/l)*

Intra cranial volume (ml)*
1449 ± 130
1467 ± 136
*mean ± SD, † percentage, ‡ median (10th percentile, 90th percentile)
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Table 2 shows the age-adjusted association between vascular risk factors
and hippocampal volume. There was a strong positive correlation between
evening levels and cortisol levels after dexamethasone suppression and
between the AUC and the rise. Also, there was a positive correlation between
the AUC and evening levels, and between the AUC and awakening levels after
dexamethasone (Table 3).

Table 2 Age adjusted associations of vascular risk factors with hippocampal volumes
Hippocampal volume/ICV
Β

(95% confidence interval)

P value

Age (years)

-0.011

(-0.017 to -0.05)

<0.001

Men vs. women

0.198

(0.052 to 0.344)

0.008

Systolic blood pressure

0.003

(-0.001 to 0.006)

0.111

Diastolic blood pressure

0.004

(-0.001 to 0.010)

0.107

Diabetes mellitus (yes vs. no)

0.042

(-0.100 to 0.183)

0.579

Hyperlipidemia (yes vs. no)

0.048

(-0.105 to 0.201)

0.593

Body mass index (kg/m2)

0.011

(-0.004 to 0.026)

0.137

Smoking (pack years)

-0.001

(-0.004 to 0.002)

0.426

Alcohol consumption

-0.030

(-0.126 to 0.059)

0.473

Table 3 Pearson’s correlations between the cortisol measurements
Chapter 7

Rise

Rise

AUC

Evening level

After dexamethasone

-

0.601*

0.014

-0.004

AUC

0.601*

-

0.237*

0.192*

Evening level

0.014

0.237*

-

0.631*

-0.004

0.192*

0.631*

-

After dexamethasone
* p< 0.05
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There were no significant differences in hippocampal volumes between tertiles
of the rise or AUC (Figure 2). However, subjects with higher levels of evening
cortisol had smaller hippocampal volumes (F=5.56; p=0.004) (Figure 3A). The
mean difference between the upper and the lower tertile of evening cortisol
levels was -0.24 ml (95% CI -0.384 to -0.098 ml, p=0.001).
There was also a significant difference in hippocampal volume between tertiles
of awakening cortisol after dexamethasone (F=4.48; p=0.012) (mean difference
between upper and lower tertile 0.22 ml; 95% CI -0.369 to -0.072) (Figure 3B).
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Figure 2 Hippocampal volume relative to intracranial volume (SEs) according to tertiles of the
awakening response, quantified as the rise (tertiles in nmol/l < 2.5, 2.5 – 9.2 and >9.2) (A) and AUC
(tertiles in nmol/l < 14.0, 14.0 -18.4 and >18.4) (B). Analysis of variance revealed no differences between
groups effect for the rise (F= 0.51, p= 0.60) and the AUC (F=0.29, p=0.75).\

Figure 3 Hippocampal volumes relative to intracranial volume (SEs) according to tertiles of cortisol
levels in the evening (tertiles in nmol/l <2.8, 2.8 - 4.1 and > 4.1) (A) and after dexamethasone (tertiles in
nmol/l <1.4, 1.4 – 2.0 and >2.0) (B). Analysis of variance revealed significant differences between groups
effect for the cortisol levels in the evening (F= 5.6; p= 0.004), and for cortisol levels after dexamethasone
(F= 4.8, p= 0.012).
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Table 4 Results of linear regression analysis of the associations of cortisol levels with relative
hippocampal volumes. The coefficient B represents the difference (95% confidence interval) in
hippocampal volume relative to ICV (ml) per standard deviation increase of rise, AUC, evening
cortisol, and cortisol after dexamethasone, respectively.
Hippocampal volume
Β

(95% confidence
interval)

P value

Model I

-0.040

(-0.101 to 0.021)

0.20

Model II

-0.039

(-0.100 to 0.023)

0.22

Model III

-0.039

(-0.100 to 0.021)

0.21

Model I

-0.032

(-0.094 to 0.030)

0.31

Model II

-0.035

(-0.099 to 0.028)

0.28

Model III

-0.036

(-0.098 to 0.027)

0.26

Model I

-0.098

(-0.156 to -0.039)

0.001

Model II

-0.094

(-0.153 to -0.035)

0.002

Model III

-0.089

(-0.147 to -0.032)

0.002

Awakening response
Rise (SD = 7.8)

AUC (SD = 6.9)

Evening cortisol (SD = 4.2)
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Cortisol after dexamethasone (SD = 2.5)

Model I:
Model II:

Model I

-0.075

(-0.138 to -0.016)

0.015

Model II

-0.071

(-0.133 to -0.010)

0.023

Model III

-0.070

(-0.130 to -0.010)

0.023

Adjusted for age and sex
Model I additionally adjusted for smoking, alcohol intake, BMI, blood pressure, hyperlipidemia
and diabetes mellitus, and disease history
Model III: Model II additionally adjusted for global brain atrophy
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Using linear regression analyses, again no association was found between the
AUC or rise and hippocampal volumes after adjustment for age and sex or other
covariates (Table 4). After adjusting for age and sex, total hippocampal volume
still decreased with increasing evening cortisol levels (B= -0.10 ml; 95% CI -0.16
to -0.04 ml, p=0.001). Also, awakening cortisol levels after dexamethasone was
associated with smaller hippocampal volume after adjusting for age and sex
(B= -0.08 ml; 95% CI -0.14 to -0.02 ml, p=0.02). These findings did not materially
change after adjustment for vascular risk and disease history. The association
between higher evening cortisol and hippocampal volumes remained
significant after additional adjustment for BPF (B= -0.089 ml; 95% CI -0.15 to
-0.03 ml, p=0.002), and also for awakening cortisol after dexamethasone and
smaller hippocampal volumes (B= -0.07 ml; 95% CI -0.13 to -0.01 ml, p=0.02)
(Table 4). Repeating these analyses after excluding patients with major
depression disorder (n=40) or dementia (n=4) showed that relations remained
statistically significant (data not shown). When ICV was entered as covariate
in the regression model with crude hippocampal volume, instead of the ratio
hippocampus/ICV, the regression coefficients did not materially change and
described relations remained significant (data not shown).

We observed that higher cortisol levels in the evening and higher cortisol levels
at awakening after dexamethasone were associated with smaller hippocampal
volumes, independent of vascular risk factors and total brain volume in a large
sample of middle-aged and elderly persons with a history of arterial disease.
We found no association between the cortisol awakening response and
hippocampal volume.
A strength of our study is the collection of multiple saliva samples that made
it possible to examine different aspects of HPA-axis activity. Also, by giving
clear instructions and having the patient record sampling times we maximized
compliance, enabling us to report cortisol measures with respect to awakening
time. The large number of subjects included, and the measurements of
hippocampal and other brain volumes made it possible to obtain precise
estimates. Also, we had information on important cardiovascular risk factors for
which we could adjust in the analyses.
To our knowledge, this is the first study investigating the association of HPAaxis activity with hippocampal volume in such a large sample of subjects by
assessing different aspects of the diurnal cortisol profile. Previous studies in
humans found inconsistent results. Most of these studies were done in small
sample sizes and used different methods to evaluate the basal HPA-axis activity.
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Studies finding smaller hippocampal volumes with higher levels of cortisol
used 24-hour cortisol measurements in plasma (34) or urine (63), whereas other
studies using cortisol measurements in serum or saliva at predefined times as
a marker of HPA-axis activity did not find an association (18,35,61,65). Since the
evaluation of basal HPA-axis activity is complicated by its diurnal pattern these
findings are difficult to interpret. When using a 24-hour measurement it is not
possible to evaluate the different aspects of the diurnal profile. Sampling at
predefined times, for example at 10AM, is subject to measurement variability
because the cortisol secretion during the day and especially in the morning is
related to the time of awakening (16).
We found that higher levels in the evening and cortisol levels at awakening
after the dexamethasone suppression, but not in the morning, were associated
with smaller hippocampal volumes, independent of total brain volume. Higher
levels of cortisol in the evening are generally linked to reduced feedback
inhibition of the HPA-axis activity (45). Two different corticosteroid receptors,
the mineralocorticoid receptor and glucocorticoid receptor are involved in
the feedback of cortisol. The mineralocorticoid receptor has a high affinity
for cortisol and is thought to be involved in the regulation of the evening
nadir of the diurnal rhythm, while glucocorticoid receptors are activated with
increased levels of cortisol, for example during the morning peak or during
acute stress (56). Recent human data demonstrates that treatment with an
mineralocorticoid receptor agonist results in a decrease in cortisol levels in
the evening, while blockade of the mineralocorticoid receptor results in an
increase of cortisol levels in the evening nadir, but not during the morning peak
(14,19,24,42). In the primate brain, high levels of mineralocorticoid receptors
are found in the hippocampal formation, while the glucocorticoid receptors are
more ubiquitously distributed in the brain (49). An explanation for our results
of smaller hippocampal volumes with higher evening levels, but not morning
levels may thus be that a decrease in hippocampal volume resulted in a
decrease of density in mineralocorticoid receptors and therefore an increase in
evening levels. This relationship was independent of total brain volume, which
is suggestive of a specific association with the hippocampal volume. Since we
do not have direct evidence for a positive relationship between hippocampal
volume and receptor numbers this is a tentative explanation.
In contrast to recent studies suggesting a central role of the hippocampus
in the morning response (12,13,44), we did not find an association between
the awakening response and hippocampal volume. These studies may
not be comparable to our study sample. One study observed that bilateral
hippocampal damage was associated with a lower awakening response (13).
Similar results were described in 18 patients with diabetes, in whom smaller
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volumes were associated with a blunted awakening response (12). A recent
study reported the same association in healthy young men (n=13) (44). Also,
using small sample sizes makes change finding more likely.
We found an association between higher awakening cortisol levels after
suppression with dexamethasone and smaller hippocampal volumes. It has been
suggested that reduced suppression of glucocorticoids after dexamethasone
(10,26,33,35) is associated with atrophy of brain regions rich in corticosteroid
receptors, such as the hippocampus, the pituitary and hypothalamus. Animal
studies showed that the synthetic glucocorticoid dexamethasone blocks HPAaxis activity primarily at the site of the pituitary instead of the hippocampus
(17,38). Although other studies failed to find an association between the
dexamethasone suppression and hippocampal volumes (5,35), our results
suggest a role of the hippocampus in the negative feedback mechanism of the
HPA-axis.
A limitation of our study is the cross-sectional design, which made it not possible
to discern cause from consequence. Hippocampal atrophy has been described
in various neuropsychiatric disorders that are associated with HPA-axis
dysregulation, such as depression (54), PTSD (25) and Alzheimer’s disease (8).
It has frequently been hypothesized that HPA-axis dysregulation plays a causal
role in hippocampal volume reduction (50). The neurotoxicity of cortisol acts via
corticosteroid receptors (31) and this anatomical specificity may be due to high
concentration of corticosteroid receptors in the hippocampus (49). Therefore,
prolonged high levels of cortisol in the evening may have adverse effects on
the hippocampal volume. And, since the hippocampus also plays a inhibiting
role in the HPA-axis activity, this damage may result in diminished inhibition of
glucocorticoids (51). A recent prospective study reported that higher levels in
the evening predicted decline in hippocampal dependent memory function,
indicating that high levels of cortisol in the evening may precede hippocampal
damage (32). However, our results may also be suggestive of higher evening
levels being a consequence of hippocampal volume loss if a decrease in
hippocampal volume resulted in a decrease of density in MRs and therefore
an increase in evening levels. One study suggestive of this reversed causality
reported alterations in morning cortisol rhythm compared to control subjects
in patients with overt hippocampal damage due to encephalitis or surgery
(13). An alternative explanation might be that both hippocampal volume and
cortisol levels are independently associated with a third variable. For example,
cytokines have been associated with both neurodegeneration and HPA-axis
activation (2,48,64).
We tried to maximize compliance by having the patient record the sampling
time. Still, we cannot exclude the possibility of non-adherence to the

sampling protocol in some persons. However, these limitations concerning
the reliability of the sampling are expected to be compensated by the large
sample size. Furthermore, there may have been selective non-compliance of
saliva sampling. Perhaps subjects with smaller hippocampal volumes had more
memory problems and were less compliant with the saliva sampling protocol.
However, the mean hippocampal volume in the excluded subjects did not differ
from the study sample. Another limitation is that we did not measure serum
dexamethasone levels. There may be variability in serum dexamethasone levels
after ingesting dexamethasone and dexamethasone metabolism may be a
determinant of cortisol levels (36,60).
Although the observed differences in hippocampal volumes seem small, they
are comparable to differences in evening cortisol levels found between healthy
controls and patients with depression (15), PTSD and dementia (55,59).
Our study population consisted of patients with a history of arterial disease.
Since several vascular risk factors have been associated with altered basal HPAaxis activity and brain atrophy (37), we cannot exclude the possibility that the
observed associations are restricted to patients with arterial disease. However,
examining the relation between basal HPA-axis activity and hippocampal
volumes in a population with high vascular burden may have made it more
likely to find an association that may not have been observed in younger and
healthier populations.
In conclusion, we observed that higher cortisol levels in the evening and higher
cortisol levels after dexamethasone suppression at awakening were associated
with smaller hippocampal volumes, independent of total brain volume.
Prospective studies should determine to what extent elevated cortisol secretion
in the evening and reduced suppressibility of the HPA-axis is a consequence of
smaller hippocampal volume or whether it increases the risk for hippocampal
volume loss and development of Alzheimer’s disease.
Chapter 7
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The first aim of this thesis was to investigate age-related changes in hippocampal
volumes in non-demented elderly. The second aim was to investigate the effect
of ischemia and high levels of glucocorticoids as risk factors that have been
suggested to be particular detrimental for the hippocampus.

Measuring the hippocampus

Chapter 8

There is evidence that imaging and pathological changes precede the symptoms
of dementia (12,15). With new (MRI) imaging techniques these changes may be
identified long before the criteria for dementia are met. Significant atrophy of the
hippocampal formation can be demonstrated by MRI even in preclinical stages
of Alzheimer’s disease (AD) and predict later conversion to AD (12). Therefore,
hippocampal volumetric measurements can used as secondary endpoint for
dementia. Hippocampal atrophy can be assessed with visual rating scales or
volumetric measurements. Qualitative assessment of hippocampus atrophy
using visual rating scales (7,36) is fast, easy to apply, and has acceptable interand intrarater variability, making it a practical tool to use in a clinical setting or
may be used for predicting memory performance in normal aging. It has been
suggested that visual rating scales to assess medial temporal lobe atrophy are
not only based on visual assessment of the hippocampal volume, but also on
the volume of surrounding structures and cerebrospinal spaces (38,39).
In chapter 2 we showed that in a non-demented population the visual ratings
scales do not measure a distinctive loss of hippocampal tissue relative to other
brain tissue but are a composite of hippocampal atrophy and overall atrophy of
the brain. Therefore, visual rating scales may not be the optimal method if the
objective is to examine whether hippocampal volume loss is disproportionate
relative to other brain tissue loss. This is important since atrophy of the
hippocampus is considered to occur in the early stages of dementia and in the
later stages spreads to the rest of the brain (3,7,24). Visual rating scales correctly
distinguish between dementia patients and healthy controls and therefore are
useful in a clinical setting to support the diagnosis dementia. Although the
visual rating scales have proven to be useful in diagnostic studies, they can
not be used in studies unravelling determinants of hippocampal atrophy in
particular, because of their association with ventricle and total brain volume.
In etiologic research in a non-demented population on causes of dementia, it is
important to investigate the effect of a specific risk factor on the hippocampus
in particular and compare this to rest of the brain. Furthermore, visual rating
scales are hampered by floor and ceiling effects and therefore they may not be
the first method of choice in etiologic research because they may fail to detect
small differences. Manual volumetric methods are currently the gold standard
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to determine the hippocampal volume, but they are time intensive and may
be prone to interrater and intrarater variability. However, in contrast to several
earlier studies, our scanning protocol, which consisted of a T1 weighted 3D FFE
sequence, allowed us to manually outline the hippocampus on 1 mm sections.
This resulted in a precise estimate of the hippocampal volume with high interand intrarater (7,36) procedures.
When reporting hippocampal volumes it is important to correct for individual
variation in head size, since the human brain exhibits considerable individual
diversity in size and morphology. This can be done by adjusting for intracranial
volumes, however others use whole brain volume or body size (13,17,30,32).
As such, there is no universally used method to correct for differences in head
size. Hippocampal volumes adjusted for intracranial volumes or adjusted for
body size provide an indication for the hippocampal volume loss compared
to premorbid levels. However, since the medial temporal lobe, which includes
the entorhinal cortex and hippocampus is regarded to be one of the first
structures to be affected in dementia; it may be more interesting to report
hippocampal volumes adjusted for brain volume, in particular in a nondemented population. In this way it is possible to determine if the hippocampus
is disproportionately atrophic relative to the whole brain volume. To differentiate
between risk factors specific for hippocampal atrophy and risk factors for global
atrophy may be especially of interest when investigating the etiology of dementia.
It is noteworthy that in literature variation in methodologies used to adjust
the hippocampal volumes exists, which preclude comparison of findings.
Therefore, in this thesis we reported both hippocampal volumes adjusted for
intracranial volumes and volumes adjusted for brain volume (Chapter 3, 5 and 7).

Considerable evidence of studies in elderly suggest a gradual decline in memory
functioning with aging (19). A decline of the volume of the medial temporal
lobe structures -the hippocampus and entorhinal cortex- has been associated
with impaired episodic memory (14,15,26). The results of studies examining the
effect of normal aging on entorhinal and hippocampal volumes are equivocal as
described above, the differences in literature may in part be due to the different
methods used for normalization of the hippocampus and entorhinal cortex. In
chapter 3 we report an age related decline of hippocampal volume in men,
but found no evidence that the hippocampus declines more rapidly than other
brain tissue. We show that correcting hippocampal volumes for intracranial
volumes leads to different results than when correcting for total brain volume.

127

Chapter 8

Age-related decline of the hippocampal volumes compared
to whole brain volume

Previous research suggest that brain changes occur long before the diagnosis
of dementia and therefore structural brain imaging can help identify people
at high risk for developing dementia, even before they have any memory
complaints or measurable cognitive impairment. By adjusting the hippocampus
for brain volume, it is possible to determine if a subject shows accelerated
loss compared to other brain tissue. Our results in chapter 3 show, that in a
non demented population, the hippocampus does not decline at a faster
rate than total brain volume. Nevertheless, subjects with a low hippocampal
volume adjusted for brain volume show an accelerated loss of hippocampal
volume and this could be a marker for incipient dementia. It therefore it would
be interesting to see if in the future, these subjects indeed are at high risk for
developing dementia.
To detect these early changes, a precise estimate of both hippocampal volume
and brain volume is required. Manually outlined volumes of the hippocampus
and automated segmentation techniques for determining brain volumes (1)
may be of great value for future dementia research. The application of
hippocampal volumetry might be further improved in the short term by
implementing automated analysis procedures.
The reports on entorhinal cortex volumes are more scarce, but our results
are in line with earlier reports we found there was no age related decline of
the entorhinal cortex in non-demented populations. This is in line with the
hypothesis that the entorhinal cortex in not affected in normal aging, but only
affected in pathological aging (3,20).

Selective vulnerability of the hippocampus to hypoxia and
ischemia in the brain?

Chapter 8

In recent decades it has become clear that cardiovascular (hypertension,
smoking, high body mass index) and cerebrovascular disease (stroke, white
matter lesions (WML), low cerebral blood flow (CBF), lacunar infarcts) are risk
factors for developing dementia (4,9,10). In the brain, small vessel disease is
characterized by white matter lesion and lacunar infarcts and is often seen
on MRI in the elderly. Increases in white matter lesion have been associated
with cognitive decline (21,25), but because these studies primarily looked at
white matter it is unclear if these effects might have been mediated by other
brain structures. In a histopathology study in a small group of patients with
dementia due to small vessel disease significant hippocampal pyramidal cell
loss and hippocampal degeneration was found, suggesting a causative link
between small vessel disease and hippocampal degeneration (22). Vascular risk
factors may also contribute to cognitive decline by affecting blood flow to the
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brain(11,29). Also, it has been suggested that cerebral hypoperfusion precedes
and possibly contributes to the onset of clinical dementia (16,18). Yet, it is still
a matter of debate whether reduced cerebral blood flow reflects diminished
demand causes by advanced neurodegeneration or that cerebral hypoperfusion
precedes and contributes to dementia. Cerebral hypoperfusion may lead to a
decreased delivery of oxygen to vulnerable brain areas such as hippocampus,
contributing to neurodegeneration and subsequent dementia (11). Brain
perfusion can also be assessed using imaging techniques. In the past decade
a non-invasive MRI technique has been developed. Using two dimensional
(2D) phase-contrast magnetic resonance imaging the total cerebral blood
flow can be measured by summing the blood flow in the internal carotid and
basilar arteries. This fast and simple technique gives a reliable estimate of the
amount of blood that reaches the brain and is therefore considered an indirect
measurement of global brain perfusion. In combination with the segmentation
analysis a measure of mean brain perfusion can be obtained by dividing total
cerebral blood flow by total brain volume and can be used to investigate the
role of total cerebral blood flow in the etiology of hippocampal atrophy.
Since it has been suggested that the hippocampus in particular is vulnerable
to hypoxia and ischemia (5,23,31), in this thesis, we therefore examined the
associations of cerebral blood flow and cerebral small vessel disease (white
matter lesions and lacunar infarcts) with hippocampal volumes. As we argued
before, to investigate this properly, the method used to estimate hippocampus
size is important. Studies that assessed medial temporal lobe atrophy with
visual rating scales often found an association with white matter lesion. As
shown in chapter 2, visual scales not only assess the hippocampal volume but
also the size of the ventricles and global brain atrophy. Since both low cerebral
blood flow and the presence of small vessel disease are associated with lower
cerebral atrophy, it is possible that concomitant brain atrophy explains the
observed associations between white matter lesions and lacunar infarcts and
visually assessed medial temporal lobe atrophy. Therefore, based on evidence
from studies using visual rating scales we cannot conclude that reduced
cerebral blood flow, white matter lesions or lacunar infarcts are associated
with neurodegenerative processes in the medial temporal lobe. In the studies
described in chapter 4 and 5, we found that white matter lesions - independent
of other vascular risk factors - were associated with hippocampal volumes,
although lacunar infarcts were not (chapter 5). After correction for global
brain volume the association between white matter lesions and hippocampal
volume attenuated and was no longer statistically significant, suggesting that
global brain atrophy explains at least part of the association. Furthermore, we
found no association between cerebral blood flow and hippocampal volume

(chapter 4). It has been suggested that the presence of cerebral small vessel
disease modifies the association between cerebral blood flow and brain
atrophy, due to an impaired cerebral auto regulation, reducing the ability
to respond to decreases in cerebral blood flow (2). This inability to maintain
adequate cerebral perfusion may lead to hypoxia (27). However, our results
showed that the WML burden did not modify the association between cerebral
blood flow and hippocampal volumes. Taken together, we cannot conclude
that the hippocampus in particular is susceptible for hypoxia and ischemia
compared to the rest of the brain, since we did not find an association between
cerebral blood flow and cerebral small vessel disease and hippocampal volumes
adjusted for brain volume. These findings however, do not negate the fact that
the presence of white matter lesion is a risk factor for hippocampal atrophy and
subsequent loss in cognition, independent from other vascular risk factors.
Regarding our findings of cerebral blood flow and lacunar infarcts, some critical
notes have to be made. We did not find an association between number of
lacunar infarcts and hippocampal volume. According to the lacunar hypothesis
dementia is related to an increasing number of lacunar infarcts and particular
when they are strategically located (8,37). Since we did not take the location of
the lacunar infarcts into account in our analysis, we cannot exclude the possibility
that strategically located infarcts can contribute to hippocampal atrophy. We
found no association when using total cerebral blood flow, measured with two
dimensional phase contrast MR angiography in the carotid and basilar arteries.
We did not measure the blood flow directly in the hippocampus and therefore
we do not know if the total CBF directly reflects CBF in the hippocampus. Future
studies should determine if regional hypoperfusion leads to volume loss in the
hippocampus.

Basal HPA-axis activity and the hippocampus

Chapter 8

The HPA-axis is part of the neuroendocrine system and regulates reactions to
stress. Throughout life, chronic exposure to stressors may lead to dysregulation
of the HPA-axis activity (28). HPA-axis dysregulation may lead to elevated levels
of glucocorticoids, and it has been hypothesized that prolonged high levels
may lead to damage of the hippocampus because of the high concentrations
of glucocorticoid receptors in this brain structure. The hippocampus plays an
important role in the negative feedback circuit and failure of this feedback will
result in continuous high levels cortisol (35). Although animal studies support
this hypothesis, in humans the effects of dysregulation of the basal HPA-axis
activity are less clear. Assessment of the basal HPA-axis activity is complicated
by its circadian pattern, and many of the differences in literature may be
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explained by the different outcomes used to describe the HPA-axis activity.
Most studies performed in humans do not measure the circadian fluctuations
in glucocorticoids levels, but use specific time points across the day. Although
sampling at predefined is easier, they are subject to measurement variability
because the cortisol secretion during the day and especially in the morning is
related to the time of awakening (6). Furthermore, several factors such as health
status, health behavior may influence the diurnal pattern of cortisol. Therefore,
in this thesis we used seven cortisol measurements to study different aspects of
the diurnal pattern and recorded the time of awakening and adjusted for several
possible confounders. We observed that with older age the HPA-axis activity
showed a reduced variability with a lower awakening response and higher
levels of cortisol in the evening and after suppression with dexamethasone
(chapter 6). The importance of these different outcomes are largely unknown,
but associations with stroke and risk factors for cardiovascular disease such as
type 2 diabetes and hypertension have been recorded (33,34). It is therefore
possible that alterations in HPA-axis activity due to chronic challenges of the
HPA-axis may make an individual more susceptible for disease. In our study
we found that higher levels of cortisol in the morning were associated with
higher systolic and diastolic blood pressure, and higher levels of cortisol after
dexamethasone suppression were associated with dyslipidemia and smaller
hippocampal volume (chapter 6 and 7).
In chapter 7 we report that higher cortisol levels after suppression with
dexamethasone and higher cortisol levels in the evening were associated with
smaller hippocampal volumes. This effect was not only independent of age,
sex and vascular risk factors but also independent of total brain volume. This
is an interesting finding since the hippocampus plays a key role in inhibiting
the HPA-axis and a disturbed negative feedback of the HPA-axis (40) will lead to
higher levels in the evening and reduced suppressibility after dexamethasone.
As such, these results suggest that prolonged exposure to higher levels of
cortisol causes structural changes of the hippocampus. However, since this
is a cross-sectional study it could also be that smaller hippocampal volumes
are the cause of the higher cortisol levels in the evening and higher cortisol
levels after suppression with dexamethasone. Future longitudinal studies
should determine the effect of prolonged high levels in the evening and after
suppression with dexamethasone on hippocampal volumes.

Future directions
Since the hippocampus is among the first structures to be affected in dementia,
it is important to compare the hippocampal volume relative to the whole brain
volume. Only in this way it is possible to determine if a risk factor is detrimental
for the hippocampus in specific. This is important when disentangling the
etiology of dementia. Although the visual rating scales have proven to be useful
in diagnostic studies, they can not be used in studies unravelling determinants
of hippocampal atrophy in particular, because of their association with
ventricle and total brain volume. New automated segmentation techniques for
assessing whole brain volumes and in the near future for hippocampal volumes
will allow future studies to investigate this in large samples. Future studies
should examine patients with mild cognitive impairment, subjects at high risk
of developing dementia and determine if the hippocampus shows accelerated
loss compared to other brain tissue. Longitudinal studies are necessary to
determine if subjects with a small hippocampal volume compared to the whole
brain volume are indeed at higher risk for developing dementia. Vascular factors
as risk factors for dementia should further be explored using the correction
for whole brain volume. Studies examining the regional blood flow in the
hippocampus could determine if the hippocampus is vulnerable to hypoxia.
When examining the basal HPA-axis activity sampling cortisol on predefined
times should be abandoned. Future studies should acknowledge the distinct
diurnal rhythm and take several samples during one or more consecutive
days, adjusting for known confounders such as awakening time, smoking and
age. Since all of our studies are cross-sectional it is not possible to determine
cause from consequence. For example, although the higher levels of cortisol
in the evening and after suppression with dexamethasone are associated with
the hippocampus in particular, we do not know if the higher levels of cortisol
precede the hippocampal volume loss and therefore may be a risk factor for
dementia or whether smaller hippocampal volumes results in higher levels
of cortisol. Longitudinal studies are needed to determine the directionality of
these associations.
Chapter 8
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Dementia is a growing problem in industrialized countries. With the prolonged
life expectancy the size of the older population will grow considerably. With
rising age, the prevalence and incidence of dementia will increase exponentially.
It is estimated that the prevalence of dementia doubles every five years after
the age of 60 and that the overall incidence rate of dementia in people over 90
years of age is as high as 18% per year. Dementia is characterized by progressive
cognitive impairment as well as non-cognitive symptoms such as mood and
personality changes. One of the first structures to be affected in dementia is the
hippocampus. The hippocampus, consisting of the ammon’s horn, the dentate
gyrus and subiculum, is part of the medial temporal lobe. It belongs to the
limbic systems and is involved in episodic memory. Several studies have shown
that the hippocampal volume loss is associated with cognitive decline in nondemented populations. The last past decades there have been considerable
advances in the understanding of Alzheimer’s disease and other dementias,
however, to date no fully effective treatments and preventive strategies have
been found. Early identification and institution of preventive measures for risk
factors predisposing to cognitive decline are of high priority. It is important
to further unravel the etiology of Alzheimer’s disease and other dementias to
gain insight into mechanisms that cause the disease enabling development of
preventive and curative strategies.
In this thesis we investigated the age-related changes in hippocampal volumes
in non- demented elderly. Furthermore, we investigated the effect of ischemia,
hypoxia and high levels of glucocorticoids as risk factors that have been
suggested to be particular detrimental for the hippocampus.
Data were used from the Second Manifestation of ARTerial disease Memory,
depression and aging (SMART-Medea) study.
Visual rating scales and hippocampal volumes.

Chapter 9

The hippocampus can be assessed qualitatively using visual rating scales or
quantitatively using volumetry. With recently developed methods for automated
segmentation of brain structures it possible to make accurate estimations of
brain structures, and with manual volumetry of the hippocampus a precise
estimate of the hippocampal volume can be made (figure 1). However, the
manual segmentation of the hippocampus is time consuming. Visual rating
scales are fast, easy to use and have an acceptable inter- and intra-rater
variability. However, previous reports have shown that the correlation between
the visual rating scores and hippocampal volumetry is only moderate. It has
been suggested that visual rating scales to assess medial temporal lobe atrophy
are not only based on visual assessment of the hippocampal volume, but also
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Figure 1 Magnetic resonance image of the hippocampal formation and entorhinal cortex in three
orientations. Shown are coronal (panel A), sagittal (panel B) and axial (panel C) magnetic resonance
images. The hippocampus and entorhinal cortex are manually outlined (white line)

on the volume of surrounding structures and cerebrospinal spaces. Therefore,
in chapter 2 we investigated to what extent the visual rating scales measure
hippocampal volume and to what extent they measure other indices of brain
atrophy. We qualitatively rated the medial temporal lobe (which includes the
hippocampus) using two different visual rating scales, the Medial temporal
lobe (MTA) scale and the perihippocampal cerebrospinal fluid (HCSF) scale in
95 non demented participants (mean age 62 ± 10 years) of the SMART-Medea
study. We furthermore assessed hippocampal volumes by manual outline
the hippocampus on 3 dimensional FFE T1-weigthed MR images and used
automated segmentation for assessing total brain volume, gray matter volume
and ventricular volume. We showed that both visual rating scales are related to
hippocampal volumes, but increasing visual rating scores were also associated
with greater ventricular volume and lower brain volumes. So we conclude
that in a non-demented population the visual ratings scales do not measure
a distinctive loss of hippocampal tissue relative to other brain tissue but are a
composite of hippocampal atrophy and overall atrophy of the brain.

It has been hypothesized that atrophy of the hippocampus and entorhinal
cortex are distinctive features of dementia. However, in normal aging decreases
in other brain tissue also occurs. Reports on hippocampal and entorhinal
cortex atrophy in normal aging are equivocal. In chapter 3 we examined the
association between age and entorhinal cortex and hippocampal volumes in
a non demented population. Within the SMART-Medea study, cross-sectional
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Age-related decline of the hippocampus and entorhinal cortex.

analyses were performed in 453 subjects (mean age 62 ± 9 years with a rage of
33-82 years, 81% male). Hippocampal and entorhinal volumes were manually
assessed. Brain segmentation was used to quantify the intracranial volumes
and the volumes of brain tissue. Crude hippocampal volume was 5.9 ml ± 0.9
ml and crude entorhinal volume was 0.34 ± 0.06 ml. We showed that crude
hippocampal volumes (B= -0.01; 95% CI -0.02 to -0.004) and hippocampal
volumes divided by intracranial volumes decline with age. Men had greater age
related decline than women. When we corrected the hippocampal volumes
for brain tissue the association between age and hippocampal volumes
disappeared. The entorhinal cortex showed no age related decline for crude
volumes (B= 0.000; 95% CI -0.001 to 0.001), entorhinal cortex volumes corrected
for intracranial volumes or corrected for brain volumes.
Ischemia, hypoxia and the hippocampus.

Chapter 9

It has been suggested that especially the hippocampus is vulnerable to
hypoxia and ischemia. In chapter 4 and 5 we investigated the association
of cerebrovascular pathology and hippocampal atrophy. In chapter 4 we
examined whether total cerebral blood flow (tCBF) was associated with
hippocampal volumes and determined if this association was modified
by white matter lesion (WML) volumes. The total cerebral blood flow was
measured using two dimensional phase contrast MRI angiography which
is a fast, easy and noninvasive and reproducible technique to measure tCBF.
tCBF was expressed per 100 ml brain volume to obtain parenchymal cerebral
blood flow (pCBF). The pCBF and hippocampal volume was assessed in
392 subjects (mean age ± SD, 62 ± 9 years) with arterial disease. Automated
segmentation was used to determine the volumes of total brain volume and
WML volumes. We report that there is no association between pCBF and
hippocampal volumes. Linear regression showed that there was no association
after adjustment for age, sex, vascular risk factors, lacunar infarcts and WML (B=
0.01 ml per SD decrease pCBF; 95% CI -0.06 to 0.08). The association was not
modified by WML (p-value for interaction term pCBF*WML= 0.84). In Chapter
5 we investigated the independent association of WML and lacunar infarcts
as indicators of cerebrovascular disease, with hippcocampal volumes. In 608
participants (age 62 ± 10 years) of the SMART-Medea study the hippocampus
was outlined manually to obtain precise estimates of hippocampal volumes.
Brain segmentation was uses to quantify the volumes of brain tissue and WML
volumes. The number of lacunar infarcts was rated visually. Mean hippocampal
volume was 6.0 ± 0.7 ml. Linear regression analysis adjusted for sex, age,
vascular risk factors and lacunar infarcts showed that higher WML volumes
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were associated with lower hippocampal volumes (B = -0.061 ml per SD WML
increase;95%CI -0.120 to -0.002). However, after adjustment of total brain
volume, this association was no longer significant. The presence of lacunar
infarcts was not associated with hippocampal volumes. So, WML, but not the
presence of lacunar infarcts or pCBF are associated with hippocampal volumes.
This association is independent of other vascular risk factors, but there is no
increased hippocampal volume loss compared to other brain tissue.

It has been hypothesized that high levels of cortisol have a detrimental effect
on the hippocampal neurons. Cortisol is the end product of the hypothalamic
pituitary adrenal (HPA) axis, a neuroendocrine system involved in the responses
to stress. The hippocampus is not only a target for glucocorticoids but also
plays a role in the regulation of the HPA-axis activity. HPA-axis functioning
may serve as an indicator of the long term effect of physiologic response to
stress on the body. Throughout life, chronic exposure to stressors may lead to
dysregulation of the HPA-axis activity. In chapter 6 and 7 we examined the
associations between age and HPA-axis and HPA- axis and hippocampus. In
chapter 6 we evaluate in 419 subjects with arterial disease (mean age 63 ± 9
years) the effect of age on several aspects of the diurnal pattern of the HPA-axis.
The diurnal pattern was examined using 6 salivary cortisol samples. The samples
were collected directly after awakening and 30, 45, and 60 minutes thereafter.
Furthermore, we collected two evening samples at 10pm and 11pm. For the
last sample participants were asked to ingest a low dose of dexamethasone (to
test the cortisol suppression) and to sample the saliva directly after awaking the
next morning.
Linear regression analysis adjusted for sex, awakening time, workday and
vascular risk factors showed that older age was associated with the cortisol
awakening response. Per year increase, the rise (B= -0.15 nmol/l; 95%CI
-0.25 to -0.05) and diurnal pattern (B= -0.14 nmol/l; 95%CI -0.25 to -0.02)
decreased. Furthermore, older age was associated with higher evening
levels (B log transformed= 0.01; 95%CI 0.01 to 0.02) and higher mean
cortisol after dexamethasone (B log transformed= 0.01; 95%CI 0.002 to 0.02).
In Chapter 7 we examined the direct relation between hippocampal volumes
and HPA-axis activity. Within the SMART-Medea study, the diurnal cortisol
pattern and hippocampal volumes were assessed in 575 participants (mean
age 62 ± 9 years, 81 % male). Higher cortisol levels in the evening and after
suppression with dexamethasone were associated with smaller hippocampal
volumes (B per SD (4.2) increase= -0.09 ml; 95%CI -0.15 to -0.03 ml and B per
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SD (2.5) increase = -0.07 ml; 95%CI -0.13 to -0.01 ml, respectively). These results
remained significant after correction for global brain atrophy. The awakening
response was not significantly associated with hippocampal volumes. As such,
these results suggest that prolonged exposure to higher levels of cortisol is
related to structural changes of the hippocampus. Future longitudinal studies
should determine the effect of prolonged high levels in the evening and after
suppression with dexamethasone on hippocampal volumes.
The studies in this thesis show that increasing age, higher burden of
white matter lesions and higher cortisol levels are associated with smaller
hippocampal volumes. When we corrected the hippocampal volume for total
brain volume, our results suggest that higher levels cortisol are detrimental
for the hippocampus. Since the hippocampus is among the first structures to
be affected in dementia, it is important in etiologic research to compare the
hippocampal volume relative to the whole brain volume. Although the visual
rating scales have proven to be useful in diagnostic studies, they can not be
used in studies unravelling determinants of hippocampal atrophy in particular,
because of their association with ventricle and total brain volume. Future studies
examining the causes of dementia should determine if the hippocampus shows
accelerated loss compared to other brain tissue. Furthermore, longitudinal
studies are necessary to determine if subjects with a small hippocampal volume
compared to the whole brain volume are indeed at higher risk for developing
dementia. New automated segmentation techniques for assessing whole brain
volumes and in the near future for hippocampal volumes will allow future
studies to investigate this in large samples.

Chapter 9

142

Ch

er

Nederlandse samenvatting

pt

9

a

Dementie is een toenemend probleem in de westerse wereld. Door de
toegenomen levensverwachting zal het aantal ouderen de komende jaren alleen
maar groeien. De incidentie en prevalentie van dementie neemt exponentieel
toe met de de leeftijd. Er zijn schattingen dat in de groep 60 plussers er elke 5
jaar een verdubbeling zal zijn van het aantal mensen met dementie. De ziekte
dementie wordt gekenmerkt door toenemende cognitieve achteruitgang en
veranderingen in gedrag en persoonlijkheid.
De hippocampus is een van de eerste structuren die aangetast wordt bij
dementie. De hippocampus, bestaande uit de hoorn van ammon, de gyrus
dentatus en het subiculum, is onderdeel van de mediale temporaal kwab. Het
is een onderdeel van het limbische zenuwstelsel en speelt een belangrijke
rol in het opslaan en terughalen van informatie. Verschillende studies tonen
aan dat atrofie van de hippocampus geassocieerd is met verminderde
geheugenfuncties. De laatste jaren is er veel progressie geboekt in het
begrijpen van de ziekte van Alzheimer en andere vormen van dementie, maar
tot op de dag van vandaag bestaat er geen effectieve behandeling en zijn er
geen preventie maatregelen. Erg belangrijk zijn vroege herkenning en snelle
behandeling van risicofactoren nog voordat er cognitieve klachten zijn. Er is
meer onderzoek nodig naar de oorzaken van dementie om inzicht te krijgen in
de risicofactoren voor hippocampus atrofie en de dementie die daarop volgt
om zo preventieve en curatieve strategieen te ontwikkelen.
In dit proefschrift hebben we de veranderingen in het hippocampus volume
onderzocht die optreden bij het ouder worden in een populatie zonder
dementie. Omdat uit eerder onderzoek naar voren is gekomen dat de specifiek
de hippocampus gevoelig is voor ischemie en hypoxie, en dat hoge levels
van glucocortioiden mogelijk schadelijk is voor de hippocampus, hebben de
effecten van deze risicofactoren in een grote groep ouderen onderzocht. Voor
dit onderzoek hebben we gebruik gemaakt van data uit een grote, lang lopende
cohortstudie, te weten de Second Manifestations of ARTerial disease-Memory,
depression and aging (SMART-Medea) studie.
Visuele beoordelingsschalen en het hippocampus volume.
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De hippocampus kan op verschillende manieren beoordeeld worden, er
kan gebruik gemaakt worden van een kwalitatieve visuele schaal of van
een kwantitatieve volumetrische meting. Tegenwoordig is het mogelijk om
het volume van de hersenen nauwkeurig te meten door middel van een
automatisch segmentatie programma. Ook het volume van de hippocampus is
nauwkeurig te bepalen door deze met de hand in te tekenen op een MRI scan
(figuur 1), maar dit een tijdrovende bezigheid. De beoordeling met de visuele
schaal daarintegen is snel en makkelijk in het gebruik.
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Deze schalen hebben een acceptabele inter- en intra-rater variabiliteit. Eerder
onderzoek heeft echter aangetoond dat de correlatie tussen de visuele schalen
en het hippocampus volume slechts matig is. De reden hiervoor kan zijn dat
visuele schalen niet alleen het hippocampus volume beoordelen, maar ook
het volume van de omliggende structuren en ventrikels meenemen in de
beoordeling. Om dit te onderzoeken hebben we in hoofdstuk 2 bekeken
in welke mate de visuele schalen geasscocieerd zijn met het volume van de
hippocampus en in welke mate ze andere structuren in de hersenen meten.
Hiervoor hebben we gebruik gemaakt van twee verschillende en veel gebruikte
visuele schalen. De eerste is de zogenaamde Medial Temporal Lobe (MTA)
schaal en de tweede is de perihippocampal cerebrospinal fluid (HCSF) schaal.
We hebben de hippocampus van 95 deelnemers van de SMART-Medea studie
zonder dementie (gemiddelde leeftijd 62 ± 10 jaar) beoordeeld met deze twee
schalen. Daarnaast hebben we op een 3- dimensionele FFE T1 gewogen MRI
scan nauwkeurig het volume van de hippocampus bepaald door middel van
manuele segmentatie. Met de recent ontwikkelde automatische segmentatie
zijn de volumes van andere breinstructuren bepaald, zoals het totale brein
volume, de hoeveelheid grijze stof en het volume van het ventrikel systeem.
In ons onderzoek laten we zien dat de beide visuele schalen gerelateerd zijn
aan het hippocampus volume, maar dat oplopende scores op deze schalen ook
geassocieerd zijn met groter volume van de ventrikels en afname van het totale
brein volume. Daarom concluderen wij dat in populatie zonder dementie de
kwalitatieve visuele schalen niet alleen het volume verlies van de hippocampus
ten opzichte van de rest van het brein bepalen, maar eerder een samengestelde
maat zijn van hippocampus atrofie en meer algemene atrofie van de rest van
het brein.
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Figure 1 Magnetic resonance image of the hippocampal formation and entorhinal cortex in three
orientations. Shown are coronal (panel A), sagittal (panel B) and axial (panel C) magnetic resonance
images. The hippocampus and entorhinal cortex are manually outlined (white line)

Leeftijd en de hippocampus.
De hippocampus en de entorhinale cortex zijn twee structuren in het brein
die aangetast worden reeds in een vroege fase van dementie. Maar ook
in het normale verouderingsproces zien we dat het brein kleiner wordt. De
resultaten van studies over atrofie van de hippocampus en de entorhinale
cortex bij ouderen zonder dementia zijn niet eenduidig. In hoofdstuk 3
hebben we de associatie tussen leeftijd en het volume van de hippocampus
en de entorhinale cortex onderzocht in een populatie zonder dementie.
Binnen de SMART-Medea studie hebben we 453 deelnemers (gemiddelde
leeftijd 62 ± 9 jaar met een spreading van 33-82 jaar, 81% man) onderzocht.
De volumes van de hippocampus en de entorhinale cortex werden manueel
bepaald. De volumes van de totale schedelinhoud en het totale breinweefsel
(een maat voor hersenatrofie) werden automatisch bepaald. Het gemiddelde
volume van de hippocampus in onze groep was 5.9 ml ± 0.9 ml en dat van
de entorhinale cortex was 0.34 ± 0.06 ml. We tonen aan dat het hippocampus
volume (B= -0.01; 95% CI -0.02 to -0.004) en hippocampus volume gecorrigeerd
voor de totale schedelinhoud afneemt met de leeftijd. In onze groep hadden
mannen een groter afname van hippocampus volume dan vrouwen. Wanneer
de hippocampus gecorrigeerd werd voor de totale overgebleven breinvolume
vonden we geen relatie meer met leeftijd. De entorhinale cortex liet geen
afname van volume zien met oplopende leeftijd (B= 0.000; 95% CI -0.001 to
0.001).
Ischemie, hypoxie en de hippocampus.
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Uit eerder (dier)onderzoek blijkt dat er aanwijzingen zijn dat de hippocampus
specifiek gevoelig is voor hypoxie en ischemie. In hoofdstuk 4 en 5 hebben
we onderzocht of er een associatie is tussen cerebrovasculaire ziekte en
hippocampus atrofie. In hoofdstuk 4 keken we of de totale hoeveelheid
bloed die naar de hersenen stroomt (tCBF) geassocieerd is met het volume
van de hippocampus. Vervolgens hebben we onderzocht of deze relatie
misschien anders is bij mensen die al vaatziekte in de hersenen hebben. De
totale hoeveelheid bloed naar de hersenen kan gemeten worden met een MR
onderzoek, deze methode is snel, makkelijk en niet-invasief en kan daarom
in grote groepen toegepast worden. We hebben deze methode bij 392
deelnemers (leeftijd ± SD, 62 ± 9 jaren) met vaatlijden toegepast. We vonden
geen relatie tussen totale hoeveelheid bloed die naar de hersenen gaat en
de grootte van de hippocampus.Lineaire regressie liet zien dat er ook geen
relatie was na correctie voor leeftijd, geslacht, andere vasculaire risico factoren
en al bestaande vaatschade in de hersenen. Deze relatie was niet anders bij
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mensen die al vaatziekte in de hersenen hebben. In hoofdstuk 5 hebben we
onderzocht of witte stof afwijkingen en lacunaire infarcten (als indicatoren
voor cerebrovasculaire ziekte) geassocieerd waren met hippocampus volumes.
Van 608 deelnemers (leeftijd 62 ± 10 jaren) aan de SMART-Medea studie is
de hippocampus gemeten en zijn de volumes van de overige structuren
van de hersenen en het volume van de witte stof afwijkingen automatisch
gesegmenteerd. Het aantal lacunaire infarcten werd visueel beoordeeld. Het
gemiddelde volume van de hippocampus was 6.0 ± 0.7 ml. Lineaire regressie
analyse liet na correctie voor leeftijd, geslacht, vasculaire riscofactoren en aantal
lacunaire infarcten zien dat een grotere hoeveelheid witte stof afwijkingen
was geassocieerd met een kleinere hippocampus (B = -0.061 ml per SD WML
toename; 95%CI -0.120 to -0.002). Wel bleek dat na correctie voor brein atrofie
dat deze relatie niet langer significant was. Het aantal lacunaire infarcten was niet
geassocieerd met de grootte van de hippocampus. Dus witte stof afwijkingen,
maar niet het aantal lacunaire infarcten of totale hoeveelheid bloed die naar
de hersenen stroomt, zijn geassocieerd met het volume van de hippocampus.
Deze associatie is onafhankelijk van andere vasculaire risicofactoren, maar er is
geen bewijs dat de hippocampus hierdoor erger is aangedaan dan de rest van
het brein.

Hoge levels van het glucocorticoid cortisol kunnen een schadelijk effect
hebben op de neuronen van de hippocampus. Cortisol is het eindproduct van
de hypothalame- hypofyse-bijnier as (HHB). De HHB-as is een onderdeel van
het neuro-endocriene systeem en is betrokken bij de regulatie van stress. De
hippocampus heeft veel receptoren voor cortisol en is ook betrokken in de
regulatie van de HHB-as activiteit. Het functioneren van de HHB-as kan gezien
worden als een indicator voor de lange termijn effecten van chronische stress
op het lichaam. Langdurige blootstelling aan stressoren zou kunnen leiden
tot ontregeling van de HHB-as activiteit. In hoofdstuk 6 en 7 hebben we de
associatie tussen leeftijd en de HHB-as, en de associatie tussen de HHB-as en
hippocampus onderzocht. In hoofdstuk 6 hebben we in 419 patiënten met
vaatlijden (leeftijd 63 ± 9 jaren) het effect van ouder worden op verschillende
onderdelen van het dagritme van de HHB-as activiteit onderzocht. Het dagritme
werd bepaald aan de hand van 7 speekselmonsters, afgenomen op verschillende
tijdstippen. De monsters werden door een deelnemer verzameld direct na het
ontwaken en 30, 45 en 60 minuten daarna. Ook werder er 2 monsters in de
avond genomen. Voor het laatste monster werd de deelnemer gevraagd om
’s avonds een tabletje dexamethason (om de negatieve feedback te testen) in

149

Chapter 9

HPA-axis en de hippocampus.
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te nemen en de volgende ochtend direct na ontwaken het speekselmonster te
verzamelen.
Lineaire regressie analyse liet na correctie voor geslacht, tijdstip van ontwaken,
werkdag of niet en vasculaire risicofactoren zien dat oudere mensen een lagere
cortisol respons hadden in de ochtend. Verder bleek dat met toenemende
leeftijd de cortisol waarden in de avond en na inname van het tabletje
dexamethason juist stegen. In hoofdstuk 7 hebben we de directe relatie
tussen de HHB-as activiteit en volume van de hippocampus onderzocht. In de
SMART-Medea studie werd het dagritme van cortisol en de volumes van de
hippocampus bepaald in 575 deelnemers (gemiddelde leeftijd 62 ± 9 jaren, 81
% man). We vonden dat hogere cortisol waarden in de avond en na suppressie
met dexamethason geassocieerd waren met kleinere hippocampus volumes.
Deze resultaten bleven significant na correctie voor atrofie van de rest van
het brein. Cortisol in de ochtend was niet geassocieerd met het volume van
de hippocampus. Deze resultaten suggereren dat langdurige blootstelling
aan hogere cortisol waarden gerelateerd zijn aan structurele veranderingen
in de hippocampus. Longitudinale studies moeten ondernomen worden
om de effecten van hoge cortisol levels in de avond en na suppressie met
dexamethason te bevestigen.
De studies in dit proefschrift laten zien dat toenemende leeftijd, witte stof
afwijkingen en hogere cortisol waarden geassocieerd zijn met kleinere
volumes van de hippocampus. Na correctie voor atrofie in de rest van het
brein suggereren onze resultaten dat hogere cortisol waarden bijdragen aan
hippocampus atrofie. Omdat de hippocampus een structuur is die in een vroeg
stadium van dementie al aangetast wordt, is het belangrijk om in toekomstig
onderzoek naar oorzaken van dementie de hippocampus atrofie te relateren
aan de atrofie van de rest van het brein. Hoewel de visuele schalen om de
hippocampus te beoordelen hun waarde hebben bewezen in diagnostische
studies, kunnen ze niet gebruikt worden in onderzoek naar determinanten van
hippocampus atrofie omdat ze daarvoor te veel geassocieerd zijn met ventrikel
grootte en globale brein atrofie. Voor toekomstige studies naar oorzaken
van dementie zou het interessant zijn om te bepalen of de hippocampus
juist sneller in volume afneemt dan de rest van het brein. Tevens kunnen
longitudinale studies onderzoeken of mensen met een klein volume van de
hippocampus ten opzichte van de rest van het brein een hogere kans lopen
op het ontwikkelen van dementie. Met nieuwe automatische segmentatie
technieken waarmee nauwkeurig de volumes van het brein bepaald kunnen
worden en waarmee in de nabije toekomst waarschijnlijk ook de volumes van
de hippocampus gemeten kunnen worden is het mogelijk dit te onderzoeken
in grote studiepopulaties.
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Mijn onderzoek is een onderdeel van de SMART-studie, en er hebben vele
mensen meegewerkt aan het tot stand komen van dit proefschrift. Graag wil ik
daarom de volgende personen bedanken:
Prof. W.P.Th M. Mali, geachte promotor, u heeft op de juiste momenten sturing
gegeven aan dit proefschrift en ik bewonder uw capaciteit om met enkele
opmerkingen de essentie van een artikel in wording helder neer te zetten. Ik
dank u voor uw begeleiding en de ruimte die u liet om dit proefschrift af te
ronden.
Prof. Y. van der Graaf, geachte promotor, beste Yolanda, mag ook ik je bedanken
voor al je raad, zowel wetenschappelijk als in de persoonlijke sfeer. Onze
bijeenkomsten waren altijd ontspannen en nuttig, het leek wel of alle beren die
ik op de weg naar het promoveren zag in jouw kamer niet bestonden. Het is
goed om te merken dat als het even tegen zit je deur altijd openstaat.
Dr. M.I. Geerlings, geachte co-promotor, beste Mirjam, bedankt voor je
begeleiding en steun de afgelopen jaren. Dit onderzoek is uit jouw (VIDI)
onderzoeksplan ontstaan en het is dus een open deur, maar een die ik toch
graag inloop: zonder jou was dit proefschrift nooit tot stand gekomen. Ik
ben blij dat je mijn directe begeleider was en mij de weg hebt gewezen in de
wetenschappelijke wereld. Je was altijd enthousiast, kritisch en vol met al dan
niet gespeelde twijfel over de inhoud van een artikel, kenmerken die nodig
zijn om samen een goed wetenschappelijk werk neer te zetten. Als jij een van
onze artikelen reviseerde betekende het voor mij vaak weer veel werk, maar
het werd er altijd beter van! Ik heb veel van je geleerd en genoten als we een
vrij konden associeren over het onderwerp van een nieuw artikel. Dank voor de
samenwerking.
De leden van de beoordelingscommissie, te weten Prof. Dr. A. Algra, Prof. Dr.
M.M.B. Breteler, Prof. Dr. H.E. Hulshoff Poll, Prof. Dr. G.J.E. Rinkel dank ik voor hun
bereidheid het manuscript te lezen en de beoordeling daarvan.
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Dit is een wederom een SMART-production en daarom niet mogelijk zonder
de medewerking van alle SMART medewerkers. Loes, Lies, Hetty, Ursula en
Desiré: special thanks to you, ik heb altijd veel lol gehad daar beneden op
de woensdagen. Ik ben erg blij dat jullie alle deelnemers zo enthousiast en
vriendelijk ontvangen, volgens mij een heel belangrijk onderdeel van het
succes van het SMART onderzoek. Verder wil ik ook bedanken voor de prettige
samenwerking: Cindy, Sabita, Maaike, Rutger en Harry (mooie das heb je aan!)
en natuurlijk de SMART artsen, Anneloes, Petra, Beate, Auke, Sefanja en Anne.
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Dr. Ir. K.L. Vincken, beste Koen, het is al vaker gezegd, maar ik blijf het fascinerend
vinden dat jij met je computer kan praten. En belangrijker is nog dat er dan ook
nog een werkend segmentatieprogramma uitkomt dat voor ons noodzakelijk
is om die eindeloze reeks van de brein- en hippocampusvolumes te bepalen.
Ik vind je instelling en bereidheid om mee te denken met nieuwe plannen erg
verfrissend en dank je voor je samenwerking.
Anneloes Vlek, Ula Khatib en Theo Witkamp, bedankt voor alle hulp bij het
gereed maken van de segementaties van de SMART-SMS breinen. Hier zijn
bergen werk verzet, dank daarvoor.
Ik wil graag alle deelnemers aan de SMART en SMART-SMS studie bedanken
voor hun tijd en moeite, dankzij hun participatie is dit onderzoek mogelijk
gemaakt.
Collega arts-assistenten van de Radiologie: Het is niet altijd eenvoudig deze
twee banen te combineren en ik wil jullie bedanken voor alle medeleven en
begrip.
Alle Julius kamergenoten van 6.119, het was zo gezellig dat ik nooit een
schrijfkamer overwogen heb! Carianne, Auke, Hadi, Saskia, Annemieke, Joris,
Rieke, Peter en vaste vriend van 6.119, Rolf en later Bauke, Martijn, Carolien
en Marjolein. Jullie allen dank ik voor de gezelligheid, collegiaal overleg en de
talloze nuttige en zinloze discussies. Gedurende een tijd van 3 jaar ben ik met
plezier naar mijn werk gegaan, mede dankzij jullie.
Verder alle andere collega’s van het Julius, promoveren met zoveel
gelijkgestemden is stimulerend en de borrels, uitjes, jobs en de meest nutteloze
emailtjes over van alles en nog wat (wie heeft de koffiemelk van de koffieruimte
op de 7e meegenomen - kan iemand mij trouwens uit die lijst halen ;)) waren
belangrijke toevoegingen aan het werkende leven.

Lieve Carianne, ik ga er nog steeds vanuit dat we over 10 jaar elkaar wel nog
zien!
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Lieve Lotte, partner in onderzoek, dank de afgelopen jaren voor je eigenwijze
enthousiasme! Je hebt heel veel ideeen en die weet je in een spraakwaterval
te brengen. Ondanks deze andere stijl vond ik de samenwerking tussen ons
erg geslaagd. Ik ben blij dat we ons de hippocampus- inteken-experts van het
UMCU mogen noemen, bedankt voor de fijne samenwerking.

Mijn jaarclubgenoten en alle vrienden (met natuurlijk de vaste groep uit
Maastricht: Suus, Beus, Joos, Raph, Tom, Miel en Jean) bedankt voor het af en
toe informeren naar waar ik in vredesnaam mee bezig was. Ik hoop dat dit
boekje het allemaal wat tastbaarder maakt.
Speciale dank gaat uit naar de vaste krachten van het dinsdagavond fitnesseten. Het fitnessen is al lang verlaten, maar het eten zit er nog steeds in. Arno,
Lucas (bedankt voor de foto) en Wouter; jullie hebben van dichtbij meegemaakt
hoe moeilijk het af ten toe was, bedankt voor al jullie steun.
Auke, het samen opzetten van SMS, het nadenken over het onderzoek, en het
schelden op reviewers die er weer eens niets, maar dan ook helemaal niets van
begrepen hadden, waren belangrijk voor mij- maar dat alles valt in het niet bij
alle vrienschap die je hebt gegeven de afgelopen tijd. Dank daarvoor.
Mijn Paranimfen, Sander en Peter, ik ben blij dat jullie mij willen steunen tijdens
de promotie plechtigheid. Sander, rond onze stage in ‘t Hopkins is er mooie
vriendschap ontstaan en ik ben dan ook blij dat we daar samen geweest zijn
(BTA!). We hebben samen al veel meegemaakt, maar ik ben soms nog verbaasd
over hoe jij dingen met enthousiasme en ontwapenende openheid benadert,
en dat doet me plezier. Bij Geerte en jou thuis voel ik me altijd meer dan welkom
en geniet van jullie warmte.
Peter, allereerst een geruststelling: ik ga je niet vergeten in mijn dankwoord.
Daarvoor heb ik de afgelopen jaren teveel genoten van de unieke en diverse
persoon die je bent. Ons hele promotie traject hebben we lief en leed gedeeld
en ik heb meerdere malen met plezier geluisterd naar je breedsprakige
uiteenzetting van een van je vele ideeen of opinies. Ik vind het fascinerend hoe
jij onlogische dingen heel logisch weet te brengen. Maar daarnaast kun je ook
goed luisteren als het er echt toe doet en dat waardeer ik zeer.
Beus, we kennen elkaar al heel lang, ondanks dat je grotendeels in Brussel zat
hebben we altijd tijd kunnen vinden voor dat bakkie in het weekend. Je bent
erg belangrijk voor mij.
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Dan mijn lieve broers, Thijs, lieve Vivianne en Noud, Thomas en lieve Nina, Jean
en Rick. Het is zo belangrijk om goed contact met je familie te hebben. Ik ben
blij dat we elkaar zo vaak zien. Jullie geven allen op je eigen manier heel veel
steun aan mij en ik kan me dan ook geen betere familie wensen. Ik hou van
jullie allen!
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Lieve pap en mam, bedankt voor het onvoorwaardelijke vertrouwen en de
steun die ik altijd ervaar. Ik heb zoveel bewondering voor jullie; jullie geven ons
allemaal het gevoel dat we speciaal zijn. Ik ben dankbaar voor alle liefde die
jullie geven en ik hou ontzettend veel van jullie.
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