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GENERAL INTRODUCTION

Brain & cognition: a spearhead on the Dutch research agenda

Cognitive problems are considered to have the biggest influence on the quality of life
of older people compared to other chronic diseases that occur with ageing for example
rheumatic, heart and vessels, diabetes and pulmonary complaints (Lavender 2008). In
ageing populations, like in the Netherlands, the rise in incidence and prevalence of demen-
tia is an important social and economic concern. Dementia will, most probably, become
the number one cause of death in 2040 (The Dutch National Institute for Public Health
and the Environment 2017). To prepare for the upcoming decades the Netherlands Orga-
nization for Scientific Research and the Royal Netherlands Academy of Arts and Sciences
launched several initiatives between 2000-2017 that made brain and cognition the corner-
stone of the Dutch research agenda (https://www.hersenenencognitie.nl/publications/
64). Regarding dementia and cognitive decline, research was supported that could 1) im-
prove our understanding of the pathophysiology of cognitive decline and dementia,
2) identify early markers of dementia, 3) identify modifiable risk factors that can coun-
teract or delay the onset of cognitive decline, and 4) ultimately find a way of preventing
or cure dementia. The research presented in this thesis was part of this larger movement
and focused for one part on finding early markers of dementia on structural magnetic
resonance imaging (MRI) and for another part on improving our knowledge on how to
perform volumetric and morphometric studies of the human brain in face of neurode-
generative changes.

Theoretical concepts of Alzheimer’s disease

In 1907, Alois Alzheimer presented a case of a woman of 51 years with progressive
cognitive decline leading to the clinical description of a condition he named “pre-senile
dementia” (Alzheimer 1907). Although asylum carers had been familiar with dementia in
older people for centuries, the condition of Alzheimer’s case had attracted his attention
because of the rapid course of the disease and the relatively young age of the patient.
He examined her brain after she died and found large quantities of neurofibrillary tan-
gles and amyloid plaques. Nowadays, this form of dementia would perhaps be classified
as a familial form of Alzheimer’s disease (AD). This form of AD is relatively uncom-
mon, constituting merely 3–5% of all AD cases (Fjell and Walhovd 2012). However,
research throughout the 20th century showed that the most common form of demen-
tia in older people is also characterized by accumulated amyloid-β (Aβ) plaques and
neurofibrillary tangles (Ingelsson et al. 2004). This form of dementia is now known as

https://www.hersenenencognitie.nl/publications/64
https://www.hersenenencognitie.nl/publications/64
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late onset sporadic AD. The current lifetime risk for a 65-year to develop this disease
is estimated around 10.5% (Sperling et al. 2011). Definite diagnosis of AD is still made
by postmortem analysis of the brain tissue. In clinical practice, however, people with
suspected dementia are evaluated relative to the consensus NINCDS–ADRDA criteria
(McKhann et al. 1984). The diagnosis of “probable AD” requires 1) progressive cognitive
decline present in at least 2 areas of cognition in an individual between 40-90 years and
2) absence of other causes of the cognitive decline. These diagnostic criteria identify
AD patients relatively late when the disease has already entered a full clinical stage.
Researchers in the field, however, have an interest in selecting AD patients much earlier
in their disease process. The update of the criteria in 2011 fulfilled this need to uni-
formly identify and stage patients in preclinical phases of AD by incorporating markers
for Aβ accumulation and markers for neuronal degeneration (Jack, Albert, et al. 2011).
Although making the diagnosis has reached global standardization, the cause of AD is
still unknown and widely debated. Our current understanding of the pathological process
leading up to the clinical presentation of AD is encapsulated in two different theoretical
models.

Cholinergic hypothesis of Alzheimer’s disease

The first model considers AD as the result of a reduction of the activity of the cholinergic
system. This hypothesis was based on observations made in the late 60s and early 70s
of the 20th century, of substantial neo-cortical deficits in choline acetyltransferase, an
enzyme responsible for the synthesis of acetylcholine, reduced acetylcholine release, and
loss of cholinergic cells in the nucleus basalis of Meynert in patients with AD. The cho-
linergic system is housed in the subcortical gray matter nuclei consisting of the striatum,
basal nucleus of Meynert, other basal forebrain complex structures, and amygdala and
has numerous downstream projections to cholinergic receptors on pyramidal neurons of
allocortical and isocortical areas (Francis et al. 1999). There is no consensus on how
cholinergic dysfunction influences the function of the cortex. It has been postulated that
loss of cholinergic excitatory input to the pyramidal neurons may lead to hypoactivity
with maintained inhibition by GABAergic neurons (Francis et al. 1999). However, others
have postulated that low levels of acetylcholine may allow “runaway synaptic” modifi-
cations to form, leading to excitotoxicity of glutamatergic cortical neurons. This would
be especially damaging for the medial temporal lobe, being one of the most constantly
active structures in the brain due to its constant synapse formation supporting episodic
memory (Hasselmo and Schnell 1994; Spitzer 1999). Regardless of the exact effect of
acetylcholine on the cortex, this cholinergic model of AD considers the subcortical basal
forebrain complex as the primary site of pathology leading to secondary neurodegen-
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erative effects in the cortex exhibiting a localized vulnerability. In accordance with this
model, the only validated treatment available today for AD patients in early phases of the
clinical process is pharmacological inhibition of acetylcholinesterase. Acetylcholinesterase
inhibitors have been shown to give moderate symptoms relieve in the early stages of the
disease (JT O’Brien et al. 2017).

Amyloid cascade model

The second model considers AD as the result of accumulation of Aβ plaques and the
pathological events that follow from that. This model has focused on the finding of the
abundance of neurofibrillary tangles and amyloid plaques in the cortex in post mortem
brain specimens of patients with AD compared to those who were not suspected to
have AD. Both are considered primary markers for establishing the definite diagnosis
of AD, although neither is exclusively present in AD. Neurofibrillary tangles are also
found in other taupathies diseases i.e., Parkinson’s disease, Lewy body dementia (Iqbal
and Grundke-Iqbal 2004) and amyloid plaques are also found in patients without signs of
dementia before their death (Snowdon 2003; Latimer et al. 2017). Neurofibrillary tangles
and amyloid plaques are not distributed in the same temporospatial way throughout
the brain. An influential study published in 1991 described the spread of neurofibrillary
tangles in a highly predictable temporospatial manner (H Braak and E Braak 1991). This
temporospatial spreading pattern, known as the Braak and Braak stages, predicts the
appearance of neurofibrillary tangles first in the transentorhinal and entorhinal cortices
(stage I and II) after which they appear in the hippocampus (stages III and IV) and finally
there is extensive neocortical involvement (stages V and VI). Neurofibrillary tangles are
composed of aggregates of hyperphosphorylated tau protein and thought to represent
remains of pyramidal neurons that have undergone a degenerative process. The stages of
neurofibrillary tangle accumulation have shown to parallel the stages of brain atrophy in
AD, which is encountered first in the medial temporal lobe, then in other limbic areas, and
eventually affecting the whole brain (Dallaire-Théroux et al. 2017). The accumulation of
amyloid plaques occurs in a different manner. These are found throughout the cortex in
early stages (Thal et al. 2002). The main constituent of amyloid plaques is Aβ42, which
is proteolytically derived from amyloid precursor protein (APP). The accumulation of
Aβ plaques has been attributed to inability of clearance of the insoluble Aβ form. It has
not been clarified why Aβ plaques starts appearing in the brain, but it is suspected that
genetic predisposition plays an important role, given that genetic mutations associated
with familial AD are encoded on the APP gene (Fjell and Walhovd 2012). The formation
of Aβ plaques is thought to hamper the neuronal synaptic function and ultimately leads
to neuronal death (Takahashi et al. 2002; Oakley et al. 2006). However, toxicity of
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Aβ plaques is debated because about one third of elderly without cognitive or clinical
symptoms is found to have plaques. This may suggest that the presence of Aβ plaques
in the brain is not sufficient to cause AD. Contrary to the cholinergic hypothesis, the
amyloid cascade model of AD considers AD a primarily cortical disease.

Regardless of the underlying model, AD is suspected to have a very long asymp-
tomatic prodromal period of 1 or 2 decades before clinical symptoms appear (Amieva
et al. 2008). Indeed accumulation of Aβ can be detected in 4% of adults in their 40s
without symptoms (H Braak, Thal, et al. 2011). After failure of many attempts to find
a therapy for AD in the clinical phase of the disease, research is starting to aim at pre-
ventive interventions in preclinical stages of the disease. Identifying early markers of the
disease in this prodromal period is essential for this kind of research.

Relevance of neuroimaging studies in the assessment of AD

Today brain MRI is an established part in the assessment of patients with cognitive
decline and suspected dementia (Sperling et al. 2011). The current role of structural
brain MRI in clinical practice is twofold. First, MRI is used to exclude other (potentially
treatable) causes of cognitive decline such as tumors or ischemic disease. And second,
MRI is used to differentiate between different types of dementias. One way in which
this done is by determining whether a typical pattern of cortical atrophy is present.
For example, predominant atrophy of frontal and anterior temporal pole is suggestive
of frontotemporal dementia, whereas predominant atrophy of the medial temporal lobe
is suggestive of AD (Bocti et al. 2006). Also, other additional findings are supportive
for certain diagnoses like cortical diffusion restriction is specific for Creutzfeldt–Jakob
disease in the appropriate clinical context. However, clinical assessment of the patient
is still the most important for establishing the eventual diagnosis. Abnormal cognitive
test scores mark the beginning of the clinical disease, but the onset of this is influenced
by the pre-morbid cognitive level of functioning and/or cognitive reserve (Stern 2012).
Therefore, studies are conducted to explore extending the use of neuroimaging as a
screening tool for AD especially for preclinical stages. Structural MRI as a screening
method is most elegant, because of its widespread availability and noninvasive character.
Global or focal loss of brain volume on structural MRI is thought to reflect loss of
pyramidal neurons. Loss of medial temporal volume is considered the hallmark imaging
marker for AD. In predicting change in cognitive functioning, neuroimaging markers have
proven to be superior to CSF Aβ measurement (Walhovd et al. 2010; Da et al. 2014).
Other imaging methods to evaluate those in preclinical stages of AD are amyloid and
FDG PET scanning. Use of these methods is however limited, because they are expensive
and invasive, and without perspective on adequate treatment they are not yet suitable
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as a screening tool.

Hippocampal atrophy as imaging marker in AD

Medial temporal lobe volume loss is the most studied neurodegenerative marker of AD. It
has been found to correlate with diagnosis of AD, to predict progression from mild cogni-
tive impairment to AD, and to relate to disease severity (Jack, Petersen, PC O’Brien, et
al. 1992; Fox et al. 1996; Jack, Petersen, Xu, et al. 2000; Schuff et al. 2009; Devanand
et al. 2007). Medial temporal lobe atrophy is easily detected when visually inspecting the
thickness of the hippocampus on MRI. Clinicians successfully integrated medial temporal
lobe atrophy in daily clinical practice due to its high reproducibility, both when assessed
semiquantitatively by visual scoring (Scheltens score) as when estimated quantitatively
by manual or automated segmentation (Zandifar et al. 2017). Also, cognitive testing
together with assessment of medial temporal lobe atrophy was shown to improve the
accuracy of diagnosis as compared to cognitive testing alone (Da et al. 2014). Although
medial temporal lobe volume loss was shown to correspond well with the accumula-
tion of neurofibrillary tangles as predicted by the Braak and Braak stages and clinical
progress of the disease, it is thought to occur relatively late in the disease process. The
current dominating view within research on the relation of biomarkers and AD is cap-
tured in the dynamic biomarker model (figure 1). This model presumes that biomarkers
reflecting levels of amyloid-β accumulation in the brain become abnormal long before
hippocampal or whole brain atrophy and clinical symptoms occur (Jack, Knopman, et al.
2010). Based on the temporal relation of biomarkers and AD proposed by this model,
use of medial temporal lobe atrophy is suited as a marker in secondary prevention trials
in patients presenting with the earliest clinical stage of the disease or as an outcome
measure (Cavedo et al. 2014). In the asymptomatic preclinical stages, however, medial
temporal lobe atrophy may not be an adequate marker but amyloid markers may show
more-substantial abnormalities (Frisoni et al. 2010). Thus, despite 3 decades of inten-
sive neuroimaging research in AD, no accurate preclinical structural MRI marker for AD
has been identified. Besides the study of atrophy of different structures of the medial
temporal lobe, the allocortical cingulate gyrus and whole brain atrophy, there are some
structures in the brain that have been given surprisingly little attention on structural
MRI in AD. These are the subcortical structures that host the cholinergic system.

Why focus on the striatum when studying AD?

The first part of this thesis focused on volumetric and morphometric changes in the
striatum in AD. There were three main arguments for studying the striatum in relation
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Figure 1: Theoretical model of the progression of biological markers of AD
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to AD and in particular as a candidate structure for being affected early in the dis-
ease process. First, the ventral striatum is an integrated part of the limbic system. The
structure and function of all other limbic structures, i.e., entorhinal cortex, amygdala,
hippocampus, basal forebrain, fornix, cingulate gyrus and medial prefrontal lobe, have
been shown to be affected earlier in AD than neocortical structures (Mielke et al. 2012).
The striatum forms the largest deep gray matter nucleus in the brain and consists of the
caudate nucleus and putamen. The caudate nucleus and putamen are phylogenetically
the same structure, which in the human brain, as opposed to for example rodent brains,
is dispersed by the traversing internal capsule (Steiner and Tseng 2010). The function of
the striatum is not fully understood. Historically, the striatum is thought to play a role
in motor function, based on its association with neurodegenerative disorders affecting
the control of movement, such as Parkinson’s and Huntington’s disease. However, the
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last decades have shown the function of the striatum to be more complex mediating the
full range of goal-directed behaviors, from motivation, reward and reinforcement based
learning, decision making, to shaping final motor outcome (Haber 2016). The striatum
receives input from nearly all areas of the cortex, the thalamus, and the dopaminergic
cells of the brainstem in a roughly topographic organization (Haber 2016). The striatum
projects GABAergic neurons to the internal segment of the globus pallidus and sub-
stantia nigra pars reticulata, termed the direct pathway, and to the external segment of
the globus pallidus and subthalamic nucleus, termed the indirect pathway. From there
projections arise via the thalamus back to mainly the frontal cortex (Shipp 2017). A
distinction is made between the dorsal striatum and the ventral striatum. The ventral
striatum occupies over 20% of the striatum (Haber 2011) and includes the nucleus ac-
cumbens, the medial and ventral portions of the caudate and putamen. There are no
clear cytoarchitectonic borders between the ventral and the dorsal striatum but there
is a gradual transition between areas with some differences in cellular composition (fig-
ure 2). The ventral striatum receives projections from the allocortical areas whereas the
dorsal striatum receives projections from the neocortical areas (Gray 1999). The ventral
striatum is considered part of the limbic system, projecting via the ventral pallidum and
substantia nigra, subsequently the medial nucleus of the thalamus back to the ventral
medial pre frontal cortex, the orbitofrontal cortex, dorsal anterior cingulate cortex and
medial temporal lobe (Haber and McFarland 1999). Figure 3 schematically displays the
main connections of the dorsal and ventral striatum with the rest of the brain. Given the
central role of the ventral striatum in the limbic circuitry both receiving and projecting
to other limbic structures, one of the focuses of the research presented in this thesis
was to investigate whether the ventral striatum also showed stigmata of degeneration
and in what stage of AD.

The second argument for investigating the striatum in AD was related to the known
loss of cholinergic cells in AD. The largest concentrations of cholinergic cells in the brain
are found in the basal forebrain complex and in the striatum (Havekes, Abel, and Van
der Zee 2011). In AD a marked loss of the magnocellular cholinergic neurons is found in
the basal nucleus of Meynert especially those areas that project to the medial temporal
lobe, temporal pole and superior temporal lobe (Liu et al. 2015). Atrophy of the basal
forebrain complex has been found to correlate with Aβ burden (Kerbler et al. 2015).
However, the striatum, rich of magnocellular cholinergic neurons, has not been studied
extensively on brain MRI in relation to AD.

The last argument to study the striatum in relation to AD was related to recent
findings of PiB PET amyloid imaging studies. In presenilin carriers associated with a
familial form of AD, Aβ deposition was shown to start in the striatum around the age
of 45, when there was yet no proof of Aβ deposition in the cortex or hippocampus
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Figure 3: Schematic representation of the main connections of the ventral and dorsal
striatum with the rest of the brain
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(Villemagne, Ataka, et al. 2009; Klunk et al. 2007). In mice studies, overexpression of
Aβ protein was associated with a reduction in striatal neurons (Richner, Bach, and West
2009). Although studies to late onset sporadic AD have not confirmed the presence of
early striatal Aβ depositions so far (Villemagne, Burnham, et al. 2013), the studies on
familial AD suggest that the striatum is vulnerable to the presence of Aβ even in small
quantities.

Allometric scaling in brain development and atrophy

The second part of this thesis focused on how premorbid brain size influences brain
structure and degeneration. Brain atrophy is widely studied, because it is assumed that
loss of (regional) brain volume is a predictor for disease and goes hand in hand with
functional decline of the brain (area). Manual segmentation of brain MRI is, however,
time-consuming and limits the size of a study population. In the last two decades several
software packages became freely available enabling automated estimation of intracra-
nial volume (ICV) and total brain volume, and automated segmentation of different
tissue classes of gray matter, white matter, and cerebrospinal fluid (FreeSurfer soft-
ware (Freesurfer Software website; cortical Reconstruction and volumetric segmenta-
tion (Accessed July 1, 2018; http://surfer.nmr.mgh.harvard.edu)), SPM software (Ac-
cessed July 1, 2018; http:// www.fil.ion.ucl.ac.uk/spm/)). This was followed in more
recent years by the development of semiautomated brain segmentation tools dedicated
to segmentation of the deep gray matter structures (FIRST website, (Accessed July 1,
2017; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST)). These automated segmentation
techniques of brain MRI have led to a boom in comparative volumetric brain studies
in clinical and epidemiological settings. Brain volumetric and morphometric studies are,
however, met with criticism. On a group level, MRI-based measures of brain (substruc-
ture) volumes have proven their value by providing insight into the onset and spatial-
temporal dynamics of cortical atrophy in normal ageing and neurodegenerative diseases
such as AD. Nonetheless, results of brain comparative studies are not always useful for
the individual patient because the predictive value of brain (structure) volumes for dis-
ease on individual patient level remains poor. The main reason for the poor predictability
of brain volume for disease on individual level is the substantial variation in brain size in
the general population. Brain volume or volume of its substructures cannot be studied
directly, but are usually investigated relative to their maximal premorbid size. Head size
or ICV are considered proxies for premorbid brain size and correction for either one of
these in comparative brain studies is common practice (Barnes et al. 2010). One aspect
in brain comparative studies that has not received enough attention is that some widely
used methods of ICV adjustment are based on the assumption that brain substructures

http://surfer.nmr.mgh.harvard.edu
http://www.fil.ion.ucl.ac.uk/spm/
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST


20 Chapter 1

scale linearly to ICV. For example, affine registration methods to align MR images of
different individuals or the use of ratios of brain (substructure) volume to ICV, both
assume that brains of different sizes are more or less linearly upscaled versions of each
other. Although, this assumption is considerably influencing outcome measurements, it
has not been tested sufficiently. As part of the efforts to improve accuracy and predictive
value of brain volume for disease on a individual level, the second part of this thesis was
dedicated to the study of scaling of sub-structures of the brain relative to ICV. Whether
substructures of the brain scale isometrically to ICV was put to the test in a large
population-based cohort. Furthermore, not only in brain development, but also current
conceptions of degeneration of the brain and its influence on cognition are often based
on assumptions of linearity. Therefore, in the last chapter the process of neurodegen-
eration, as reflected by several MRI markers of neurodegeneration, was studied relative
to ICV in a population of older people spanning the spectrum from healthy cognitive
ageing to dementia.

Aim of this thesis and brief outline

The aim of this thesis was first to investigate whether and to what extent the striatum
undergoes degenerative changes in AD and whether striatal atrophy is related to cogni-
tive decline in older people. The second aim of this thesis was to improve our knowledge
on the physiological variability in brain structure and degeneration, which may result in a
better understanding and identification of pathological atrophy patterns. Therefore this
thesis is comprised of two complementary parts.

Part 1 investigated volumetric and morphometric changes of the striatum and its
substructures in AD and its relation to cognitive decline. The central research question in
chapter 2 was whether the volumes of the striatum and its substructures were decreased
in patients with AD compared to those who had healthy cognitive test scores. For this
study brain MR images of a memory clinic population were investigated. In chapter 3,
MR images of the same study population were further examined on the shape of the
striatum. The question at stake was whether the striatum was losing volume in AD in a
global manner or whether certain parts of the striatum were more affected than others.
In particular it was investigated whether there was a difference between the ventral
(limbic) and dorsal striatum. In chapter 4, the relation of the volume of the striatum and
cognitive performance was studied with follow-up measurements of cognitive function
spanning a decade. The relation of the volumes of the striatum (and its substructures)
and global cognitive performance was compared with the relation of hippocampal volume
and cognitive performance. Finally, since AD often co-occurs with large and/or small
vessel disease, in chapter 5, it was examined whether change in striatal and hippocampal



Chapter 1. General introduction 21

volumes were influenced by the presence of cardiovascular risk factors.
Part two of the thesis investigated scaling of brain substructure volumes to ICV in a

population based cohort of older adults. In chapter 6 allometric scaling of substructures
of the brain relative to ICV were investigated and the importance of scaling properties for
adjustment methodologies in comparative brain volumetric studies discussed. In chap-
ter 7 the neurodegenerative process was studied relative to ICV in both cross-sectional
and follow-up samples of older people spanning the spectrum from healthy cognition
to dementia. More precisely, the influence of ICV on the amount of brain atrophy and
white matter lesion load were studied, as well as the effect of ICV on the relation of
these neurodegenerative markers and cognition.

Final chapter 8 summarizes and provides a general interpretation of the results of
the work presented in this thesis.
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ABSTRACT

Background Atrophy is regarded a sensitive marker of neurodegenerative pathology.
In addition to confirming the well-known presence of decreased global gray matter and
hippocampal volumes in Alzheimer’s disease (AD), this study investigated whether deep
gray matter structures also suffer atrophy in AD, and whether such degeneration is
associated with impaired cognitive function.

Methods In this cross sectional correlation study, two groups were compared on vol-
umes of 7 subcortical regions: 70 memory complainers and 69 subjects diagnosed with
probable AD. Using 3T 3D T1 MR images, volumes of nucleus accumbens, amygdala,
caudate nucleus, hippocampus, pallidum, putamen and thalamus were automatically cal-
culated by the FIRST-algorithm (FMRIB’s Software Library). Subsequently, the volumes
of the different regions were correlated with cognitive test results.

Results In addition to finding the expected association between cognitive decline
and hippocampal atrophy in AD, volumes of putamen and thalamus were significantly
reduced in patients diagnosed with probable AD. We also found that the decrease in
volume correlated linearly with impaired global cognitive performance.

Interpretation These findings suggest that, beside neocortical and hippocampal at-
rophy, the deep gray matter structures in AD suffer atrophy as well and that degenerative
processes in the putamen and thalamus may contribute to cognitive decline in AD.
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INTRODUCTION

Characteristic degenerative pathology in Alzheimer’s disease (AD) consists of atrophy
and the increased presence of neurofibrillary tangles and amyloid plaques. This degener-
ative pathology gradually accumulates over a period of years, long before clinical symp-
toms become manifest (Jack et al. 1999; CD Smith et al. 2007). Herein, atrophy is
considered a better marker for impaired functioning of brain regions than the deposits of
insoluble proteins in plaques and tangles, since only a small portion of neurons contains
tangles and the number of neurons that die, exceeds by far the number that contains
tangles (AD Smith 2002). Description of cerebral atrophy patterns in the process of AD
is considered important, because it may provide information on the pathogenesis of AD
and on the contribution of various brain structures to cognitive decline.

Structural imaging studies have already identified several diagnostic markers of AD
related to atrophy: hippocampal atrophy (de Leon, Convit, et al. 1995), amygdalar
atrophy (Horinek, Varjassyova, and Hort 2007), medial temporal lobe atrophy (de Leon,
Golomb, et al. 1993; Scheltens et al. 1992), precuneus atrophy (G Karas et al. 2007),
and global gray matter atrophy (GB Karas et al. 2004). Most studies have focused on the
cortex, and especially the hippocampus, regarding their crucial roles in higher cognitive
functions and memory processes respectively, whereas the basal nuclei and thalamus have
received less attention. There are, however, many reasons to assume that degeneration
of deep gray matter structures, besides the hippocampus and the amygdala, may also
occur in the process of AD and may contribute to cognitive deterioration. In 1990,
Braak et al. noted the presence of amyloid depositions in the striatum in AD patients.
Klunk et al. (2007) found that amyloid depositions appear in the striatum in very early
stages of the disease in PS1 mutation carriers. Both studies indicated that the striatum
is prone to AD pathology. Regarding subcortical atrophy and AD, Ferrarini et al. (2006)
reported the changes in shape of the ventricle system in areas adjacent to the amygdala,
thalamus, and caudate nucleus in patients with AD, indicating atrophic changes in those
regions. Direct measurement of the caudate nucleus in AD patients revealed diminished
volumes of this structure, although proportionate to whole brain atrophy (Almeida et
al. 2003). Direct measurement of subcortical structures in Parkinson’s disease, another
neurodegenerative disorder accompanied in advanced stages by dementia, also showed
decreased volumes of putamen and pallidum (Geng, Li, and Zee 2006). The impaired
functioning of the basal nuclei has previously been related to cognitive dysfunction, since
neurodegenerative extrapyramidal syndromes commonly show symptoms of cognitive
dysfunction such as visuospatial deficits, depression, anxiety, and, in progressed stages,
clinical dementia syndrome (Borroni et al. 2008). Atrophy of the thalamus has also been
associated with cognitive decline in neurodegenerative disorders other than AD such as
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multiple sclerosis, Huntington’s disease, and Lewy body disease (Houtchens et al. 2007;
Kassubek et al. 2005; Barber et al. 2002). Although little is known about the specific role
that subcortical and thalamic structures have in cognitive processes, it is well recognized
that the thalamus is essential for generating attention (Newman 1995) and it’s anterior
and medial nuclei are involved in declarative memory functioning (Van der Werf et al.
2000). In spite of all these data, direct measurement of volumes of all large subcortical
structures in AD patients, compared to those without cognitive impairment has not
been assessed before; similarly, the correlation between the decrease of their volume and
cognitive functioning has never been reported in the literature.

In this study we used FMRIB’s Integrated Registration and Segmentation Tool
(FIRST) (Patenaude et al. 2007b) to automatically measure the volumes of amygdala,
hippocampus, nucleus accumbens, caudate nucleus, putamen, pallidum, and thalamus
in patients visiting the outpatient memory clinic of our hospital. The aim of this study
was to assess whether differences exist between volumes of the basal nuclei and the tha-
lamus of subjects with AD compared to elderly subjects without cognitive impairment.
We hypothesized that smaller volumes of the basal nuclei and thalamus exist in AD
patients due to more severe atrophic changes in those regions, compared to the volume
loss accompanying “normal ageing” in elderly subjects in whom no cognitive impairment
can be objectified. We also hypothesized that smaller volumes of the deep gray matter
structures, when corrected for age, gender, years of education, head size, and neocortical
gray matter volume, correlate with poorer cognitive test results.

METHODS

Study design

Two hundred and nineteen consecutive patients, who visited the outpatient’s clinic for
memory deficits of the geriatric department of the Leiden University Medical Center
(LUMC) between January 1, 2006 and October 1, 2007 were recruited for this study.
All subjects who visited the clinic complained of memory loss and were examined ac-
cording to a standardized protocol, which included whole brain MRI, neuropsychological
screening, and a general medical and neurological examination by a neurologist or geria-
trician. Cognitive testing took place prior or after MRI testing with a maximal interval of
14 days. The eventual diagnosis was determined in a multidisciplinary consensus meeting
which employed the National Institute of Neurological and Communicative Disorders and
Stroke and Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA)
criteria for diagnosing probable AD (McKhann et al. 1984). This cross-sectional case-
control study was approved by the local ethics committee. Written informed consent
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was obtained from all subjects or from a close relative if a patient was demented.

Subjects

Subjects visited the memory clinic for a variety of indications, mostly memory com-
plaints experienced by the patient or notified by people in his or her environment. In a
multidisciplinary meeting, patients were categorized as having possible or probable AD,
mild cognitive impairment, or a neurological or psychiatric disorder. The remaining pa-
tients, by whom objectively no memory deficits could be detected, were classified as
memory complainers (MC). Attention was given to factors that might contribute to
memory complaints in this heterogeneous group. Part of the memory complainers suf-
fered mild depressions (Geriatric Depression Scale (GDS) (Yesavage and Sheikh 1986)
< 10 (n = 12)), while in another part memory was declined due to psychosocial factors
such as the loss of a family member or problems at work (n = 17). For over half of the
memory complainers no clear explanation for subjectively experienced memory decline
was found. Part of them might have had a very early stage of dementia, undetectable
by our present means. For our study we included 139 subjects, for whom complete
datasets were available. Seventy of them were classified as memory complainers and 69
as probable AD patients.

In total 80 subjects were excluded. Among them were subjects who did have cognitive
impairment detected during neuropsychological testing but did not meet the criteria for
probable AD (n = 33), or were diagnosed with other forms of dementia (frontotemporal
dementia n = 3, Lewy body disease n = 1, vascular dementia n = 3, Parkinson’s
dementia n = 2). Other exclusion criteria for this study included; other neurological
disorders (n = 14) e.g., normal pressure hydrocephalus, intracranial tumors, stroke etc.;
severe mood disorders with GDS > 10 (n = 10); alcohol abuse (n = 8); insufficient
scan quality (n = 2); and reexamination of the subject neuropsychologically (n = 4).

Neuropsychological assessment

The cognitive functioning of all subjects was assessed using a standardized neuropsycho-
logical test battery, including the Cambridge Cognitive Examination-Revised (CAMCOG-
R) (Roth et al. 1988) incorporating the Mini Mental State Examination (MMSE) (MF
Folstein, SE Folstein, and McHugh 1975). Furthermore, all subjects were examined for
signs of depression using the GDS to rule out severe depression as contributory factor
to memory loss or cognitive decline.
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MR data acquisition

MRI was performed using a 3.0 Tesla whole body MRI scanner (Philips Medical Systems,
Best, The Netherlands). Volume measurements of the basal nuclei and the thalamus
were performed on 3D-T1-weighted MR images (acquisition parameters were as follows:
TR = 9.8 ms; TE = 4.6 ms; flip angle = 8o; section thickness = 1.2 mm; number of
sections = 120; no section gap; whole brain coverage; FOV = 224 mm; matrix = 192,
reconstruction matrix = 256). Routine T2 weighted MRI and FLAIR were performed to
rule out a mass lesion as contributory factor to memory loss or cognitive decline.

Measurement of volumes of deep gray matter structures

The algorithm FIRST (FMRIB’s Integrated Registration and Segmentation Tool), was
applied to separately estimate left and right volumes of seven subcortical regions; amyg-
dala, hippocampus, nucleus accumbens, caudate nucleus, putamen, pallidum, and thala-
mus. FIRST is part of FSL (FMRIB’s Software Library) and performs both registration
and segmentation of the mentioned subcortical regions (Patenaude et al. 2007b; SM
Smith, Jenkinson, et al. 2004). During registration, the input data (3D T1 images)
are transformed to the MNI (Montreal Neurological Institute) 152 standard space, by
means of affine transformations based on 12 degrees of freedom (i.e., 3 translations, 3
rotations, 3 scalings, and 3 skews). After subcortical registration, a subcortical mask is
applied, to locate the different subcortical structures, followed by segmentation based
on voxel intensities. Absolute volumes of subcortical structures are calculated, taking
into account the transformations made in the first stage (Patenaude et al. 2007a). Fi-
nally a boundary correction is used to determine with what certainty the boundary voxels
belong to the structure or not. In this study a z-value of 3 was used, corresponding to
a 99.998% certainty that the voxel belonged to the subcortical structure. After regis-
tration and segmentation of all 139 MR scans, all segmentated subcortical regions were
visually checked for errors in registration and segmentation. None were found. Examples
of subcortical segmentation, after boundary correction, of a subject classified as memory
complainer and of a subject diagnosed with probable AD, are presented in respectively
figure 1A and 1B.

Brain tissue volume, normalized for subject head size, was estimated with SIENAX
(SM Smith, De Stefano, et al. 2001; SM Smith, Zhang, et al. 2002), part of FSL (SM
Smith, Jenkinson, et al. 2004). SIENAX starts by extracting brain and skull images from
the single whole-head input data (SM Smith, Zhang, et al. 2002). The brain image
is then affine-registered to MNI152 space (Jenkinson and S Smith 2001; Jenkinson,
Bannister, et al. 2002) (using the skull image to determine the registration scaling); this
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is primarily in order to obtain the volumetric scaling factor, to be used as a normalization
for head size. Next, tissue-type segmentation with partial volume estimation is carried
out (Zhang, Brady, and S Smith 2001) in order to calculate total volume of brain tissue
(including separate estimates of volumes of grey matter, white matter, peripheral grey
matter and ventricular CSF). For this study we used the absolute volumes generated
by the algorithm. To obtain neocortical gray matter volume independent from the deep
gray matter structures of interest, we subtracted the volumes of the hippocampus and
amygdala from the peripheral gray matter volume as given by SIENAX. The volumetric
scaling factor was used as an estimate for head size.

Statistical analysis

SPSS v 14.0 for Windows was used for data analysis. The memory complainers were
compared on age and educational level (in years of education including primary school)
with those diagnosed with probable AD by one-way independent ANOVA, and compared
on gender by a χ2 test. The analysis consisted of two parts. The first part was designed
to assess whether the means of cortical and deep gray matter volumes (FIRST and
SIENAX-output) in probable AD were decreased compared to individuals without cog-
nitive impairment. For each deep gray matter, a general linear model was used in which
the volume of the deep gray matter structure was included as dependent factor and
diagnosis as independent variable. Adjustments were made for age, sex, and head size.
The beta coefficients and p-values between MC and probable AD were calculated. A
p-value 6 0.05 was considered significant. Furthermore, Pearson correlation coefficients
were calculated between the neocortical gray matter and the different deep gray matter
structures, total brain volume, and total white matter volume.

In the second part, correlations between neuropsychological test results (CAMCOG-R
score, executive subtest of CAMCOG-R, and MMSE score) and deep gray matter vol-
umes were assessed for memory complainers and subjects with probable AD separately.
For each deep gray matter structure, the relation of structure volume and cognitive
test score was assessed in a linear model in which the cognitive test score was included
as the dependent variable and the volume of the deep gray matter structure as the
independent variable. Age, gender, years of education, head size, and neo cortical gray
matter volume were also added as independent variables in these models, because of
their expected influence on cognitive test scores. A collinearity test was performed to
rule out multicollinearity between the independent variables, in which a R2 above 64%
was considered being a strong correlation.
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RESULTS

Group demographic features are presented in table 1. Memory complainers differed sig-
nificantly from probable AD subjects in age (F = 38.1, p < 0.001) and in years of
education (F = 9.97, p = 0.002) but not in gender (χ2 = 2.68, p = 0.10). Although
the male-female ratio was not significantly different between the memory complainers
and probable Alzheimer’s disease patients, it was incorporated as independent factor in
the statistical analyses because of the relatively large number of female probable AD
subjects and the known existence of different brain tissue volumes between the sexes.

Table 1: Demographics & group characteristics

Mean (SD) Memory Complainers Probable Alzheimer’s disease
Male Female Total Male Female Total

N 35 35 70 25 44 69

Age in years 65 (13) 67 (12) 66 (13) 76 (5.8) 77 (8.2) 77 (7.4)
Education in years 12 (3.9) 12 (3.5) 12 (3.7) 11 (4.5) 8.9 (3.5) 9.8 (4.0)
CAMCOG-R 90 (7.0) 90 (7.3) 90 (7.1) 69 (15) 61 (14) 64 (15)
CAMCOG-R exe 15 (2.6) 15 (3.1) 15 (2.9) 9.6 (3.6) 9.2 (3.5) 9.4 (3.5)
MMSE 28 (1.6) 27 (2.7) 27 (2.3) 20 (5.0) 17 (4.4) 18 (4.7)

CAMCOG-R: CAMbridge COGnition examination Revised; CAMCOG-R exe: CAMbridge COGnition
examination Revised executive functioning; MMSE: mini mental state examination.

Memory complainers and probable AD significantly differed in age (one-way ANOVA: F = 38.1,
p < 0.001) and years of education (one-way ANOVA; F = 9.97, p = 0.002) but not in gender
(χ2 = 2.68, p = 0.10).

Decreased volumes of putamen and thalamus in AD subjects

Mean volumes of deep gray matter structures in memory complainers and probable AD
are shown in table 2 separately for men and women. All structures, except the right
amygdala in women, the left and right caudate nucleus and total white matter in men,
were smaller in probable AD compared to memory complainers. After correction for age,
gender, and head size, both left and right hippocampus, putamen, and thalamus in prob-
able AD remained significantly smaller compared to memory complainers (as shown in
table 2). Also total brain volume and neocortical gray matter volume were significantly
smaller in probable AD. Table 2 also shows the Pearson correlation coefficients between
neocortical gray matter volume and the volumes of the deep gray matter structures,
and their corresponding p-values. Both left and right nucleus accumbens, hippocampus,
putamen, and thalamus were significantly correlated with the volume of the neocortical
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gray matter in men and women. In men the right globus pallidus also correlated signifi-
cantly with neocortical gray matter volume, and in women the right amygdala correlated
significantly with neocortical gray matter volume.

Left putamen and thalamus volumes correlate with cognition

No multicollinearity between the selected variables, age, years of educations, head size,
neocortical gray matter volume, and volumes of the deep gray matter structures, was
found (all R2 were found below 0.52). Therefore, all were entered in the linear regression
model which was set up for each deep gray matter structure separately. β-regression co-
efficients of the correlations between volumes of deep gray matter structures and the
main cognitive tests scores (the CAMCOG-R, a subtest on executive function of the
CAMCOG-R, and the MMSE) of memory complainers and subjects with probable AD,
are displayed in table 3. The corresponding p-values are displayed between parentheses.
This table shows that volumes of the left hippocampus, left putamen, and left thalamus
in probable AD subjects correlated significantly with all three cognitive test scores. Also,
the right thalamus showed a significant correlation in probable AD subjects with the
MMSE score. The remaining correlations between right hippocampus, right putamen,
and right thalamus and cognitive test scores were stronger compared to the correlations
of the other deep gray matter structures, but were not significant. In all the regres-
sion models between the hippocampus, putamen, and thalamus and the cognitive test
scores of probable AD subjects, the volume of the deep gray matter structure constantly
formed the strongest predictor of cognitive outcome compared to age, gender, years of
education, head size, and neocortical gray matter volume.

In the linear regression models for memory complainers the left hippocampus, both
the volume of the left and right nucleus accumbens, and the right thalamus corre-
lated significantly with the CAMCOG-R score. The volume of the left hippocampus also
correlated significantly with the MMSE score. In all regression models of the memory
complainers, however, the correlation between educational level and cognitive test score
exceeded in strength the correlation between volume of the deep gray matter and the
cognitive test score, with all p-values < 0.01.

The volumes of the caudate nucleus, amygdala, and the pallidum did not show any
significant correlations with any of the cognitive test scores, in any of the groups.

DISCUSSION

First, in addition to the expected finding of reduced hippocampal and neocortical gray
matter volumes in AD, the current study revealed significantly reduced volumes of both
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Table 3: Relation of volume of deep gray matter structures and cognition

CAMCOG-R CAMCOG-R exe MMSE
MCa pADa MCa pADa MCa pADa

Amygdala L −0.02 0.13 −0.02 0.13 0.07 0.20
Amygdala R 0.05 0.20 −0.04 0.15 0.09 0.08

Hippocampus L 0.29** 0.28* 0.12 0.33* 0.30* 0.28*
Hippocampus R 0.16 0.18 0.11 0.22 0.29 0.20

N. accumbens L 0.34** 0.04 0.08 0.13 0.23 0.11
N. accumbens R 0.31* 0.17 0.12 0.26 0.19 0.14

Caudate L −0.04 0.24 −0.09 0.26 −0.09 0.17
Caudate R −0.12 0.07 −0.07 0.14 0.03 0.14

Putamen L 0.19 0.50** −0.06 0.52** 0.18 0.50**
Putamen R 0.20 0.25 −0.09 0.14 0.17 0.19

Globus pallidus L 0.07 −0.09 0.11 −0.16 −0.08 −0.13
Globus pallidus R 0.02 −0.08 0.03 0.02 −0.08 −0.09

Thalamus L 0.07 0.37** 0.001 0.43** −0.16 0.37*
Thalamus R 0.39** 0.21 0.08 0.18 0.27 0.31*

CAMCOG-R: CAMbridge COGnition examination Revised; CAMCOG-R exe: CAMbridge COGnition
examination Revised executive functioning; MC: memory complainers; pAD: probable Alzheimer’s
disease; MMSE: Mini Mental State Examination; L: left; R: right.
a Linear regression analysis: β-coefficients of associations between volumes of deep gray matter regions
and main cognitive test results (adjusted for age, gender, years of education, head size, and neocortical
gray matter volume; * p 6 0.05, ** p 6 0.01

left and right putamen and thalamus in patients diagnosed with probable AD compared
to memory complainers. This volume reduction was found independent of age, gender,
and head size. Second, we also found, that reduced volumes of the putamen and the
thalamus independently correlated with impaired cognitive functioning in elderly subjects,
when controlled for age, gender, educational level, head size, and neocortical gray matter
volume. To the best of our knowledge, this is the first study that explicitly associates
smaller volumes of putamen and thalamus with AD, and reveals their relation with
cognitive functioning.

The finding of smaller volumes of hippocampus, putamen, and thalamus in patients
diagnosed with probable AD suggests that degenerative pathology affects these struc-
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tures more or earlier in the process of AD than other deep gray matter structures.
Volumes of brain structures, especially gray matter volume, have been said to be of pro-
tective value in AD (Wolf et al. 2004). Our analysis supports this idea as well, since the
smaller the volumes of hippocampus, putamen, and thalamus, the lower the cognitive
test results were. In fact, in the AD group, especially the left volumes of the hippocam-
pus, putamen, and thalamus formed the strongest predictors for cognitive performance.
Hippocampal atrophy and its contribution to memory decline in the process of AD has
been previously described and is widely accepted (Laakso et al. 1995; de Leon, Convit,
et al. 1995). Putaminal and thalamic volume reduction in AD and their relations to
cognitive decline, however, have not been reported before, and these findings seem to
open a new perspective on AD. The basal nuclei and thalamus are known to participate
in many different neuronal pathways, with functions that are not just restricted to mo-
tor behavior, but are also related to emotional, motivational, associative and cognitive
abilities (Herrero, Barcia, and Navarro 2002). Strength of our study was the availabil-
ity of cognitive data for all study participants. Our data showed that volume reduction
of the left putamen and left thalamus were both significantly associated with global
cognitive decline in elderly subjects visiting a memory clinic and exceeded in strength
the correlation of left hippocampal and cognitive performance. To interpret this, data
from other studies are needed. The putamen has been correlated with AD, since amy-
loid deposits are present early in the disease process (H Braak and E Braak 1990). At
the moment however, very little is known on the putaminal role in cognition. Recent
literature shows that as part of the striatum, the putamen is found active in probabilis-
tic learning tasks (Graybiel 2005; Bellebaum et al. 2008) and working memory tasks
(Dahlin et al. 2008). Furthermore, the putamen has been correlated with the emergence
of dementia in other neurodegenerative disorders, like Parkinson’s disease, due to do-
paminergic or other neurochemical deficits (Emre 2003), indicating once more that its
effect on cognitive impairment might be greater than previously assumed. Whether the
putamen in the process of AD influences cognition due to impaired putaminal primary
cognitive functions, inadequate neurochemical functioning, or discontinuing the cortico-
thalamic projections, could not be answered in this study, and is an interesting topic for
further research. In contrast to the putamen, slightly more is known on the thalamus
and its relation to cognition. The thalamus consists of multiple nuclei and is classically
metaphorized as an active relay center. The thalamus serves both sensory and motor
mechanisms (Herrero, Barcia, and Navarro 2002). Cognitively it is involved in direct-
ing attention and suppressing irrelevant sensory input (Newman 1995) and its anterior,
medial-dorsal, intralaminar, and midline nuclei are important for memory functions (Van
der Werf et al. 2000). Thalamic atrophy has been related to cognitive performance in
other neurodegenerative disorders, like Huntington’s disease (Kassubek et al. 2005) and
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multiple sclerosis (Houtchens et al. 2007), and herein affected mostly the executive
functioning of patients. As part of the limbic system, atrophy of the anterior part of
the thalamus in AD has been described. Callen et al. (2001) reported that the anterior
part of the thalamus is significantly smaller in AD patients than in healthy controls.
However, the size reduction of the thalamus in our study cannot entirely be explained by
reduction of the anterior nuclei alone and suggests that other nuclei of the thalamus are
also prone to atrophy in AD, in which the large medial-dorsal nucleus is an important
candidate. Supportive to this thought is the finding of Braak et al. in 1991, that in all
limbic nuclei of the thalamus extracellular amyloid deposits and neurofibrillary tangles
occur, although the most severe involvement was found in the medial-dorsal nucleus. In
summary, we found a clear reduction in size of the putamen and thalamus in probable
AD patients compared to controls without memory deficits. This is in addition to the
previously found presence of neurofibrillary tangles and amyloid plaques in the striatum
and thalamus early in the disease process of AD. Moreover, the reduction in size of
the putamen and thalamus, especially the left side, was correlated to global cognitive
decline. At present no clear explanation can be given on the difference in correlational
strength between left and right side of the putamen and thalamus. Part might be due
to the dominant presence of the right-handedness among subjects in this population.
Another explanation might be that the tested cognitive functions are more prominent
on the left side. Whether shrinkage of the putamen and thalamus is a primary or a
secondary phenomenon in the pathology of AD, also remains to be elucidated.

The presented data suggest that in AD some structures are affected by atrophy
(i.e., the neocortical gray matter and hippocampus, putamen, and thalamus) whereas
others are relatively preserved (i.e., the amygdala, nucleus accumbens, caudate nucleus,
pallidum, and white matter). In previous studies it has been shown, however, that atrophy
of the amygdala and caudate nucleus is also associated with AD; our data did not
confirm this, though. The volumetric data showed that the amygdala was smaller in
the probable AD group compared to the memory complainers, but this reduction in size
was not significant when controlled for age, gender, and head size. We applied a strict
analysis to assess significance between memory complainers and probable AD subjects,
therefore possible shrinkage of the amygdala could have lost its significance. Another
explanation might be that amygdala is affected later in the disease process of AD than
the hippocampus, putamen, and thalamus, and therefore not prominent in MR imaging
of patients who attended the memory clinic for the first time. The caudate nucleus
was also not significantly smaller in memory complainers than in probable AD patients,
nor were the nucleus accumbens, pallidum, and white matter volumes. None of these
volumes showed a significant correlation with any of the cognitive test scores except for
the nucleus accumbens which was significantly correlated with the CAMCOG-R score
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in memory complainers, but not in probable AD subjects. Our study did not show a
significant reduction in size of the nucleus accumbens in probable AD subjects compared
to memory complainers, but found it was significantly correlated to the neocortical gray
matter volume. A possible explanation for this relation to neocortical gray matter volume
and cognitive decline in memory complainers is that the nucleus accumbens is affected
in old age, but not specifically in AD. Another explanation is that the structure is just
too small, relative to the other deep gray matter structures, to obtain sensitive data
with our method.

One limitation of our study could be the use of memory complainers as control group
instead of a cognitively healthy control group. Several studies have already revealed the
presence of smaller left hippocampal volumes and decreased gray matter volumes among
memory complainers, suggesting that this condition for some subjects forms a preclinical
condition to AD (van der Flier et al. 2004; Saykin et al. 2006). However the memory
complainers form a relevant control group, since if AD pathology is present; it is in a
very early stage and very likely to be less pronounced than in clinical stages of AD.

Another limitation of our study could be the relative novelty of the software adopted
from FSL. However, we did not detect any significant mismatches in segmentation
of the subcortical structures performed by the algorithm (figure 1A and 1B are a
2D-representations of segmented subcortical structures by FIRST). Furthermore, our
method of automated volume measurement has clear advantages compared to voxel
based morphometry (VBM) and manual segmentation. VBM has shown its value in
comparing groups of subjects in patterns of atrophy, but is prone to registration arti-
facts in the deep gray matter and not suitable for analysis of pattern of atrophy in an
individual subject (Bookstein 2001; Frisoni and Whitwell 2008). Our method of semi-
automatic volumetry can be used to measure volumes of different regions in individual
patients and gives an indication of the actual amount of atrophy that occurs. Therefore,
it is more patient specific and can be used as marker for disease progression on an in-
dividual level. Compared to manual segmentation, the method used has the advantage
that its segmentation is based on voxel intensities, while in manual segmentation the
contrast differences can be difficult to detect visually. Furthermore, since our method is
automated, researcher bias in segmentation is absent.

A last limitation of our study was that because of the cross-sectional nature of the
study, it could not be determined whether shrinkage of the thalamus, nucleus accumbens,
and putamen was a primary or secondary phenomenon to hippocampal or neo cortical
loss.

In conclusion, the present study demonstrates that besides global atrophy of the neo-
cortex and atrophy of the medial temporal lobe, parts of the striatum and thalamus also
show atrophy in Alzheimer’s disease. Furthermore, our study suggests that putaminal
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and thalamic atrophy play important roles in cognitive decline in patients with AD.
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ABSTRACT

Post mortem studies show pathological changes in the striatum in Alzheimer’s disease
(AD). Here, we examine the surface of the striatum in AD and assess whether changes
of the surface are associated with impaired cognitive functioning. The shape of the
striatum (nucleus accumbens, caudate nucleus, and putamen) was compared between
35 AD patients and 35 individuals without cognitive impairment. The striatum was au-
tomatically segmented from 3D T1 magnetic resonance images and automatic shape
modeling tools (Growing Adaptive Meshes) were applied for morphometric analysis. Re-
peated permutation tests were used to identify locations of consistent shape deformities
of the striatal surface in AD. Linear regression models, corrected for age, gender, ed-
ucational level, head size, and total brain parenchymal volume were used to assess the
relation between cognitive performance and local surface deformities. In AD patients,
differences of shape were observed on the medial head of the caudate nucleus and on the
ventral lateral putamen, but not on the accumbens. The head of the caudate nucleus and
ventral lateral putamen are characterized by extensive connections with the orbitofrontal
and medial temporal cortices. Severity of cognitive impairment was associated with the
degree of deformity of the surfaces of the accumbens, rostral medial caudate nucleus,
and ventral lateral putamen. These findings provide further evidence for the hypothesis
that in AD primarily associative and limbic cerebral networks are affected.
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INTRODUCTION

Histological studies have demonstrated pathological changes in the striatum of Alzhei-
mer’s disease (AD) patients. These changes comprise the presence of diffuse plaques
throughout the striatum (Gearing, Levey, and Mirra 1997) and the presence of neurofib-
rillary tangles in mainly large striatal nerve cells (Oyanagi et al. 1991; Oyanagi et al.
1987). In in vivo studies, using magnetic resonance imaging (MRI), atrophy has been
observed in the caudate nucleus (Karas et al. 2003) and putamen (de Jong et al. 2008)
of AD patients. Furthermore, evidence for the occurrence of striatal degeneration early
in the development of AD is accumulating. In a structural MRI study, atrophy of the
basal forebrain, including the ventral striatum, has been found to precede the develop-
ment of dementia (Hall et al. 2008). In a Pittsburgh compound B positron emission
tomography study of a familial form of AD, amyloid depositions have been observed
well before the onset of cognitive symptoms (Klunk et al. 2007) and . It is not known,
however, whether striatal atrophy is a diffuse process or limited to parts of the striatum
and whether it relates to impaired performance on certain cognitive tasks.

The human striatum comprises the nucleus accumbens, caudate nucleus, and puta-
men and is regarded as the major input nucleus of the basal ganglia, receiving afferents
from the entire cortex, thalamus, and substantia nigra. Efferents from the striatum run
to the internal and external parts of the globus pallidus, subthalamic nucleus, and sub-
stantia nigra pars reticulata, and from these structures output pathways arise to the
thalamus, superior colliculus and pedunculopontine tegmental nucleus (Gerfen 1992).
Via the thalamus feedback is given to the striatum and cortex, predominantly the frontal
cortex (Herrero, Barcia, and Navarro 2002). The striatum contains limbic, associative,
and sensorimotor subregions, a division derived from the connections with function-
ally different cortical areas. This functional subdivision does not follow the anatomical
boundaries such as those between caudate and putamen, but exerts a ventromedial to
dorsolateral gradient (Voorn et al. 2004).

Knowledge on the functions of the basal ganglia is also based on observations in
pathological conditions and experimental animal studies. Basal ganglia diseases lead to
profound motor and cognitive disorders; for instance dyskinesia in Huntington’s disease,
diminished motor function and initiation of motor tasks in Parkinson’s disease, tics in
Tourette’s syndrome, and recurrent obsessions and compulsions in obsessive compulsive
disorders (Utter and Basso 2008). Lesions in the striatum give rise to diverse motor
and cognitive disturbances, most commonly dystonia and abulia (Bhatia and Marsden
1994). Based on these clinical observations, the striatum is believed to play an important
role in choosing and switching between competing behaviors (Parkinson et al. 2000),
reinforcement learning processes (Poldrack and Packard 2003), procedural memory and
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habit formation (Graybiel 2008), and working memory (Landau et al. 2009). Due to
the variety of networks the striatum takes part in and due to the variety of functions of
different parts of the striatum, the location of pathological changes within the striatum
may determine the symptoms that arise. A region-specific approach is therefore critical
when studying the striatum. Volumetric analyses are limited to a crude division of the
striatum along anatomical landmarks, which disregards the functional heterogeneity of
the structure. Furthermore, contrast differences on MRI within the striatum are insuf-
ficient to identify different functional parts. Shape analysis, however, captures details
on locations of atrophy and allows a regional assessment of areas related to cognitive
symptoms along the surface of the structure.

Here, we further investigated the involvement of the striatum in AD and possible
association with cognitive performance. The striatal shapes of 35 AD patients to those of
35 memory complainers (MCs) with normal cognitive test scores were compared. First,
the locations of consistent significant shape changes in AD were assessed. Secondly,
the degree of local surface deformities was related to performance on the Cambridge
Cognitive Examination-Revised (CAMCOG-R). We postulate that especially the ventral
striatal areas, anatomically connected to functional networks mostly affected in AD, i.e.,
the limbic and associative cortices, would show atrophy in AD. In addition, we postulated
that shape abnormalities in these same areas related to impaired cognitive performance.

METHODS

Subjects and study design

Study and control subjects were recruited from the population who visited the out-
patient’s memory clinic of our institution between January 1, 2006 and May 1, 2008.
Each subject was examined according to a standardized protocol, including a whole
brain MRI examination, neuropsychological screening (including the CAMCOG-R (Roth
et al. 1988), a screening test for cognitive performance, and Geriatric Depression Scale
(GDS) (Yesavage and Sheikh 1986), and a general medical and neurological examination
by a geriatrician and neurologist respectively. Per subject, all tests took place within a
2-week span. In a multidisciplinary meeting, patients with abnormal test results were
diagnosed with possible or probable AD, other types of dementia, mild cognitive impair-
ment (MCI), or a neurological or psychiatric disorder. The National Institute of Neuro-
logical and Communicative Disorders and Stroke and Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA) criteria were applied for diagnosing probable
AD (pAD) (McKhann et al. 1984). Subjects with normal results on all cognitive tests
were classified as memory complainers (MCs). Identified reasons for subjective memory
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impairment experienced by the memory complainers included mild or severe depressions,
and emotional psychosocial events such as the loss of a family member or problems
at work. For over half of the memory complainers no explanation for the experienced
memory decline was identified. For the current study, we excluded the following subjects
from the entire population (n = 399): left-handed subjects (n = 35), people with cog-
nitive deficits who did not meet the criteria for probable AD, including the category of
MCI (n = 141); other forms of dementia (n = 11) e.g., frontotemporal dementia, Lewy
body disease, vascular dementia, Parkinson’s dementia; other neurological/psychiatric
disorders (n = 35), e.g., normal pressure hydrocephalus, intracranial tumors, stroke etc.;
severe mood disorders with GDS > 10; alcohol abuse (n=8); insufficient scan quality
(n = 4). In order to minimalize confounding effects in the shape analysis we selected
from the remaining population (n = 165) two complete data sets of 35 probable AD
patients and 35 MCs that matched in age, gender and years of education. The institu-
tional review board of the Leiden University Medical Center approved this cross-sectional
case-control study.

Magnetic Resonance data acquisition

MRI was performed using a 3.0 Tesla whole body MRI scanner (Philips Medical Systems,
Best, The Netherlands) with a Sense HEAD 8 channel coil. 3D T1-weighted MR images
were coronally acquired with voxel dimensions: 0.875 mm (left-right) × 0.875 mm (feet-
head) × 1.4 mm (anterior-posterior). Phase encoding directions were anterior-posterior
and left-right, and frequency encoding direction was feet-head. Remaining settings were:
TR = 9.8 ms; TE = 4.6 ms; flip angle = 8o; section thickness = 1.2 mm; number
of sections = 120; no section gap; whole brain coverage; FOV = 224 mm; matrix =
192, reconstruction matrix = 256× 256. CLEAR inhomogeneity correction was applied.
Routine T2-weighted and fluid attenuated inversion recovery (FLAIR) weighted scans
were performed to identify out large infarcts and mass lesions.

Automated segmentation of the striatum

Automated segmentation and volume estimation of the nucleus accumbens, caudate
nucleus, putamen, and globus pallidus was performed using FIRST (FMRIB’s Integrated
Registration and Segmentation Tool) (Patenaude et al. 2007), part of FMRIB’s Soft-
ware Library (FSL) (SM Smith, Jenkinson, et al. 2004). We used the run_first_all
script with default options, followed by a boundary correction with z=3. The segmen-
tations of nucleus accumbens, caudate nucleus, and putamen were combined to form
the striatum. All segmentations of our study sample were visually inspected for errors,
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but none were found. SIENAX (Structural Image Evaluation, using Normalization, of
Atrophy, X-sectional), also part of FSL, was used to estimate global brain tissue vol-
umes (SM Smith, De Stefano, et al. 2001; SM Smith, Zhang, et al. 2002) and a scaling
factor, used for normalization for head size.

Assessment of the relation of striatal volumes and cognitive performance

R 2.10.1 was used for data analysis (R Core Team 2009). Differences in mean age,
gender, education in years, head size normalization factor, brain parenchymal volume
(BPV), CAMCOG-R scores, and striatal volumes were tested by a two sample unpaired
t-test. Relations of striatal volumes, normalized for head size, with cognition were also
estimated. First corrections for age, gender, educational level, and BPV were made by
means of linear regression analysis: expected values of CAMCOG-R score were calculated
from regression of CAMCOG-R score on age, gender, education in years. Subsequently,
residuals were correlated to normalized volumes of total striatum, caudate, putamen and
nucleus accumbens. A p-value 6 0.05 was considered statistically significant.

Morphometric analysis of the striatum

Comparison of striatal shapes of AD and MC

Shape modeling The striatal segmentations by FIRST, registered to MNI (Montreal
Neurological Institute) 152 standard space by means of affine transformation with 12
degrees of freedom, were used for quantitative analysis of local shape changes. Growing
and Adaptive MEshes (GAMEs) method was adopted, which has been described pre-
viously and discussed here in essence (Ferrarini, Olofsen, et al. 2007). Left and right
striatal hemisphere were separately analyzed, each formed by combining the caudate
nucleus, putamen, and nucleus accumbens segmentations of that hemisphere.

In the growing phase of GAMEs a reference mesh for both left and right striatum
was generated. First, a voxel-wise spatial probability map of the segmentation masks of
the MC group was generated, by voxel counting at each voxel location. Voxels labeled as
striatum in more than 20% of the MC masks formed the average segmentation volume,
which formed the basis on which a mesh was grown. This threshold was chosen based on
visual comparison of different meshes built with different thresholds (ranging from 10%–
90%). We found thresholds above 60% to loose shape characteristics of the striatum,
and thresholds below 15% needed exponentially more nodes to form the reference mesh.
We assumed that a relatively large reference model would represent the “healthy” shape
of the striatum, least affected by degenerative processes accompanying age. Therefore,
a low threshold (20%) was chosen to create a relatively large reference model, but for
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which approximately an average amount of nodes was needed to form the model (i.e.,
605 for the left striatum and 645 for the right striatum). Accuracy for the mesh was
set at 2 mm isotropic per node: considering that T1 structural images were normalized
to 1 mm isotropic, higher resolutions would approach the voxel resolution, thus being
meaningless. This reference mesh topology was frozen to keep the number of nodes and
edges constant in the following steps.

In phase two of GAMEs, the reference mesh was adapted to all striatal segmentation
masks of both 35 MCs and 35 AD patients, thus 70 meshes for each striatal hemisphere
were generated. The adaptation was based on the topology-preserving Kohonen self-
organizing map algorithm (1990). The outcome of GAMEs was a set of comparable
meshes, also defined as a 3D Point Distribution Model (PDM). In this model each
node (i.e., location) of the mesh had corresponding nodes through all other instances
and therefore the meshes were locally comparable. Previous work has shown that cor-
responding nodes of meshes generated with GAMEs are indeed representative of similar
anatomical locations (Ferrarini, Palm, et al. 2008).

Statistical analysis of local shape differences between MCs and AD-patients Local
shape differences between the MCs and AD patients were assessed using non-parametric
repeated permutation tests and a bootstrapping technique (Ferrarini, Palm, et al. 2008).
The advantage of repeated tests on bootstrapped subsamples is to reduce the bias of the
results to the particular subjects included in the analysis. This leads to statistically more
robust results, since only those locations are identified that are systematically different
for different subsamples of the MC and AD group. Bootstrapping was set to 60% of
the study sample, i.e., the entire set of 35 + 35 subjects was randomly subsampled to
21 + 21 subjects, and this was repeated 25 times (N iter = 25).

Permutation tests were performed for each subsampled set (with the number of
permutations set at 10, 000). Each node in the 3D PDM was surrounded by two 3D
clouds of 21 points (one cloud per study group). Non-parametric permutation tests were
applied in case part of nodes was surrounded by clouds of points that were not normally
distributed. Hotelling’s T 2 statistic (HT 2) was used (1931), which is a simple general-
ization to multidimensional data of the Student’s t-test. First, the average location and
covariance matrix of each cloud were evaluated, from which the HT 2 statistic for the
two groups was estimated (HT 2original). Subsequently, the groups were randomly mixed
10, 000 times, and for each time the corresponding Hotelling’s (HT 2) statistic was cal-
culated (HT 2i , i = 1.10000). The distribution of the HT 2i respects the null hypothesis
for the two clouds to come from the same distribution. The percentage of HT 2i values
higher than (HT 2original) was considered the p-value for the given node. Repeating this
procedure for each node resulted in a p-value map, in which each mesh node was given a
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p-value for the null hypothesis that the two groups had similar local shape distributions
in space. Given the entire set of 25 p-maps, the median p-value per node was evaluated.
A p-value 6 0.05 for a node was considered significant. Moreover, a consistency index
(CI) per node was assessed, representing the frequency a given node was found signif-
icantly different over the 25 iterations. The direction and length of the displacement
vectors, needed to deform the average shape of the striatum of the MC population into
the average shape of striatum of the AD population, were also estimated.

To ascertain that surface deformity was due to the pathology investigated and not to
shifting of the whole structure, the centers of gravity between the groups were compared.
Differences in center of gravity were nonsignificant and within the width of one voxel.

Assessment of the relation of striatal surface deformity with cognitive performance For
each node location, the principal component of the associated cloud of points, consisting
of 35 points for AD and 35 for MCs, was estimated. Subsequently, each point of the
cloud was projected along the main eigenvector, with positive projections (with respect
to the reference node on the reference mesh) pointing inwardly. The projection lengths
around the reference nodes were tested on normality with the Lilliefors test (Lilliefors
1967). For each striatal hemisphere, approximately 25% of the nodes were not normally
distributed (p < 0.05), however locations of not normally distributed point clouds were
dispersed over the surface (figure 1) and applying false discovery rate corrections proved
all the p-values to be nonsignificant. We therefore proceeded with a linear regression
analysis. First, the CAMCOG-R score was regressed against age, gender, educational
level, and BPV in a linear model. The residuals from these models were then linearly
regressed against the projection lengths around each striatal surface node. Note that
the projection lengths were calculated in standard space and thus normalized for head
size. The direction, positive or negative, of the association of surface deformity with
cognitive score was determined, together with r2 and p-values of the model. A p 6 0.05

was considered significant.

RESULTS

Group characteristics

Successful matching of the study groups MCs and AD was verified; no significant dif-
ferences in age, gender, educational level, and scaling factor for head size normalization
were found (table 1). Groupwise differences existed in total CAMCOG-R score and all
subscores (t = 8.4, df = 39, p < 0.001), BPV (t = 2.2, df = 68, p = 0.03), total
volumes of left (t = 2.0, df = 61, p = 0.048) and right striatum (t = 2.2, df = 68,
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Figure 1: Normality of the point distributions surrounding the striatal surface nodes

The distributions of the point clouds surrounding each node on the surface of the striatum
that were not normally distributed are colored red. Normality was tested with the Lilliefors
test. 25% of the point clouds of the left striatum were not normally distributed and 24% of
the right striatum (p-value < 0.05). Applying false discovery rate corrections proved all
p–values to be not significant.

p = 0.03), and volume of left putamen (t = 2.9, df = 63, p = 0.004). Mean volumes
of left and right caudate, right putamen, and left and right accumbens were smaller in
AD, but did not reach statistical difference.
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Table 1: Demographics & group characteristics

MCs (n = 35) AD (n = 25) Two-sample unpaired t-test
Mean (SE) Mean (SE) t-value (df ) Cohen’s d

Effect size

Age in years 72.4 (1.4) 73.1 (1.4) 0.31 (68) 0.07
Sex (Male : Female) 15:20 15:20 0 (68) 0.00
Education 11.2 (0.6) 10.0 (0.7) −1.20 (64) −0.29
Scaling factora 1.33 (0.02) 1.34 (0.02) −0.21 (67) −0.05

CAMCOG-R 89.1 (0.9) 62.7 (2.8) −8.36 (38)*** −1.44
Subscores:
Orientation 9.1 (0.1) 6.5 (0.4) −5.55 (40)*** −1.11
Language 26.5 (0.3) 21.3 (0.7) −5.92 (44)*** −1.17
Memory 21.1 (0.4) 12.3 (1.0) −7.60 (43)*** −1.34
Attention 6.3 (0.1) 3.8 (0.4) −5.59 (40)*** −1.13
Visuo 5.1 (0.1) 2.8 (0.3) −7.15 (46)*** −1.33
Executive 14.5 (0.4) 8.0 (0.7) −7.71 (53)*** −1.38

Brain parenchyma 1449 (16.1) 1397 (17.0) −2.23 (68)* −0.52
Striatum L 13.2 (0.2) 12.4 (0.3) −2.01 (61)* −0.47
Striatum R 14.3 (0.2) 13.5 (0.2) −2.20 (68)* −0.51
Caudate nucleus L 5.5 (0.2) 5.4 (0.2) −0.34 (65) −0.08
Caudate nucleus R 6.3 (0.2) 5.9 (0.2) −1.66 (68) −0.39
Putamen L 7.0 (0.1) 6.4 (0.2) −2.94 (63)** −0.67
Putamen R 7.5 (0.1) 7.2 (0.2) −1.49 (65) −0.35
N accumbens L 0.68 (0.04) 0.61 (0.03) −1.44 (65) −0.34
N accumbens R 0.49 (0.03) 0.43 (0.03) −1.20 (68) −0.29

MCs, memory complainers; AD, Alzheimer patients; CAMCOG-R: Cambridge cognition examination
Revised; BPV, total brain parenchymal volume; Striatum, consists of caudate nucleus, putamen, and
nucleus accumbens; L, Left; R, Right

a Scaling factor, used to normalize for head size

All volumes are in cm3 and normalized for head size;

*** p-value < 0.0005; ** p-value < 0.005; * p-value < 0.05.

Local atrophy of the striatum in AD patients

Figure 2 summarizes the results of shape comparison between MCs and AD patients.
Red colored areas were significantly different (p < 0.05) in > 95% of the repeated
permutation tests, orange areas in > 90% of the tests, and yellow areas in > 80% of
the tests. Symmetrical locations of significant consistent shape differences appeared in
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Figure 2: Areas of significant striatal surface change in AD compared to MC

Consistency of displacement: the colored surface areas were significantly (p < 0.05) deformed
in AD patients compared to MCs. Red areas were significantly different in more than 95% of
the 25 iterations of the permutation tests, orange in more than 90%, and yellow in more than
80%.
Displacement vector: the length of the displacement vectors, needed to deform the surface of
MC to AD, was color coded with red indicating a length of 6 1.00 mm to dark blue indicating
< 0.01 mm. Outwardly directed displacement vectors were represented by green arrows on the
surface. The displacement vectors of the lateral putamen and medial caudate were directed
inwards.

both striatal hemispheres, i.e., the rostral medial caudate nucleus and ventral lateral
putamen. Shape deformity in the left striatal hemisphere, however was more extended,
i.e., 30.4% of total surface compared to 21.1% of the right hemisphere. On the left
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striatum, areas of shape deformity on the caudate nucleus covered the medial wall with
the largest confluent area on the ventral half of the caudate head and a smaller area on
the lateral side of the caudate body. The left putamen showed areas of shape difference
on the lateral side of the putamen, with the largest confluent areas on the ventral half.
On the right striatum confluent areas of difference were found on the medial caudate
head and ventral half of the lateral putamen. In both hemispheres, the medial sides of the
putamen and the accumbens areas were virtually devoid of significant shape difference
between the groups. Outward directions of the vector displacement of the surface nodes
were displayed in green arrows. All areas of shape deformity were inwardly directed,
except a small area on the left lateral caudate nucleus with outwardly directed arrows.
The length of the displacement vectors were color coded showing the largest shape
deformity in the ventral parts of the lateral putamen and in the caudate head between
MCs and AD.

Table 2: Correlation of striatal volumes with CAMCOG-R score
All subjects MC AD
(n=70) (n=35) (n=35)

Ra Rb Ra Rb Ra Rb

Striatum L 0.41*** 0.28* 0.03 −0.18 0.40* 0.24
R 0.25* 0.13 −0.12 −0.27 0.10 −0.04

Caudate nucleus L 0.18 0.08 −0.02 −0.09 0.21 0.06
R 0.10 0.02 −0.15 −0.17 −0.13 −0.23

Putamen L 0.52*** 0.41** 0.06 −0.18 0.51*** 0.38*
R 0.27* 0.19 −0.10 −0.29 0.24 0.16

Accumbens L 0.18 0.09 0.06 −0.17 0.07 −0.02
R 0.21 0.13 0.23 −0.01 0.20 0.11

CAMCOG-R score, Cambridge cognition examination revised; L, Left; R, Right
a Adjusted for age, gender, education in years, and head size.
b Adjusted for age, gender, education in years, head size, and BPV.

*** p-value < 0.0005; ** p-value < 0.005; * p-value < 0.05.

Relation of striatal volumes and cognition

In the total sample CAMCOG-R score significantly decreased with decreasing volumes
of total left striatum (r = 0.41, p < 0.001, total right striatum (r = 25, p = 0.04),
left putamen (r = 0.52, p < 0.001), and right putamen (r = 0.27, p = 0.03). These
associations were adjusted for age, gender, years of education, and head size. After ad-
ditional correction for BPV decreasing CAMCOG-R score remained significantly related
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to decreasing volumes of total left striatum (r = 0.28, p = 0.02) and left putamen
(r = 0.41, p < 0.001). Performing the analysis separately for each group, associations
of cognitive score with volume of the total left striatum (r = 0.40, p = 0.02) and
left putamen (r = 0.51, p = 0.003) were found in the AD group, but no significant
associations in the MC group (see table 2).

Relation of striatal shape and cognitive

Similar locations of surface deformity that associated with cognitive performance existed
in both striatal hemispheres, after corrections for age, gender, years of education, BPV,
and head size. The areas were, however, more extended on the left side with 40.1%
of the total surface relating significantly to cognitive performance compared to 29.1%
of the right striatal surface (figure 3). CAMCOG-R score in this study population posi-
tively related to surface deformity on the medial ventral caudate, lateral putamen, and
accumbens areas. Strongest correlations were found on the left side with r2 ranging
from 0.05 to 0.30 and on the right with r2 ranging from 0.05 to 0.27. The dorsal areas
of the caudate and putamen, and the medial putamen did not significantly relate to
CAMCOG-R score.

DISCUSSION

In this combined volumetric and morphometric analysis, shape abnormalities were ob-
served in AD patients in the rostral medial caudate head and the ventral and lateral
putamen when compared to memory complainers with normal cognitive test scores.
This suggests that AD pathology predominantly affects the limbic and associative ar-
eas of the striatum. Furthermore, cognitive impairment related to the degree of surface
deformity in the ventral areas of the caudate and putamen, and the accumbens area,
but not to the dorsal areas. This association may be based on degenerative process in
cognitively functional parts of the striatum or based on the disruption of the networks in
which the striatum takes part. Atrophy of the striatum in AD has been described before,
however, here we report on the occurrence of shape abnormalities selectively occurring
in the ventral parts of the striatum and its relation to cognition. Our results are in agree-
ment with multiple studies showing manifestation of AD pathology preferentially in the
limbic and associative areas of the cerebrum (H Braak and E Braak 1991; Savioz et al.
2009). The present study design, however, is not suitable to dissociate an independent
effect of striatal atrophy on cognitive symptoms in AD. Future studies are needed to
assess whether striatal deformation is an early or late phenomenon in the development
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Figure 3: Locations of striatal shape deformity related to cognitive performance

Surface areas of the striatum of which deformity significantly associated with CAMCOG-R
score were colored red. All associations observed were negatively directed, meaning an
increasing inward shape deformity in these areas related to a decreasing cognitive score. The
r -value, estimated from a linear model corrected for age, gender, education in years, head
size, and BPV for each surface node, was color coded with different shadings of red. Peak r 2

for the left striatum was 0.30 and for the right striatum 0.27. Forty percent of the left striatal
surface associated significantly with CAMCOG-R score and 29% of the right striatum.

of AD and whether markers for striatal degeneration can improve risk prediction for AD
in older people.

Selective degeneration of the striatum in AD is likely to underlie regional shape de-
formity found in the ventral caudate and putaminal areas. In histological studies on AD,
a loss of the large cholinergic neurons was predominantly observed in the ventral stria-
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tum. Neurofibrillary tangles were observed in the remaining cholinergic cells throughout
the striatum (Oyanagi et al. 1987). The cholinergic interneuron network has extended
arborizations and is tonically active (Wilson, Chang, and Kitai 1990). Moreover, it has
been proposed that this network influences the activity of the entire striatum (Graybiel
et al. 1994). The large cholinergic interneurons, however, are only a minority (1–2%) of
all striatal cell types (Bolam, Wainer, and AD Smith 1984) and consequently, selective
loss of these cells may not fully explain the significant surface deformity observed in this
study. Another possible explanation for the observed shape deformity in the striatum in
AD may be the presence of amyloid plaques triggering increased neural cell death in the
striatum. Accumulation of amyloid in the striatum has been observed across different
autosomal Alzheimer disease mutation types (Klunk et al. 2007; Villemagne et al. 2009)
and related to loss of medium size spiny neurons in 12-month old APPswe/PS1∆E9
transgenic mice compared to their wild type peers (Richner, Bach, and West 2009).
Shape deformity could also be due to Wallerian degeneration following damage in other
regions of the brain that are structurally connected to the striatum. Supportive for this
hypothesis is a post mortem analysis of 20 cases observing that the occurrence of stri-
atal changes paralleled the occurrence of neuritic plaques in the neocortex (Wolf et al.
1999).

Significant associations with cognitive decline were observed in the rostral medial
caudate, ventral lateral putamen, but also in the nucleus accumbens. Previous studies
have assigned reward and reinforcement learning tasks to the ventral striatum (Gray-
biel 2008; Haber and McFarland 1999) and together with the basolateral and extended
amygdala the ventral striatum seems to be essential for stimulus associations to reward-
ing consequences of behavior (Gray 1999). Also, evidence is accumulating for anatomical
substrates of incentive learning and habit formation in the rostral ventral parts of the
caudate and putamen (Haber, Kim, et al. 2006). Atrophy of the putamen and the cau-
date nucleus has been related to the occurrence of neuropsychiatric symptoms in AD by
others (Mega et al. 2000; Bruen et al. 2008). Our study shows that the areas of which
deformity relates to cognitive impairment and AD are confined to the ventral parts of
the putamen and caudate. Although, both volumetric and morphometric analysis were
performed with corrections for global brain tissue volume, cognitive symptoms may still
arise due to dysfunction elsewhere in the limbic and associative circuits in which the
striatum takes part. The medial rostral part of the caudate nucleus and the rostral ven-
tral putamen receive projections from the ventral medial prefrontal, orbitofrontal, and
dorsal anterior cingulate cortices (Haber 2003), areas that are more affected in AD than
other parts of the brain (Callen et al. 2001). Results of both volumetric and morphome-
tric analyses show shape deformity and volume loss of the putamen in AD. The area of
the ventral striatum caudal to the anterior commissure has not been studied extensively,
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but a study on primates observed that this region is also part of the limbic striatum with
afferents from the amygdala and a similar histochemical and cellular organization as the
anterior ventral striatum (Fudge and Haber 2002). Also, part of the posterior ventral
putamen, is regarded as the “visual striatum” forming a closed loop with the TE visual
area of the inferotemporal lobe (Middleton and Strick 1996).

Another interesting finding of our study was the larger area of shape deformity and
association with cognitive impairment in the left striatum, compared to the right. This
is in agreement with several studies that described hemispherical asymmetrical findings
for the hippocampus and orbitofrontal lobes in AD (Barnes et al. 2005; Raji et al.
2008). Also, our study included only right-handed persons, which may have increased
the hemispherical dissimilarity.

We hypothesized that the entire limbic ventral striatum atrophies in AD, however, no
difference of shape between AD and MC of the nucleus accumbens, which is part of the
ventral striatum, was found. The nucleus accumbens is an essential part of the limbic
striatum, receiving afferents from the ventral medial prefrontal cortex, amygdala, and
hippocampus and integrating the information from these cortices (Gruber, Hussain, and
O’Donnell 2009). We did find a relation of deformity of the accumbens with cognitive
impairment. Shape deformity of the accumbens in AD cannot be excluded, based on
these results only. There is evidence that part of the memory complainers have early
stages of AD and may suffer striatal atrophy to a degree that diminishes the differences
between the studied groups. Also, it may be that not all AD patients suffer shape
abnormalities in the area of the accumbens or that our method is not sensitive enough
for detection of shape deformity in this area.

Our results demonstrate the additional value of morphometric analysis as compared
to a volumetric analysis in assessing changes in the striatum in AD patients. With
volumetric analysis only, associations with cognitive decline were limited to the putamen.
The morphological data also showed 1) shape deformity in the caudate nucleus, which
associated with cognitive impairment and 2) localized shape deformity in especially the
ventral half of the right putamen.

Lastly, some methodological limitations are of note. First, we used cross-sectional
data for our determination of shape abnormalities in the striatum. Longitudinal data
are needed to determine whether the shape deformity in the basal ganglia is a late or
early phenomenon in the development AD and reflecting volume loss. Longitudinal data
would also help assessing whether atrophy of the basal ganglia is primary or secondary
to atrophy in other (limbic) brain regions, such as the hippocampus. The second impor-
tant limitation of our study is that our control group consisted of memory complainers.
Several studies revealed the presence of smaller left hippocampal volumes and decreased
gray matter volumes among memory complainers, suggesting that this condition is an
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early stage of AD in some patients (van der Flier et al. 2004; Saykin et al. 2006).
However, the memory complainers form a relevant control group from a clinical per-
spective, since AD subjects need to be distinguished from MC and MCI cases. Also, if
AD pathology is present, it is likely to be less pronounced than in demented patients,
and the extent of striatal deformity may have been underestimated. A third limitation
is that the CAMCOG-R score is a screening test for cognitive impairment and is not
specifically aimed at detecting basal ganglia dysfunction. Future studies are needed to
assess whether a specific cognitive function is affected by striatal atrophy in AD.

In conclusion, morphometric analysis of the striatum shows the occurrence of shape
deformity in AD predominantly in the rostral medial part of the caudate nucleus and
ventral lateral putamen in AD patients. These areas are known to participate in circuits
with the medial temporal lobe and prefrontal cortex and were associated with cogni-
tive impairment. Shape deformity of the accumbens was also associated with cognitive
impairment, but was not significantly different between MCs and AD patients.
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ABSTRACT

Striatal degeneration may contribute to cognitive impairment in older people. Here, we
examine the relation of atrophy of the striatum and its substructures to cognitive decline
and dementia in study participants ranging from normal cognition to dementia. Data
were from the prospective community-based Honolulu Asia Aging Study of Japanese
American men born 1900–1919. Brain MRI (1.5T) was acquired on a stratified sub-
sample (n = 477) that included four groups defined by cognitive status relative to the
scan date: subjects without dementia (n = 347), subjects identified as demented 2–3
years prior to brain scanning (n = 30), at the time of scanning (n = 58), and 3–5 years
after scanning (n = 42). Volumes of the striatum, including the accumbens, putamen,
and caudate nucleus were automatically estimated from T1 MR images. Global cogni-
tive function was measured with the CASI, at four exams spanning an 8-year interval.
Trajectories of cognitive decline were estimated for each quartile of striatal volume us-
ing mixed models, controlling for demographic variables, measures of cerebrovascular
damage, global brain atrophy, and hippocampal volume. Diagnosis of dementia before,
during, and after brain scanning was associated with smaller volumes of nucleus accum-
bens and putamen, but not with caudate nucleus volume. Subjects in the lowest quartile
of nucleus accumbens volume, both in the total sample and in the subjects not diag-
nosed with dementia during the study, had a significantly (p < 0.0001) steeper decline
in cognitive performance compared to those in the highest quartile. In conclusion, vol-
umes of the nucleus accumbens and putamen are closely associated with the occurrence
of dementia and nucleus accumbens volume predicts cognitive decline in older people.
These associations were found independent of the magnitude of other pivotal markers
of cognitive decline, i.e., cerebrovascular damage and hippocampal volume. The present
study suggests a role for the ventral striatum in the development of clinical dementia.
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INTRODUCTION

The effects on cognition of degenerative changes in the medial temporal lobe have
been widely studied. However, other structures atrophy with age as well and may also
contribute significantly to late-life cognitive impairment. The striatum is of particular
interest because it is part of two systems prone to degeneration in older people, the
limbic and the fronto-striatal system. The striatum, is anatomically divided by the capsula
interna into the caudate nucleus, putamen, and nucleus accumbens. The caudate nucleus
and putamen are histologically similar and their functions are thought to be congruous
with their somato-topographical connections to the neocortex. The caudate nucleus is
part of circuits to the dorsolateral prefrontal cortex, lateral orbital prefrontal cortex, and
posterior parietal cortex. The putamen is part of circuits with the motor cortex and the
somatosensory cortex (Utter and Basso 2008). The nucleus accumbens, located ventro-
anterior, differs histologically and functionally from the caudate nucleus and putamen.
Its cells have smaller dimensions and are organized into subnuclei (Brockhaus 1942)
The nucleus accumbens projects to, and receives input from, several limbic regions
including the medial temporal lobe and anterior cingulate cortex. Functionally, the ventral
striatum (nucleus accumbens and fundi of the caudate and putamen) participates in
processing limbic information and the dorsal striatum (caudate nucleus and putamen)
in sensorimotor information (Voorn et al. 2004).

The role of the striatum in cognitive processes has been studied in specific basal
ganglia disorders and as part of basal forebrain atrophy in Alzheimer’s disease (AD). In
Huntington’s disease (HD), atrophy of the caudate nucleus is associated with impaired
executive functioning (Peinemann et al. 2005), bicaudate ratio with impaired language
learning (De Diego-Balaguer et al. 2008), and smaller volumes of the putamen with
worse psychomotor function (Jurgens et al. 2008). Apart from classical basal ganglia
diseases, in a recent volumetric study it was observed that AD cases had significantly
decreased volumes of the putamen compared to memory complainers (de Jong et al.
2008). Also, basal forebrain atrophy, including parts of the ventral striatum, was observed
as long as 4.5 years before the development of clinical symptoms (Hall et al. 2008;
Teipel et al. 2005). Despite the data on striatal volumes in dementia and basal ganglia
diseases, little is known on the relation between striatal volume and cognitive decline in
older people, varying from cognitively “normal” to impaired. Also not known is, whether
other predictors of cognitive impairment, such as cerebrovascular damage, global brain
atrophy, or hippocampal volume, mediate this relation or whether striatal volumes can
improve our ability to predict cognitive decline in older people.

Here, we examine the relation of striatal volume to dementia and global cognitive
function and decline, in the entire spectrum from cognitively healthy to demented older
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subjects. We account for the presence and extent of several pivotal cerebrovascular dam-
age parameters, hippocampal volume, and global brain atrophy. Subjects are from the
well-characterized population based cohort of the Honolulu-Asia Aging Study (HAAS),
who participated in an MRI substudy.

METHODS

Subjects and study design

Study subjects were older Japanese-American men, born between 1900–1919, who par-
ticipated in the HAAS, an expansion of the Honolulu-Heart Program. A detailed descrip-
tion of the HAAS can be found elsewhere (White et al. 1996). In short, subjects were
examined in 1991–1993 (baseline exam 4), and in three follow-up exams in 1994–1996
(exam 5), 1997–1999 (exam 6), and 1999–2000 (exam 7). The study was approved by
the institutional review board of the Kuakini Medical Center and all respondents signed
informed consent forms, except those who were demented, for whom an informed care-
taker signed the consent

Assessment of cognitive function and dementia

During each exam all subjects were evaluated on cognitive performance and dementia
cases were ascertained using a multistep procedure described elsewhere (White et al.
1996). Briefly, all subjects were screened with the Cognitive Ability Screening Instru-
ment (CASI), which ranges in score from 0–100 (Teng et al. 1994). If subjects were
screened positive, they were further evaluated with neuropsychological tests based on the
CERAD (Consortium to Establish a Registry for Alzheimer’s Disease) battery (Morris
et al. 1989), a neurologic exam, a proxy interview, and a diagnostic brain scan. Diag-
noses were made in a consensus meeting in which the DSM-IIIR (American Psychiatric
Association 1987) was applied for dementia, the NINCDS-ADRDA criteria (McKhann
et al. 1984) for AD, and the CADDTC (California Alzheimer’s Disease Diagnostic and
Treatment Centers) criteria were applied for vascular dementia (VaD) (Chui et al. 1992).
Depressive symptomology was measured in the first exam, using the Center for Epidemi-
ologic Studies-Depression scale (CES-D) (Radloff 1977).

During the first follow-up examination (exam 5 1994–1996), whole brain Magnetic
Resonance Imaging (MRI) was obtained on a stratified subsample of the total cohort.
This subsample included a random sample of approximately 10% of the cognitively
unimpaired participants and a selected over-sample of subjects with prevalent dementia
(exam 4), subjects who scored poorly on cognitive testing but did not meet the criteria
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for clinical dementia, subjects who possessed the apoliprotein E type ε4 (APOE ε4
positive), and subjects with clinical stroke (Scher et al. 2007). Successful brain MR
images were obtained from 575 subjects.

MRI acquisition and readings

Magnetic Resonance Imaging (MRI) was performed using a 1.5 Tesla MRI system (GE
Signa Advantage) in the Kuakini Medical Center in Honolulu. The protocol has been
described (Scher et al. 2007) elsewhere. Standardized MR readings were performed by
readers at the John Hopkins Reading Center, blinded to the subject’s medical history or
health status at the time of scanning. The number of cerebral infarcts, lacunar infarcts,
subcortical infarcts, and white matter lesions was evaluated according to Cardiovascular
Health Study protocols (Longstreth et al. 1998). lacunar infarcts were defined having
a maximal diameter of 3.0–20 mm. For this analysis, subjects were grouped according
to the number of lacunar infarcts identified (0 = no lacunar infarct, 1 = 1–2, and 2 =
3–5 lacunar infarcts). White matter hyperintensities (WMH) on proton density images
were scored on a scale from 0–9 (0 = no white matter hyperintensities and 9 = all white
matter involved), and for the analyses grouped as follows: 1 = 1–3, 2 = 4–6, and 3 =
7–9. As an indicator of global brain atrophy, bi-frontal distance was measured, defined
on T1 weighted axial slices as the largest right-left distance between the lateral borders
of the right and left frontal horns. Inner table distance, the right-left dimension between
the inner tables of the skull, was measured at the same level of the bi-frontal distance,
and used to correct the bi-frontal distance for intracranial volume (Korf et al. 2004).
Manually measured intracranial volume (ICV) and hippocampal volume were acquired
using a protocol described previously (Korf et al. 2004).

Segmentation of cortical and deep gray matter structures

The algorithm FIRST (FMRIB’s Integrated Registration and Segmentation Tool), of
the FSL package (Smith et al. 2004) was used for automated segmentation of left
and right nucleus accumbens, caudate nucleus, and putamen (Patenaude et al. 2007).
This software package has been evaluated relative to manual tracing methods and other
automated segmentation tools and an average Dice coefficient for the striatum of 0.81
was estimated (Babalola et al. 2009; Morey et al. 2009). We used the run_first_all-
script with default options, followed by a boundary correction with a z-score of 3. The
output of FIRST consisted of non-normalized striatal volumes. Total striatal volume
was calculated by adding up the volumes of the caudate nucleus, putamen, and nucleus
accumbens.
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Statistical analysis

Analytical sample

There were 549 scanned subjects with successfully processed ICV and hippocampal
volume (Korf et al. 2006). For the present study we excluded subjects whose scans
could not be successfully processed by FIRST (n = 18), those with subcortical infarcts
> 20 mm (n = 20), which may cause large errors in the computed volumes, and those
who were diagnosed with or developed types of dementia other than AD, VaD, or mixed
type of AD/VaD dementia (n = 34). Our final study sample included 477 subjects. In
general, the sample of prevalent and incident dementia cases in this analysis tended to
be of mild severity and to have a slower rate of functional decline than cases who were
not scanned. Of those who were not diagnosed with dementia during the study about
30% did not survive the total 8-year follow-up time.

Relation of striatal volumes and time of dementia diagnosis

Each striatal structure volume was normally distributed across the total study sample
of 477 subjects. To assess whether the striatal volumes are smaller in subjects with
dementia or will be diagnosed with dementia in the future, we assigned each subject to
one of 4 exhaustive and mutually exclusive categories; 1) those who had been identified as
demented at the first HAAS examination 4 (baseline prevalent dementia cases: n = 30),
2) those who were identified as demented at the first follow-up examination 5 (incident
dementia cases when scanned n = 59), 3) those who were identified as demented in
follow-up exams 6 or 7 (n = 42), and 4) all others (n = 347). For descriptive purposes,
we will refer to these groups as: prevalent dementia, incident dementia, future dementia,
and no dementia. The groups were compared on age, ICV, years of education, CASI-
score, CES-D score, bi-frontal distance (corrected for inner table distance), hippocampal
volume, and striatal volumes by one-way ANOVA, and compared on cerebral and lacunar
infarcts, WMH, and presence of APOE ε4 allele (yes = 34 and 44, no = all other
genotypes) (Hixson and Powers 1991) by a Pearson’s χ2 test. Tests for linear association
and pairwise comparison of striatal volumes between the study groups were performed.

Association of striatal volume and cognitive decline

For the longitudinal analyses the total sample was divided by quartile of volume of the
striatum and substructures. Slopes from quartiles 1–3 were, separately, compared to the
slope of the 4th quartile (highest volume quartile). For this, a mixed model approach
was used, with random intercepts and age at each of the four HAAS exams as the



Ventral striatal volume and cognitive decline 77

time line. The mixed model accounted for varying time intervals between the exams of
different subjects, differences in the number of measurements per subject (unbalanced
data), and differences in age at baseline exam. Whether or not slopes differed across
quartiles and over time, was tested with an interaction term of age (the time scale)
and quartile of volume, compared with the 4th quartile. We adjusted for age at baseline
exam, educational level, ICV, CES-D, lacunar infarcts, cerebral infarcts, WMH, bifrontal
distance, presence of APOE ε4 allele, and quartile of hippocampal volume. To check
whether potential associations were not due to overrepresentation of demented subjects
in the lower quartiles of volume, we reran the mixed model analysis on the no dementia
group only (n = 347). Furthermore, we tested non-linearity in the cognitive trajectories
by adding a quadratic term into the model. This term was not significant, and the
linear model was more parsimonious without sacrificing the model fit (table 1), so we
proceeded with the linear model.

Table 1: Test of linear vs. quadratic cognitive deterioration by quartile of striatal volume

Full sample (n = 477) No dementia sample (n = 347)
Structure Quartile p AIC AIC p AIC AIC

linear quadratic linear quadratic

Striatum
I 0.83 2524 2530 0.03 1704 1706
II 0.55 2744 2750 0.14 2254 2258
III 0.07 2787 2789 < 0.01 2347 2347
IV < 0.01 2617 2616 < 0.01 2261 2257

Nucleus accumbens
I 0.93 2337 2343 0.02 1311 1311
II 0.21 2766 2771 0.08 2338 2341
III 0.30 2626 2631 0.52 2312 2318
IV 0.52 2747 2753 0.29 2520 2525

Putamen
I 0.15 2519 2523 0.26 1662 1667
II 0.23 2718 2722 0.28 2246 2251
III 0.91 2811 2817 0.96 2241 2248
IV 0.01 2616 2615 < 0.01 2375 2372

Caudate nucleus
I 0.12 2550 2554 0.03 2055 2057
II 0.91 2808 2814 0.87 2088 2094
III 0.62 2673 2679 0.47 2142 2148
IV 0.71 2621 2627 0.31 2235 2240

AIC, Akaike’s information criterion
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RESULTS

Dementia and smaller striatal volumes

The dementia study groups differ in age (p = 0.008), CASI-score (p < 0.0001), vol-
umes of the striatum (p = 0.0004), putamen and accumbens volume (p < 0.0001), all
three indicators of cerebrovascular damage, i.e., cerebral and lacunar infarcts and WMH
(p < 0.0001), bi-frontal distance (p < 0.0001), and hippocampal volume (p < 0.0001)
(Table 2). Pairwise comparison between no dementia group and each of the three demen-
tia groups shows significantly smaller volumes of the total striatum, nucleus accumbens,
and putamen in the prevalent (all p < 0.001) and incident dementia (p = 0.002 for total
striatum, p < 0.001 for nucleus accumbens, p = 0.002 for putamen) groups, and also
smaller volumes of the accumbens in the future dementia group (p = 0.003). Compar-
ison of prevalent dementia with future dementia shows larger volumes of the striatum
(p = 0.03), putamen (p = 0.01), and accumbens (p = 0.001) in future dementia and
comparison of prevalent dementia with incident dementia shows a larger volume of the
accumbens (p = 0.01) in incident dementia.

Striatal volume and prediction of cognitive decline

Figure 1 summarizes the results of the longitudinal analysis, showing the predicted decline
in CASI scores over time per quartile of striatal volume; spaghetti plots of a random
sample of 10 subjects of each quartile are also included in the figure. There was a
significant difference in decline of CASI score in quartile IV compared to quartile I for
the nucleus accumbens (slope ∆ (SE) = −1.39 (0.21), p < 0.0001). There were no
significant differences between quartile IV and I for the putamen (slope ∆ (SE) = −0.33

(0.22), p = 0.13), caudate nucleus (slope ∆ (SE) = −0.01 (0.22), p = 0.98), or total
striatal volume (slope ∆ (SE) = −0.34 (0.21), p = 0.11).

A summary of the longitudinal analysis with the no-dementia group only (n=347)
is shown in Figure 2. Similar to the analysis on the total sample, a significant slope
difference between quartile IV and I for the nucleus accumbens was seen (slope ∆ (SE)
= −1.39 (0.21), p < 0.0001), but not for the putamen (slope ∆ (SE) = 0.14(0.15),
p = 0.47), caudate nucleus (slope ∆ (SE) = 0.07 (0.19), p = 0.71), or striatum (slope
∆(SE) = −0.03 (0.19), p = 0.89).

The overall significance of the models estimating the cognitive change slope by
quartile of striatal volume are shown in Table 3; results were adjusted for age, education
in years, gender, ICV, CES-D score, cerebral infarcts, lacunar infarcts, WMH, bi-frontal
distance, and the presence of APOE ε4 allele. For comparison we show similar analyses
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Table 2: Group characteristics according to identification of dementia relative to MRI:
HAAS MRI subsample

Mean (SD) No Future Incident Prevalent p
or dementia dementia dementia dementia ANOVA
% (n = 347) (n = 42) (n = 58) (n = 30) or χ2

Agea 81.3 (5.0) 82.7 (5.1) 82.2 (4.9) 84.2 (5.1) 0.008
ICV 1436 (110) 1429 (116) 1440 (107) 1442 (100) 0.95
Educationa 10.4 (3.0) 10.2 (3.1) 9.9 3(.2) 9.4 (2.6) 0.23
CASI-score 79.8 (9.8) 72.5 (8.5) 60.3 (16.2) 44.8 (19.8) <.0001
CES-D score 3.7 (3.5) 4.5 (4.5) 4.3 (2.2) 3.0 (2.2) 0.32
Bi-frontal dist. 0.34 (0.03) 0.34 (0.04) 0.36 (0.03) 0.36 (0.03) <.0001
Striatum 20.0 (2.3) 19.7 (2.6) 18.9 (3.3) 18.5 (2.0) <.0004
Accumbens 1.38 (0.24) 1.26 (0.23) 1.21 (0.28) 1.08 (0.18) <.0001
Putamen 9.7 (1.2) 9.4 (1.4) 9.1 (1.7) 8.7 (1.1) <.0001
Caudate 8.9 (1.3) 9.0 (1.3) 8.6 (1.7) 8.7 (1.6) 0.30
Hippocampus 5.6 (0.8) 5.2 (0.7) 4.9 (0.9) 4.3 (0.9) <.0001
APOE ε4 37 29 26 30 <.0001
Cerebral infarcts
0 93 93 88 81
1 6 7 7 15 <.0001
> 2 1 0 5 4

Lacunar infarcts
0 58 61 47 46
1–2 31 34 32 35 <.0001
3–5 10 5 21 19

White Matter Hyperintensity
0–3 75 71 60 46
4–6 20 24 29 35 <.0001
7–9 4 5 10 7

CASI, Cognitive Ability Screening Instrument; CES-D, Center for Epidemiologic Studies Depression.

a in years

for the hippocampus. We found the slope of the cognitive decline to significantly differ
among the quartiles of hippocampal volume. Adjusting for the hippocampus quartiles,
as well as other markers of brain pathology and cardiovascular disease risk factors, we
found there was still a significant difference among quartiles of the nucleus accumbens
(p < 0.0001). As shown in Figures 1 and 2, this largely reflected the steeper slope in
decline of the 4th quartile relative to the first quartiles. Volumes of the total striatum,
caudate nucleus, and putamen, were not associated with cognitive decline.
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Figure 1: Predicted CASI-score over time per quartile of striatal volume
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CASI Score, predicted mean CASI (Cognitive Ability Screening Instrument) score over 8-year
interval, adjusted for age, age at baseline, educational level, ICV, CES-D score, lacunar
infarcts, cerebral infarcts, WMH, bi-frontal distance/inner table distance, APOE ε4 allele,
hippocampal volume quartiles.

DISCUSSION

The present study assessed the relation of the volume of the striatum and its substruc-
tures and global cognitive performance in the entire spectrum of cognitively healthy to
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Table 3: Volume of striatum and hippocampus in predicting cognitive decline

Full sample No dementia sample
(n = 477) (n = 347)

Model Effectsa F -value p-value F -value p-value

Hippocampus (Hipp)
Hipp quartiles 9.8 <.0001 5.4 0.001
Age × Hipp quartiles 12.8 <.0001 6.4 0.0003

Nucleus accumbens (NAcc)
NAcc quartiles 14.9 <.0001 6.5 0.0002
Hipp quartiles 12.7 <.0001 2.9 0.04
Age × NAcc quartiles 17.1 <.0001 7.3 <.0001

Caudate nucleus (CN)
CN quartiles 0.6 0.65 1.5 0.22
Hipp quartiles 19.5 <.0001 3.8 0.01
Age × CN quartiles 0.5 0.65 1.5 0.22

Putamen (Put)
Put quartiles 1.1 0.36 1.6 0.19
Hipp quartiles 15.8 <.0001 3.7 0.01
Age × Put quartiles 1.4 0.25 1.7 0.16

Striatum (Str)
Str quartiles 1.4 0.23 1.7 0.16
Hipp quartiles 16.2 <.0001 3.2 0.02
Age × Str quartiles 1.7 0.16 1.7 0.16

a Separate effects of age, education in years, gender, ICV, CES-D score, cerebral infarcts, lacunar
infarcts, WMH, bi-frontal distance, and presence of APOE ε4 allele are not displayed.

demented older people. We found volumes of the nucleus accumbens (as they were at
the time of scanning) to be lower in subjects diagnosed with dementia 2–3 years prior
to, at the time of, and 3–5 years after, the brain MR-scan was acquired. Total volumes
of the striatum, and separately the putamen were smaller in subjects diagnosed with
dementia prior to and at the time of scanning. Furthermore, we found that quartiles
of nucleus accumbens volume significantly differed in the rate of cognitive decline both
in the total sample and the sample of subjects who were not identified with dementia
during the course of the study. Specifically, subjects in the lowest quartile of accumbens
volume had a significantly steeper slope of cognitive decline measured over an 8-year
period, independent of global brain atrophy, hippocampal volume, presence of APOE
ε4 allele, or the amount of cerebrovascular damage. Thus, our findings suggest, the
ventro-anterior striatal substructure, the nucleus accumbens, is a significant indicator
for cognitive decline. Prospective studies of people who are not demented at baseline are
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Figure 2: Predicted CASI-score over time per quartile of striatal volume (non-demented
people only)
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CASI Score, Predicted mean CASI (Cognitive Ability Screening Instrument) score over 8-year
interval, adjusted for age, age at baseline, educational level, ICV, CES-D score, lacunar
infarcts, cerebral infarcts, WMH, bi-frontal distance/inner table distance, APOE ε4 allele,
hippocampal volume quartiles.

needed to investigate whether atrophy in the accumbens is a marker for some specific
cognitive trajectories, such as a fast or steep decline.

These findings contribute to our understanding of the stages of cognitive decline.
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The striatum is the largest structure of the basal ganglia, both hemispheres together
measuring approximately 20 cm3, and is regarded as an input nucleus for cortical pro-
jections (Utter and Basso 2008). Several studies have described the topographical ar-
rangement of the human striatum in distinct, sometimes partially overlapping, circuits
serving motor and cognitive functions (Alexander, DeLong, and Strick 1986; Draganski
et al. 2008; Leh et al. 2007; Middleton and Strick 2000). Of interest here is the anterior
cingulate loop described by Alexander (Grahn, Parkinson, and Owen 2008). This loop
includes the ventral striatum, which receives input from the anterior cingulate cortex,
hippocampal cortex, entorhinal cortex, and the superior and inferior temporal gyri. The
ventral striatum consists of the nucleus accumbens, fundi of the caudate and putamen,
and olfactory stria (Brockhaus 1942). Since the accumbens is part of the limbic circuit,
we had postulated that it shared the limbic circuits’ vulnerability to degenerate during
the dementing process. In our study the nucleus accumbens was significantly smaller
in subjects with dementia and subjects who were going to become demented. Volume
of the accumbens contributed independently to the model explaining cognitive decline
in older people. This contribution was independent of more generally used indicators of
cognitive decline hippocampal volume, global brain atrophy, and cerebrovascular damage
parameters. The results were similar in the sample not diagnosed with dementia during
the 8-year follow-up period.

Pathological studies of the striatum in AD have shown that in particular, the cho-
linergic interneurons contain neurofibrillary tangles and are lost in the ventral striatum,
which may be a potential explanation for our findings (Lehéricy et al. 1989; Selden,
Mesulam, and Geula 1994). Studies are needed to determine the processes leading to
smaller accumbens volumes in older (demented) subjects, as well as the temporal rela-
tion with other neurodegenerative changes in the brain. It has been postulated that the
nucleus accumbens plays a pivotal role in memory and learning processes (Goldenberg
et al. 1999; Gonzalez-Burgos and Feria-Velasco 2008; Graybiel 2008), possibly explain-
ing the association of smaller volumes with more rapid cognitive decline. However, the
nucleus accumbens is part of the intricate basal forebrain system and detailed knowledge
of how this system facilitates cognitive functioning is still lacking, as is our understanding
of the precise role of the nucleus accumbens (Alheid and Heimer 1988).

We also found associations between the volume of the putamen and diagnosis of de-
mentia, although not with cognitive decline. Previously, smaller volumes of the putamen
were observed in people with dementia (de Jong et al. 2008). It is possible that decrease
in the volume of the putamen becomes evident in more progressed stages of dementia
and not in preclinical stages, which may explain the association with dementia but not
with prediction of cognitive decline. Contrary to expectation, the caudate nucleus was
not associated with dementia or cognitive decline in our study, whereas other studies
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have pointed out the occurrence of degeneration of the head of the caudate nucleus
in AD (Frisoni et al. 2002; Karas et al. 2003; Rombouts et al. 2000). Possibly, this
inconsistency reflects differences in where the borders were placed between the nucleus
accumbens and the caudate nucleus, but it may also be that the volume differences for
the caudate nucleus are too small to detect by our method.

A major advantage of our study was the highly reproducible separate segmentation
of caudate, putamen, and nucleus accumbens, and that we were able to study these
substructures in association with longitudinal changes in cognition and dementia status.
However, the limitations in the extent to which the “borders” between the striatal sub-
structures can be identified, need to be taken into account when interpreting the data.
The borders of these structures are better viewed as transition zones with overlapping
functions. Currently, it is not possible to delineate substructures based on a functional
division, because of overlapping functional zones and low contrast within the neostriatal
structure on MR. Finally, the striatal volume calculations were based on the delineation
of the surface or boundary voxels, which does not account for within structure changes,
including lacunar infarcts, iron accumulation, and enlarged Virchow Robin spaces in the
deep gray matter. This may lead to a potential overestimation of striatal volume. To
minimize this effect we excluded subjects with large infarcts (> 20mm) in the deep gray
matter region, and controlled for the presence of lacunar infarcts.

CONCLUSION

The present study shows that the volume of the nucleus accumbens is closely associ-
ated with cognitive performance in older subjects, independent of other common brain
changes in older persons. Additional studies are needed to further determine the clinical
significance of atrophy in the striatum in community-based individuals
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ABSTRACT

Atrophy of medial temporal lobe (MTL) and basal ganglia (BG) are characteristic of
various neurodegenerative diseases in older people. In search of potentially modifiable
factors that lead to atrophy in these structures, we studied the association of vascular
risk factors to atrophy of MTL and BG in 368 non-demented men and women (born
1907–1935) who participated in the Age, Gene/Environment, Susceptibility-Reykjavik
Study. A fully automated segmentation pipeline estimated volumes of MTL and BG from
whole brain MRI performed at baseline and 2.4 years later. Linear regression models
showed higher systolic and diastolic blood pressures and the presence of APOE ε4 were
independently associated with increased atrophy of MTL but no association of vascular
risk factors with atrophy of BG was found. The different susceptibility of MTL and
BG atrophy to the presence of vascular risk factors suggests the relatively preserved
perfusion of BG when vascular risk factors are present.
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INTRODUCTION

Several vascular risk factors are associated with the development of cognitive decline
and Alzheimer’s disease in the ageing population, among others obesity, high blood
pressure, and high serum cholesterol (Debette et al. 2011; EL Kivipelto M.H et al.
2001; Tolppanen et al. 2012). A large body of literature is available that shows great
overlap between these risk factors for cognitive decline and Alzheimer’s disease on the
one hand and risk factors for atrophy of brain structures on the other hand. Of particular
interest are risk factors for pathological changes in the medial temporal lobe (MTL) and
the basal ganglia and thalamus (BG), since pathological changes in these structures
have been associated with an increased risk for Alzheimer’s disease and cognitive decline
in older people (Barnes et al. 2009; de Jong, van der Hiele, et al. 2008; de Jong, Wang,
et al. 2012). Because of the growing ageing population, identification of potentially
modifiable risk factors for atrophy of MTL and BG is important. Proper treatment may
prevent or postpone the development of cognitive decline and therefore have a major
public health impact.

Decreased volumes of MTL have been associated with untreated elevated midlife
systolic and diastolic blood pressures (Korf, White, et al. 2004), type 2 diabetes (Korf,
White, et al. 2006), high BMI at midlife (Debette et al. 2011), and the presence of
APOE 4 allele (den Heijer, Oudkerk, et al. 2002). The APOE genotype is in particular
relevant vascular risk factor, since it is involved in cholesterol metabolism and in repair
of brain injury (Liu et al. 2013) and therefore may be related to MTL volume decline
via multiple mechanisms. APOE ε4 allele has also been associated with steeper rates of
annual decline in hippocampal volume (Moffat et al. 2000). Although the associations
of APOE ε4 and midlife exposure to other vascular risk factors with decreased MTL
volumes is supported by many reports, studies of associations of late life vascular risk
factor exposure and MTL volume measurements tend to give mixed results or show
no association (Gattringer et al. 2012). However, many of these studies are based on
cross-sectional data and/or may not use direct measurements of MTL volume (Debette
et al. 2011).

Although important in cognitive decline, less is known on vascular risk factors and
volumetric changes in the BG. The striatum and thalamus are particularly susceptible
to hypertensive cerebral small vessel disease (SVD), which on its turn is associated with
cognitive decline (Prins et al. 2005; Smallwood et al. 2012). The striatum is supplied
by perforating branches from the medial cerebral artery and the thalamus by perforat-
ing branches from the posterior cerebral artery, just shortly after both cerebral arteries
have branched from the circle of Willis (Schmahmann 2003). This analogous irrigation
may lead to similar effects of vascular risk factors in the striatum and thalamus. Man-
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ifestations of SVD that are visible on magnetic resonance images (MRI), i.e., lacunar
infarcts, microbleeds, and dilated Virchow Robin spaces, indeed frequently occur simul-
taneously in the striatum and the thalamus (Vermeer, Longstreth, and Koudstaal 2007;
Zhu, Tzourio, et al. 2010; Zhu, Dufouil, et al. 2010). Besides macroscopically visible
traits of SVD, microscopic pathology, such as micro infarcts or gliosis, may impact the
structural integrity of the BG neural network as well (Gouw et al. 2011) and may lead
to general atrophy of the structure. Since vascular risk factors have been related to the
occurrence of SVD in the BG, we hypothesize that BG atrophy rates also increases in
the presence of vascular risk factors.

In this follow-up brain MRI-study, we examined baseline and follow-up volumes of
MTL and BG in relation to various vascular risk factors in late life. We hypothesized
that those factors associated with cognitive decline are related to a higher atrophy
rate of the MTL, but also a higher atrophy rate of the BG, in particular high blood
pressure. Furthermore, we examined whether the effects of different vascular risk factors
on the MTL and BG interacted with each other or exerted independent effects. We
chose to combine volumes of the striatum (including caudate nucleus, putamen, and
globus pallidus) with the thalamic volume, because of their analogous vascularization.
For descriptive purposes we refer to these structures as BG. Participants were from
the population based Age, Gene/Environment, Susceptibility-Reykjavik Study (AGES-
Reykjavik), who took part in a midterm follow-up MR substudy.

METHODS

Study population

Data were from the well-characterized population-based AGES-Reykjavik study, (2002–
2006) composed of men and women born between 1907–1935. The design of the study
has been described elsewhere (Harris et al. 2007). Participants underwent extensive clin-
ical evaluation, brain MRI, and cognitive testing. Cases of dementia were ascertained in
a three-step process, as described previously (Harris et al. 2007), including a screening
based on the Mini Mental State Examination and the Digit Symbol Substitution Test,
a diagnostic neuropsychological test battery, an informant interview, and a neurological
examination. A consensus diagnosis of dementia and MCI was made by a panel including
a geriatrician, neurologist, neuropsychologist, and neuroradiologist. Dementia was classi-
fied according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition,
criteria (American Psychiatric Association 1994) A random sample of 410 participants
was selected from the cohort that had successfully acquired MRI at baseline between
2004–2006 (N = 4614). From this sample we excluded those with missing or low quality
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images that could not be adequately segmented (n = 35) and demented cases (n = 3).
Because large areas of ischemic damage may affect the scan analysis, we also excluded
those with hemispherical infarcts spanning 3 or more cortical lobes (n = 2), and those
with parenchymal defects in the BG larger than 30 mm (n = 2). Our final study sample
consisted of 368 non-demented people with successfully processed brain MR at both
time points. This subsample underwent follow-up brain scanning, performed between
June 2006 and March 2007, with an average interval of 2.4 (SD = 0.16) years from the
first scan.

Protocol approvals, registrations, and patient consents

All participants signed an informed consent. The AGES-Reykjavik study was approved
by the Intramural Research Program of the National Institute on Aging, the National
Bioethics Committee in Iceland (VSN00-063), the Icelandic Data Protection Authority,
and the institutional review board of the U.S. National Institute on Aging, National
Institutes of Health.

Acquisition and post processing of MRI

MRI was performed in the Icelandic Heart Association Research Institute on a 1.5-T
Signa Twinspeed system (General Electric Medical Systems) MRI scanner with 8-channel
head coil (General Electric Medical Systems, Waukesha, WI). The image protocol, de-
scribed previously (Sveinbjornsdottir et al. 2008), included whole brain axial T1-weighted
3-dimensional, FSE PD/T2, and FLAIR sequences, with the same acquisition param-
eters at both time points. Scans were processed with a fully automated segmentation
pipeline described previously (Sigurdsson et al. 2012). Preprocessing of the images in-
cluded inter slice intensity normalization, noise reduction, and correction for intensity
nonuniformity. The pipeline combined the use of a regional probabilistic atlas (figure 1),
created with a large sample of the AGES-Reykjavik study (N = 314), with a multispec-
tral tissue segmentation method. The atlas was warped non-linearly to the T1-weighted
images of each study participant, where the intersection of regional delineation by the
atlas with the results from the tissue segmentation was used to calculate the volumes
of the regions of interest. The manual segmentation protocols for MTL and BG, used
to create the probabilistic atlas, are reported in the appendix.

Substructure volumes of MTL, i.e., amygdala and hippocampus, and substructures
of BG, i.e., caudate nucleus, putamen, accumbens, globus pallidus, and thalamus were
combined. By combining substructures we reduced the possibility that volume loss due to
observational noise in one substructure became volume gain in the adjacent substructure.
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Figure 1: Brain regions of the probabilistic atlas in the AGES-Reykjavik atlas



Atrophy rates of MTL and BG and vascular risk factors 95

ICV was defined as the sum of CSF, total gray and white matter, and white matter lesion
volume.

Validation

Performance of the automated segmentation pipeline of AGES-Reykjavik study was
validated against four scans that were manually segmented into different brain regions.
Dice-kappa scores were calculated for each region (caudate nucleus: 0.93, putamen:
0.87, accumbens: 0.69, pallidus: 0.66, thalamus: 0.92, hippocampus: 0.79, amygdala:
0.79).

Risk factors and covariates

All covariates and risk factors were measured at baseline. Education level (college or
university education versus lower education), smoking history (never, former, or current
smoker), and alcohol intake history (never, former or current drinker) were assessed
by questionnaire. Body mass index (BMI) was calculated as current weight divided by
squared midlife height (taken from data of the Reykjavik Study examination that oc-
curred 25 years (SD = 4.2) earlier). Blood pressure was measured at baseline, 216
(59%) participants were using antihypertensive medication and 152 (41%) were un-
medicated. Diabetes was defined as a history of physician diagnosed diabetes, use of
glucose-modifying medication, or fasting blood glucose of > 7.0 mmol/L. MRI infarct-
like lesions were identified by trained radiographers as defects in the brain parenchyma
with a maximal diameter of at least 4 mm and associated with hyperintensity on T2 and
fluid-attenuated inversion recovery images. For lesions in the cerebellum and brain stem
or lesions with cortical involvement, no size criterion was required. APOE genotype was
successfully determined in 366 participants (Eiriksdottir et al. 2006). Participants were
classified by genotype into 3 groups having either one or two APOE ε2 alleles) (22, 23),
two APOE ε3 alleles (33), or one or two APOE ε4 alleles (34, 44). Participants with
one APOE ε2 allele and one APOE ε4 (24) were excluded from the analysis (N = 5).

Statistical analysis

Characteristics of the study sample were compared with characteristics of the rest of the
AGES-Reykjavik sample that underwent MR scanning (N = 4246). The study sample
was on average younger (mean 75.5 (SD = 5.3) [range 67–90 yo] vs. mean 76.5 (SD
= 5.5) [range 66–98 yo], p = 0.001), had lower volume of WML (mean 18.7 (SD =
19.1) vs. mean 21.0 (SD = 21.1), p = 0.03) and higher MMSE score (median 28 (20th
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percentile = 26, 80th percentile = 29) vs. median 27 (20th percentile = 24, 80th percentile
= 29), p < 0.0001) (Table 1).

The change in volume of BG and MTL were calculated as annualized percent change
as follows:

Volume Time2 − Volume Time1
Volume Time1 × (T ime2 − T ime1)

× 100

Mean baseline and follow-up BG and MTL volumes (unadjusted for ICV) and mean
annualized percent change in BG and MTL volumes were calculated for the total sample
and for women and men separately (table 2). Pearson correlations of baseline BG and
MTL volumes with follow-up volumes and with annualized percent changes were also
calculated (last two columns of table 2).

Differences in baseline volume and annualized percent change of BG and MTL among
groups with different APOE genotype (33, and 34/44, and 23/22), smoking and alcohol
status (never, former, current), presence of diabetes and MRI infarct-like lesions were
assessed in a general linear model. Continuous variables, i.e., age, BMI, LDL, HDL,
glucose, and blood pressure levels, were transformed into z-scores, so coefficients from
the different risk factors could be compared. Furthermore, continuous variables were also
dichotomized at the median value for age and WML or according to clinically relevant
thresholds: BMI > 25 kg/m2, LDL > 4.1 mmol/L, HDL < 1.03 mmol/L for men
and < 1.30 mmol/L for women, glucose level > 5.6 mmol/L, systolic blood pressure
> 140 mmHg, diastolic blood pressure > 90 mmHg. Relations between the continuous
variables (z-scored) and dichotomized variables were assessed in a general linear model.
Models with baseline BG or MTL volumes as dependent variable were adjusted for age
(as a continuous variable), sex, and ICV. Since annualized percent change in MTL volume
was significantly related to MTL volume at baseline (table 2), models with annualized
percent change in BG or MTL as dependent variables were additionally adjusted for
baseline volume of BG or MTL respectively. Models for associations with LDL and HDL
level were also adjusted for the use of statins. Models for associations with systolic and
diastolic blood pressure were also adjusted for the use of antihypertensive medication.

To assess whether the relations of blood pressure with baseline and percent change
in MTL and BG volumes were altered by the use of antihypertensive medication, the
interaction terms between blood pressure and use of hypertensive medication were eval-
uated in these models. Also, to assess whether the relations of blood pressure and dif-
ferent APOE genotypes with baseline volumes and percent changes of BG and MTL
varied by age, the interaction terms between age and blood pressure and age and
APOE genotype were evaluated in these models. Moreover, to see whether the re-
lations of blood pressure with baseline and percent change of BG and MTL atrophy
were potentially driven by APOE genotype, the interaction term between blood pres-
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Table 1: Characteristics of AGES-Reykjavik and MRI follow-up samples

Characteristics, Mean (SD)a AGES Reykjavik Study sample pb

(N = 4246) (N = 368)

Age 76.5 (5.5) 75.5 (5.3) 0.001
Women, % (N) 58 (2464) 59 (216) 0.85
intracranial volume (cm3) 1501 (148) 1501 (150) 0.86
Apo E genotype, % (N)
33 63 (2623) 61 (223)
34/44 27 (1096) 27 (98) 0.67
22/23 10 (403) 11 (40)

High Education, % (N) 11 (457) 12 (43) 0.65
Dementia, % (N) 5 (202) 0 (0)
MMSE score 26.5 (3.1) 27.5 (1.8) <.0001
Body mass index (kg/m2) 26.9 (4.4) 27.1 (4.1) 0.58
Serum low-density lipoprotein (mmol/L) 3.49 (1.04) 3.59 (1.04) 0.08
Serum high-density lipoprotein (mmol/L) 1.60 (0.45) 1.60 (0.44) 0.95
Smoking status, % (N)
Never 43 (1824) 46 (172)
Former 45 (1898) 44 (163) 0.12
Current 12 (521) 9 (33)

Alcohol intake, % (N)
Never 23 (955) 21 (78)
Former 12 (523) 9 (33) 0.09
Current 65 (2728) 69 (255)

Diabetes, % (N) 11 (475) 11 (41) 0.95
Glucose 5.75 (1.14) 5.80 (1.36) 0.56
White matter lesions (cm3) 21.0 (21.1) 18.7 (19.1) 0.03
MRI infarct-like lesions, % (N) 31 (1320) 30 (110) 0.68
Hypertensionc 52 (2222) 54 (198) 0.63
Systolic blood pressure (mmHg) 142.3 (20.5) 143.1 (19.2) 0.44
Diastolic blood pressure (mmHg) 73.8 (9.6) 74.5 (9.8) 0.15

a or percentage (N) if stated
b from t-test for continuous variables and χ2 test for class variables
c defined as systolic blood pressure > 140 and or diastolic blood pressure > 90
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sure and APOE genotype was tested. Lastly, we tested a three-way interaction term
(age× presence of high blood pressure× APOE genotype). All interaction terms were
found nonsignificant (all p-values > 0.32), therefore they were not included in the models
of which the results are displayed in table 4 and table 3.

Finally, we tested the association of annualized percent change in BG and MTL
volumes in two separate models with all covariates and risk factors variables (age, sex,
APOE genotype, diabetes, smoking status, alcohol status, MRI infarct-like lesions, and
z-scores of BMI, HDL, WML, and blood pressure) entered simultaneously. Because of
collinearity, separate full risk factor models were made for systolic and diastolic blood
pressure. Statistical analyses were conducted with R 2.11.1 (R Core Team 2010). A
two-sided alpha level of 0.05 was considered significant.

RESULTS

The sample consisted of 368 participants with a mean age of 75.5 (SD = 5.3 years;
range 67–90 years) and 58.7% were women. Mean baseline volume of the BG was
35.4 cm3 (SD = 3.3) and average annualized percent change in BG was −0.57% per
year (−0.5 cm3/year). Mean baseline volume of the MTL was 10.6 cm3 (SD = 1.1)
and average annualized percent change in MTL was −0.83%/year (−0.2 cm3/year).
Men had a significantly larger decrease in BG compared to women (−0.69%/year vs.
−0.48%/year, p = 0.02). Annualized percent change in MTL did not differ among men
and women (Table 2).

Analysis of baseline volumes
Baseline volumes of BG and MTL were associated with few risk factors (Table 4): a
smaller volume of BG was found among older participants, participants with BMI below
25 and participants with WML below median value. A smaller volume of MTL was
associated with older participants, participants with BMI below 25, current smokers,
participants without MRI infarct-like lesions and participants with fasting glucose level
below 5.6 mmol/L. Neither BG nor MTL baseline volumes were associated with blood
pressure levels or APOE genotype.
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Table 3: Association of BG and MTL baseline volume with vascular risk factors
Risk factors N Basal ganglia volume (cm3) MTL volume (cm3)

Mean (SD)a pb Mean (SD)a pb

Age continuous −0.62 (0.14)c <.0001 −0.22 (0.04)c <.0001
< 75d years old 169 35.9 (3.1) 0.001 10.8 (1.0) <.0001
> 75 years old 199 35.0 (3.4) 10.5 (1.2)

APOE
33 223 35.3 (3.5) 10.6 (1.2)
34/44 98 35.6 (3.0) 0.7 10.7 (1.1) 0.74
23/22 40 35.8 (3.0) 10.7 (1.2)

Body mass index continuous 0.55 (0.14)c <.0001 0.22 (0.04)c <.0001
< 25 kg/m2 141 34.5 (3.1) 0.003 10.3 (1.1) 0.0001
> 25 kg/m2 225 36.0 (3.3) 10.9 (1.1)

LDL continuous −0.01 (0.17)c,e 0.96e 0.05 (0.05)c,e 0.34e

< 4.1 mmol/L 261 35.6 (3.3) 0.56e 10.7 (1.2) 0.40e

> 4.1 mmol/L 107 35.0 (3.4) 10.5 (1.1)
HDL continuous −0.19 (0.15)c,e 0.20e −0.09 (0.05)c,e 0.06e

Low 23 35.4 (3.3) 0.21e 10.7 (1.2) 0.95e

High 345 35.8 (3.5) 10.6 (1.0)
Smoking
Never 172 35.1 (3.3) 10.6 (1.1)
Former 163 35.8 (3.2) 0.3 10.7 (1.2) 0.006
Current 33 34.8 (3.4) 10.4 (1.0)

Alcohol intake
Never 78 34.7 (2.9) 10.3 (1.0)
Former 33 36.0 (2.8) 0.54 10.9 (1.0) 0.48
Current 255 35.5 (2.8) 10.7 (1.2)

Diabetes
No diabetes 327 35.4 (3.3) 0.45 10.6 (1.1) 0.29
Diabetes 41 35.5 (3.0) 10.9 (1.1)

Continued on next page

LDL, serum low-density lipoprotein; HDL, serum high-density lipoprotein
a raw means (unadjusted for age, sex and ICV), or beta (standard error) if stated
b p-value from general linear model corrected for age, sex, ICV; for continuous variables
z-scores were used
c beta (standard error) from general linear model corrected for age, sex, and ICV
d cut off at median value
e additionally adjusted for use of statins
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Table 3 – continued from previous page

Risk factors N Basal ganglia volume (cm3) MTL volume (cm3)
Mean (SD)a pb Mean (SD)a pb

Fasting glucose continuous −0.12 (0.14)c 0.41 −0.002 (0.04)c 0.96
< 5.6 mg/dL 192 35.1 (3.1) 0.59 10.5 (1.1) 0.04
> 5.6 mg/dL 176 35.7 (3.5) 10.8 (1.2)

WML continuous 0.34 (0.15)c 0.02 0.06 (0.05)c 0.19
< 12.5d cm3 184 34.8 (3.2) 0.0004 10.5 (1.1) 0.49
> 12.5 cm3 184 36.1 (3.3) 10.8 (1.2)

MRI infarct-like lesions
No 258 35.4 (3.2) 0.99 10.6 (1.1) 0.007
Yes 110 35.4 (3.5) 10.8 (1.2)

Systolic BP continuous 0.05 (0.14)c,e 0.73e −0.01 (0.05)c,e 0.75e

< 140 mmHg 171 35.2 (3.1) 0.44e 10.6 (1.1) 0.88e

> 140 mmHg 197 35.6 (3.4) 10.7 (1.2)
Diastolic BP continuous 0.28 (0.15)c,e 0.06e −0.02 (0.05)c,e 0.68e

< 90 mmHg 343 35.3 (3.3) 0.07e 10.6 (1.1) 0.99e

> 90 mmHg 25 37.2 (3.4) 11.0 (1.5)

WML, white matter lesions; BP, blood pressure
a raw means (unadjusted for age, sex and ICV), or beta (standard error) if stated
b p-value from general linear model corrected for age, sex, ICV; for continuous variables
z-scores were used
c beta (standard error) from general linear model corrected for age, sex, and ICV
d cut off at median value
e additionally adjusted for use of antihypertensive medication

Analysis of volume change over the 2.4 year period

Basal Ganglia

Annualized percent change in BG was not associated with age or any vascular risk
factors except systolic blood pressure (Table 4). Participants with systolic blood pressure
> 140 mmHg had a steeper decline (∆ = −0.23%/yr, p = 0.03). However, in the full
risk factor model, none of the risk factors showed a significant association with BG
percent change.

Medial Temporal Lobe

Annualized percent change in MTL was linearly associated with age (β (SE) = −0.167

(0.052), p < 0.001) and was steeper in participants > 75 years compared to younger
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participants (∆ = −0.34%/yr, p = 0.04). There was significantly more annualized
decline in MTL volumes in carriers of the APOE genotype 34/44 (∆ = −0.47%/yr,
p < 0.0001) and a steeper decline in MTL volume with increasing systolic (p = 0.003)
and diastolic (p = 0.008) blood pressure. Furthermore, in the full risk factor model
for MTL volume change, APOE ε4 (β (SE) = −0.47 (0.11), p < 0.0001), systolic
and diastolic blood pressure remained significantly associated with a steeper decrease in
volume of MTL.

Interaction terms

All potential relevant interaction terms, including all possible combinations between age,
blood pressure and APOE genotype, were found nonsignificant (all p-values > 0.32). In
figure 2 we show combined effects of high blood pressure and APOE genotype for mean
values of annualized percent change in BG and MTL adjusted for age, sex, and ICV.
Change in BG and MTL volumes were higher among hypertensive participants compared
to non-hypertensive participants, however, we found no evidence for an interaction with
APOE genotype.

DISCUSSION

In the present follow-up study we investigated the influence of late life exposure to
vascular risk factors on MTL and BG atrophy rates. Neurodegeneration of MTL and
BG are both associated with cognitive impairment with ageing, we therefore expected
both structures to show increased atrophy rates in the presence of well-known vascular
risk factors in this sample of non-demented older people. However, MTL and BG volume
changes showed different susceptibility to vascular risk factors. MTL volume decline over
2.4 years was significantly steeper 1) as systolic and diastolic blood pressures increased
and 2) in carriers of the APOE ε4 allele. In contrast, BG volume loss was slightly higher
in participants with high systolic blood pressure, but was not associated with any of the
other vascular risk factors that were investigated.

The association of higher blood pressure in late life with increased MTL atrophy rates
is important. MTL atrophy may form (part of) the neuropathological basis leading to
cognitive decline in older people, and the results of the present study suggest controlling
high blood pressure in late life may limit MTL atrophy. Additionally, we showed that
systolic and diastolic blood pressure and APOE ε4 independently increased MTL atrophy.
Mechanisms linking high blood pressure and APOE ε4 to increased MTL atrophy are
under investigation. High blood pressure has been associated with decreased perfusion
in the brain in men (Waldstein et al. 2010), which may play a pathogenic role in brain
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Figure 2: Combined effects of hypertension and Apo E gentoype on MTL volume decline
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atrophy. The APOE polymorphism in its turn is known to affect serum lipid levels, and
to play a role in regeneration and re-myelinization of axons (Mahley and Rall 2000).
APOE ε4 carriers are assumed to be less effective in protecting neurons from excessive
damage and have a reduced regenerative capacity.

Although some studies with cross-sectional design show diminished MTL volumes
with high blood pressure (den Heijer, Launer, et al. 2005; Korf, Scheltens, et al. 2005;
Lu et al. 2011), others failed to show this association, especially those that study late-
life risk factor exposure (Gattringer et al. 2012). This discrepancy is also visible in
our results. The cross-sectional analysis did not show any difference in baseline MTL
volume with higher blood pressure or presence of APOE ε4 compared to the rest of the
sample. Possibly this discrepancy is related to study sample composition. It is known
that in preclinical dementia, blood pressure tends to go down while brain atrophy is
already ongoing (Qiu et al. 2004). These effects may have distorted the cross-sectional
analysis since populations of non-demented subjects consist of healthy and undiagnosed
individuals (Tolppanen et al. 2012). One of the strengths of the present study was
therefore the availability of follow-up data.
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Although several reports have been written on the susceptibility of BG to hypertension-
related SVD and arteriolosclerosis, in this study no consistent associations were found
between vascular risk factors and changes in volume of the BG. We did find a trend
of increased loss of BG volume with higher systolic blood pressure but this was only
significant when systolic blood pressure was taken as a dichotomous variable. Possibly
the weak association is due to slight increased atrophy of BG secondary to global brain
atrophy. Men displayed a steeper decline in BG volume than women, which has also been
reported in other studies, in particular for the putamen (Coffey et al. 1998; Nunnemann
et al. 2009).

What might explain the contrast in vascular risk profile between the MTL and BG?
Possibly this is related to the difference in vascular anatomy of the two regions. BG
are supplied by the lenticulostriate and thalamic arteries, which are branching directly
from the medial and posterior cerebral artery (Cho et al. 2008; Schmahmann 2003).
As a consequence, the hydrostatic pressure in the circle of Willis is directly translated
into the small, thin-walled arteries and arterioles of the BG. On the one hand, this
makes these vessels vulnerable for hypertension-induced arteriolosclerosis that can give
rise to hemorrhages and lacunar infarcts in the BG. On the other hand, due to the
relatively high hydrostatic pressure, perfusion pressure in these vessels, even if affected
by arteriolosclerosis, is maintained. This is different for the MTL, which is perfused
by fine leptomeningeal vessels that arise after gradual branching from the posterior
cerebral artery, anterior choroidal artery (to a lesser degree), and medial cerebral artery
(amygdala) (Duvernoy 2005). The hydrostatic pressure in the leptomeningeal vessels
is relatively low as a consequence of the gradual branching, making them relatively
immune for the development of arteriolosclerosis. Excessive central pressure, however,
has been associated with micro vascular remodeling that increases resting resistance and
hyperemic reserve (Mitchell et al. 2005). It may be hypothesized that high blood pressure
gives rise to hypoperfusion of MTL as a consequence of this remodeling, resulting in
widespread atrophy and changes of the tissue composition. Moreover, hippocampus is
known for its sensitivity to ischemia (Atlas 1996) and hypoperfusion may particularly
affect the volume of this structure. More studies are needed to investigate the relation
between higher blood pressure and effects on perfusion of cerebral regions.

Regarding the other vascular risk factors that were studied, we observed positive
associations of baseline volumes of both BG and MTL with BMI, of WML with BG,
and of MRI infarct-like lesions and blood glucose with MTL. These associations are
not readily explained and may require further investigation. For BMI it has been shown
that obesity in midlife is a risk factor for the development of AD (M Kivipelto et al.
2005), however, later in life similar age-related volumetric changes in the brain were
found similar in obese vs. nonobese (Driscoll et al. 2012). Moreover, it is known that
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individuals who are CSF Aβ-positive, PiB-positive, or have an elevated tau/Aβ ratio have
lower mean BMI than Aβ-negative individuals (Vidoni et al. 2011). Therefore, as with the
cross-sectional analysis of blood pressure and APOE genotype, these associations may
be distorted by the presence of undiagnosed preclinical dementia in this non-demented
sample.

A limitation of our study was the relatively short duration of follow-up and therefore
we could not determine the effects of vascular risk factors on MTL and BG atrophy
over a longer term. Yet, the observed significant associations with MTL volume change
suggest the duration of the study was sufficient enough to detect unmistakably different
effects of vascular risk factors on BG and MTL volume decline.

CONCLUSION

Higher systolic and diastolic blood pressures, and the presence of APOE ε4, were inde-
pendently associated with a steeper decline in volume of MTL over 2.4 years in older
people. In contrast, atrophy rate of BG was not associated with the vascular risk factors.
Although BG are a site of frequent manifestations of SVD, their distinct vascularization
possibly leads to relative preservation of perfusion in the presence of vascular risk factors.
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APPENDIX

Manual segmentation protocol

The caudate nucleus, putamen, globus pallidus, and thalamus were delineated on axial
T1-weighted 3-dimensional images (acquisition parameters: TR = 21.0 ms; TE = 8.0
ms; flip angle = 30o; section thickness = 1.5 mm; number of sections=110; no section
gap; whole brain coverage; FOV = 240 mm; matrix = 256 × 256). Anatomical borders
of the caudate were medial the lateral ventricle, lateral the internal capsule, inferior
the nucleus accumbens and more posterior the internal capsule. The boundaries of the
putamen were medial the internal capsule and globus pallidus, and lateral the external
capsule (the claustrum was not separately labeled). The globus pallidus laterally bordered
the putamen, and anteriorly and medially the internal capsule. The thalamus included
the thalamus, pulvinar, subthalamic nucleus, and hypothalamus. The anterior border
and lateral border were formed by the posterior limb of the internal capsule, the medial
border by the lateral ventricle, and more caudally the septum pellucidum and superior
colliculus, and the posterior border by the third ventricle and crus fornix. The nucleus
accumbens was drawn in coronal plane as the gray matter connecting caudate nucleus
and putamen. A line from the lower tip of the lateral ventricle to the lower tip of
the internal capsule was considered the superior boundary. The septum pellucidum was
regarded the medial border. The nucleus was delineated posteriorly until the anterior
commissure was seen. The amygdala was identified in coronal plane, at the level of
the anterior commissure and drawn superior to the top of the temporal horn of the
lateral ventricle and hippocampus. Medial and lateral anatomical boundaries were the
cerebrospinal fluid (CSF) of the uncal sulcus and white matter of the MTL. The inferior
border was formed by the temporal horn of the lateral ventricle and more anteriorly by
white matter of the entorhinal cortex. The hippocampus was identified on the coronal
slice where the mamillary bodies were visible. Areas included were the CA-1 through
CA-4 sections, dentate gyrus, and subiculum. A straight horizontal line from the top
of the temporal horn of the lateral ventricle formed the superior border with amygdala
and the gray-white matter junction between the subiculum and white matter of the
parahippocampal gyrus formed the inferior border. CSF in the temporal horn formed
the lateral border and CSF of hippocampal sulcus the medial border. Posteriorly, the
structure was drawn until no longer seen, usually where the splenium and crus fornix
were clearly visible. Both amygdala and hippocampus were reviewed in axial plane and
modified if necessary along the described borders.
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ABSTRACT

There is growing evidence that substructures of the brain scale allometrically to total
brain size, i.e., in a nonproportional and nonlinear way. Here, we examined scaling coef-
ficients of different volumes of interest (VOI) to intracranial volume (ICV) and assessed
whether they were allometric or isometric and whether they were significantly different
from each other. Furthermore, reproducibility of allometric scaling across different age
groups and study populations was investigated. Scaling of VOI to ICV was studied in
samples of cognitively healthy adults from the community-based AGES-Reykjavik study
(N = 3883), the Coronary Artery Risk Development in Young Adults Study (CARDIA)
(N = 709), and the Alzheimer’s Disease Neuroimaging Initiative (ADNI) (N = 180).
Data encompassed participants with different age, ethnicity, risk factor profile, and ICV
and VOI obtained with different automated MRI segmentation techniques. Our analysis
showed that 1) allometric scaling is a trait of all parts of the brain, 2) scaling of neocor-
tical white matter, neocortical gray matter, and deep gray matter structures including
the cerebellum are significantly different from each other and 3) allometric scaling of
brain structures cannot solely be explained by age-associated atrophy, sex, ethnicity, or
a systematic bias from study-specific segmentation algorithm, but appears to be a true
feature of brain geometry.
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INTRODUCTION

Since the development of (semi-) automated segmentation techniques for brain MRI,
a large body of literature has emerged comparing brain volumes of different groups of
people in order to find measurable traits distinctive or predictive for certain diseases.
Having a good understanding of the physiologic variation in brain geometry is indis-
pensable to discover pathological patterns. Human brain size varies considerably and
different adjustment methods are applied to reduce noise stemming from this variation.
Despite widespread use of standardization techniques, adjusting for ICV or total brain
volume (TBV) when analyzing VOI is complex and controversial. In volumetric studies,
ratios of VOI to ICV or TBV, or linear regression-based methods are commonly used.
However, a critical evaluation of these techniques showed that each of these adjust-
ment method unmasks different types of relations and result in different magnitude of
effects (O’Brien et al. 2011; Voevodskaya et al. 2014). In morphometric studies lin-
ear or nonlinear stereotaxic registration of brain MR images are often used. A critical
evaluation of these techniques showed that spatial transformation of MR brain images
may result in significant opposite group level differences or different proportionality of
brain regions compared to those obtained in native space (Allen et al. 2008). Moreover,
whether it is necessary to apply head-size adjustment in all types of comparative brain
studies was evaluated in a study that investigated the effect of head size on several
metrics of the brain, i.e., total brain volume, VOI, cortical thickness and voxel-based
morphometry (VBM). It was concluded that head size adjustment should be considered
in all volumetric and VBM studies, but not in cortical thickness studies (Barnes et al.
2010).

Probably, part of the inconsistencies in results obtained with different head/brain
size adjustment methods can be explained by differences in underlying assumptions of
these methods regarding preservation of proportionality of VOI to TBV across the total
range of brain size variation in the population. Some techniques, such as ratio-based
methods or linear registration, assume isometry of the brain, i.e., proportionality of VOI
to TBV is preserved. Other techniques, such as linear regression-based methods or non-
linear registration, allow for allometry to occur in case proportionality is not preserved.
Although, these different theoretical underpinnings have been recognized (O’Brien et
al. 2011) and caution is called when choosing the adjustment method, it is uncertain
whether allometric scaling is true feature of brain geometry.
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Some previous studies have provided evidence for allometric scaling of VOI to overall
brain size. One study found larger proportions of cerebral WM and smaller proportions
of GM in larger TBV compared to lower TBV (Lüders, Steinmetz, and Jancke 2002).
Another study that focused on the necessity of head size, age and gender adjustment
in MRI studies, found nonlinear relations of cortical GM, hippocampus and putamen to
ICV with a power less than 1 (Barnes et al. 2010). Other neocortical metrics such as
cortical thickness, total surface area, and sulcal depth have also been found to scale
different from what would be predicted based on ICV in case of isometry (Im et al.
2008). Moreover, a recent study examined power law relations of deep GM structures
and many regions of cortical GM and found most of them to have nonlinear relation
with ICV. Some cortical areas had a power law larger than 1 and others smaller than 1.
It was also tested whether prediction error of a statistical model would decrease when
ICV correction was based on power-proportion method compared to the commonly used
ANCOVA method. Prediction errors with use of power proportion method were slightly
lower for structures that had strong nonlinear relations to ICV (Liu et al. 2014).

Although, nonlinearity and nonproportionality in scaling of some VOI to ICV have
been reported, results are heterogeneous and little is known on scaling of especially deep
GM regions (striatum and thalamus) and cerebellum. Also, it has not been investigated
whether scaling coefficients of different brain structures are significantly different from
each other. Here, scaling of volumes of frontal, parieto-occipital and temporal cortical
GM, cortical WM, medial temporal lobe (MTL), striatum, thalamus, and cerebellum
with ICV was studied using automatically segmented MRI brain scans of a large sample
of community dwelling older adults (N = 3883) who participated in AGES-Reykjavik
study. First, we investigated whether and to what extent VOI showed allometric scaling
to ICV. Second, we estimated whether scaling coefficients of different VOI were sig-
nificantly different from each other. Third, we studied whether scaling was similar in
different age groups of our sample. Fourth, we set up an experiment to test whether the
automated segmentation pipeline of AGES-Reykjavik study could give rise to allometric
scaling. Fifth, because allometric scaling would have considerable influence on head/
brain size adjustment methods, the fit of the allometric model on the volumetric data
was compared to the linear model. And lastly, since the AGES-Reykjavik study population
consisted of older Icelandic individuals, extrapolation of our results to groups of younger
individuals and/ or different ethnicity was potentially limited. Therefore, supportive anal-
yses were conducted in two other samples (CARDIA and ADNI) that differed in mean
age, source population, and method of automated MR segmentation to estimate brain
volumes.
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METHODS

General design of the AGES-Reykjavik study

The general design and demographics of the AGES-Reykjavik study have been described
elsewhere (Harris et al. 2007). The population-based sample of the AGES-Reykjavik
study consisted of 5764 men and women, born between 1907–1935. Participants under-
went extensive clinical evaluation, including cognitive function testing and brain MRI.
All participants signed an informed consent. The AGES-Reykjavik study was approved
by the Intramural Research Program of the National Institute on Aging, the National
Bioethics Committee in Iceland (VSN00-063), the Icelandic Data Protection Author-
ity, and the institutional review board of the U.S. National Institute on Aging, National
Institutes of Health.

Acquisition and automated segmentation of MRI

MRI was performed at the Icelandic Heart Association on a single study dedicated 1.5T
GE Signa Twinspeed EXCITE system MRI scanner. The image protocol, described pre-
viously (Sigurdsson et al. 2012), included a T1-weighted 3D spoiled gradient echo (TE
8 ms; TR 21 ms; FA 30o, FoV 240 mm; matrix 256 × 256; 110 slices; slice thickness
1.5 mm), a FSE PD/T2 (TE1 22 ms; TE2 90 ms; TR 3220 ms; echo train length 8;
FA 90o, FoV 220 mm; matrix 256 × 256; slice thickness 3.0 mm), and a FLAIR (TE
100 ms; TR 8000 ms; inversion time 2000 ms; FA 90o, FoV 220 mm; matrix 256×256;
slice thickness 3.0 mm).

A fully automated segmentation pipeline was developed based on the Montreal Neu-
rological Institute processing pipeline (Sigurdsson et al. 2012; Zijdenbos, Forghani, and
Evans 2002). The pipeline used a multispectral approach to segment voxels into global
tissue classes (cerebrospinal fluid (CSF), GM, WM and white matter hyperintensi-
ties (WMH)). Following this, a regional parcellation pipeline –atlas-based segmentation
method– was developed to obtain volumes of different substructures of the brain.

Determination of VOI

The regional tissue segmentation pipeline parcelled the brain in 56 different regions
(figure 1 of chapter 5). However, for the present study, we combined regions into a
limited amount of 8 VOI known to differ in gross cytoarchitectural features. We sepa-
rately assessed scaling of neocortical GM and WM to investigate in further detail the
previously reported proportional changes as function of TBV. Three regions of neocor-
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tical GM were investigated, i.e., frontal (comprising of orbitofrontal and prefrontal GM,
precentral gyrus, cingulated gyrus, insula and fornix), temporal (comprising of lateral
temporal GM, parahippocampal and fusiform gyrus), and parieto-occipital GM. Cortical
WM volume was studied in total and included all lobar WM, corpus callosum, internal
and external capsule, and WMH. The medial temporal lobe (MTL), striatum, thalamus
and cerebellum were separately studied because of their importance in many studies
to neurodegenerative processes. MTL included amygdala and hippocampus (including
CA regions I–IV, fimbria, and subiculum of the hippocampus). Striatum included the nu-
cleus accumbens, caudate nucleus, putamen, and globus pallidus. The thalamus included
also the hypothalamus. The cerebellum included cerebellar GM and WM. Left and right
hemispheres of each structure were combined. Total brain volume (TBV) was calculated
as the sum of the neocortical GM and WM, MTL, striatum, thalamus, brainstem and
cerebellum. ICV was defined as the sum of TBV and CSF.

Quality control of MRI segmentation

The quality of the segmentation of the 8 composite VOI was mostly dependent on
the performance of the global tissue segmentation into GM, WM, WMH, and CSF,
and for a small part dependent on the definition of topographical borders by the regional
tissue segmentation. Performance of both global tissue and regional tissue segmentation
was evaluated. The quality control of global tissue classification consisted of 3 steps
described in (Sigurdsson et al. 2012). In summary these were: 1) visual inspection of
the segmentation of 14 a priori selected slices of each subject (N = 4356), which led
to additional manual editing in 43 cases and rejection of 53 cases and 2) comparison
of automated versus manual global tissue segmentation of 5 preselected slices across
the brain (including a slice located at the junction of the thalamus and subthalamic
structures for reviewing segmentation of the deep gray matter nuclei) in 20 randomly
selected cases. Resulting dice similarity index scores (Zijdenbos, Dawant, and Margolin
1994) were 0.82, 0.82, and 0.83 for GM, WM, and CSF respectively. 3) Reproducibility
of the entire process of MRI acquisition and post-processing was evaluated by repeated
scanning and segmentation (4 times in total) of 32 participants. Excellent intraclass
correlation for all global tissue was found (r > 0.98, for all). Because the present study
relies for an important part on good quality of ICV segmentation, the performance of
the automated pipeline was further evaluated specifically on ICV. ICV was manually
segmented on the same 20 brain scans used for step 2 of the quality control. Two
researchers with extensive neuroradiological experience and blinded for the results of
the automated segmentation, segmented ICV on axial 3D T1 weighted images, with
correction and editing in sagittal and coronal planes. Resulting ICV were correlated with
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ICV obtained by the automated pipeline. Pearson’s correlation was 0.97 (0.93–0.99)
and Bland-Altmann plot showed a small overestimation of ICV of 31 cm3 on average by
the automated segmentation, but no proportional error (figure 1 and 2).

Performance of regional tissue classification was validated against four complete
manually labeled scans. Dice similarity index scores per studied region were; frontal
GM: 0.83, temporal GM: 0.83, parieto-occipital GM: 0.81, striatum: 0.83, MTL: 0.80,
thalamus: 0.92, cerebellum: 0.92, white matter: 0.86.

Statistical analysis
All statistical analyses were performed with SAS v 9.13 (SAS Institute Inc., Cary, NC,
USA) and all graphs were generated with R v 3.1.2 (R Core Team 2014).

Analytical sample of AGES-Reykjavik Study

MR scanning was performed on consenting MR eligible participants, between 2002 and
2006. From the total AGES-Reykjavik sample of 5764 participants, 4726 underwent
successful MRI scanning. Global and regional segmentations were successful in 4613
MR scans. We excluded cases of dementia (n = 202) and MCI (n = 422), assumed
to have higher rates of atrophy, and cases for which cognitive function had not been
assessed (n = 106). Our final study sample consisted of 3883 people with successful
brain MRI and segmentation of the images. Demographics and brain structure volumes
of the AGES-Reykjavik study population were compared between women and men with
t-tests for continuous variables and χ2 tests for categorical variables. All VOI were
normally distributed.

Estimation of scaling coefficients of different VOI

Allometric coefficients of VOI with ICV were calculated using the general equation of
allometric analyses, log(y) = log(b)+α×log(x), where x is ICV, y VOI, log(b) intercept,
and α represents the allometric coefficient (Harvey 1982), i.e., the slope of the regression
between log (ICV) and log (VOI). A coefficient greater than 1.0 is considered a positive
allometric coefficient, i.e., VOI increased with a power greater than 1 relative to ICV.
A coefficient smaller than 1.0 is seen as a negative allometric coefficient, i.e., VOI
increased with a power less than 1 relative to ICV. We chose ICV, instead of TBV,
as measure of brain volume to avoid a possible bias towards isometry in estimating
allometric coefficients of large VOI. Large structures occupy large volumes in TBV
making the range of possible deviations from isometry smaller; this may produce an
overestimate of coefficients towards 1 and reduce the ability to estimate allometric
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Figure 1: Accuracy of automated segmentation pipeline; Pearson correlation manual
versus automated segmentation of ICV
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Figure 2: Accuracy of automated segmentation pipeline; Bland-Altman plot manual ver-
sus automated segmentation of ICV
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coefficients deviant from 1 (Deacon 1990). With the use of ICV none of the structures
studied comprised more than 24% (WM) of ICV. Another important reason was that ICV
is regarded as a marker for brain volume at its maximum size and therefore a marker of
“premorbid” brain size. At time of scanning, brains of most study participants experienced
more or less atrophy due to ageing or pathological processes. These are factors we can
largely control for in our statistical analyses, whereas it is more difficult to control for
differences between current TBV and original TBV. Log-transformed VOI were plotted
against log transformed ICV (figure 3). For each VOI, allometric coefficients with ICV
were calculated adjusted for age and sex, (log(V OI) = intercept + α × log(ICV ) +

βage × age + βsex × sex) and tested against the isometric scaling law of 1:1.

Comparison of allometric scaling coefficients of different VOI

Allometric coefficients of the different VOI to ICV were compared using a marginal
model (PROC MIXED SAS procedure (SAS Institute Inc., Cary, NC, USA) with re-
peated statement and unstructured correlation matrix), which takes into account the
correlations between the VOI. The log transformed VOI were entered as dependent
variables and log transformed ICV as independent variable. Interactions of log(V OI)

with log(ICV ) were entered in the model as a cross product together with log(ICV ),
log(V OI), age, and sex. The model was also run with additional independent variables
(year of birth, height, achievement of higher education (high school diploma or above),
presence of infarct(s), and contrast-to-noise ratio (CNR) between GM and WM and
CNR between GM and cerebrospinal fluid), but these did not exert significant effects
and were omitted to keep the model parsimonious. A Bonferroni correction was applied
to adjust for multiple testing (number of comparisons between slopes in the 3 mixed
models = 85) and a p-value < 0.00059 (= 0.05/85) was considered significant. The
analysis was performed in the entire sample and repeated for women and men separately.
The numerical results of the marginal model are reported in table 2.

Allometric scaling of VOI in different age groups

To assess whether age influenced scaling of VOI with ICV, scaling coefficients of VOI
to ICV were calculated for each quartile of age; the age range of the youngest quartile
being 66–71 years, and of subsequent quartiles being, 72–75, 76–79 and 80–95 years.
The coefficients were compared among the quartiles by testing whether there was an
interaction between the quartiles and ICV.
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Testing the segmentation pipeline with artificially linearly scaled data

To test whether a potential systematic error in the automated segmentation pipeline
could introduce allometry in the volumetric data of AGES-Reykjavik study, artificially
linearly scaled brain scans were entered into the pipeline and the output was investigated
for allometry. Scans of a relatively small (1402 cm3) and relatively large brain (1756 cm3)
were skull stripped and linearly scaled by factors ranging from 0.75–1.25 of its original
size with steps of 0.01. The resulting sets of scaled images were subsequently processed
through the AGES-Reykjavik pipeline. Log transformed volumes of the global tissues
GM, WM and CSF were plotted against log transformed ICV and α-coefficients were
calculated.

Comparison of allometric model and linear regression model

The fit of the allometric model of the relation of each VOI to ICV on the data was
compared to a linear regression model. The line of prediction from the allometric model
and linear model were superimposed in the same graph and R2 of each model was
calculated. Both models were conducted with adjustments for age and sex.

Supportive analyses in datasets of CARDIA and ADNI

Supportive analyses were conducted in datasets of CARDIA and ADNI. In both samples
the allometric coefficients of VOI with ICV were calculated, corrected for age and sex,
and tested against the isometric scaling law of 1:1, similar to the first part of analysis
conducted in the AGES-Reykjavik data.

The multicenter prospective cohort CARDIA study was designed to examine the
development and determinants of clinical and subclinical cardiovascular disease and its
risk factors. Between 1985–1986, 5115 black and white men and women (aged 16–30)
were recruited from 4 urban sites across the United States and underwent 8 examination
cycles (Friedman et al. 1988). All participants provided written informed consent at
each exam, and institutional review boards from each study site and the coordinating
center annually approved the study. In 2010–2011, 3498 (72%) of the surviving cohort
attended a 25-year follow-up exam. As part of this exam, a subsample of the cohort
participated in the CARDIA Brain substudy, designed to investigate the morphology,
pathology, physiology and function of the brain with MRI. Exclusion criteria at the time
of sample selection, or at the MRI site, were a contraindication to MRI or a body size
that was too large for the MRI scanner. Of those who were eligible for the substudy, 719
individuals received whole brain MRI scans. Post-scan image processing was performed
by the Section of Biomedical Image Analysis (BIA), Department of Radiology, University
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of Pennsylvania. MRI scans were inspected and passed through a quality control process.
Based on previously described methods (Davatzikos, Tao, and Shen 2003; Goldszal et al.
1998; Lao et al. 2008; Shen et al. 2002; Zacharaki et al. 2008), an automated algorithm
was used to segment MRI structural images of supratentorial brain tissue into GM, WM
and cerebrospinal fluid. GM and WM were further characterized and segmented as 92
anatomic ROIs in each hemisphere, from which summary VOIs used in the current study
were calculated. ICV was calculated as the sum of all supratentorial structures, but not
infratentorial.

Some data used in the preparation of this article were obtained from the Alz-
heimer’s Disease Neuroimaging Initiative (ADNI) database (Accessed July 1, 2017.
http://adni.loni.usc.edu). The ADNI was launched in 2003 by the National Institute
on Aging, the National Institute of Biomedical Imaging and Bioengineering, the Food
and Drug Administration, private pharmaceutical companies and nonprofit organizations,
as a $60 million, 5-year public-private partnership. The primary goal of ADNI has been
to test whether serial MRI, positron emission tomography, other biological markers, and
clinical and neuropsychological assessment can be combined to measure the progression
of MCI and early AD. Determination of sensitive and specific markers of very early AD
progression is intended to aid researchers and clinicians to develop new treatments and
monitor their effectiveness, as well as lessen the time and cost of clinical trials.

The Principal Investigator of this initiative is Michael W. Weiner, MD, VA Medical
Center and University of California-San Francisco. ADNI is the result of efforts of many
coinvestigators from a broad range of academic institutions and private corporations,
and subjects have been recruited from over 50 sites across the U.S. and Canada. The
initial goal of ADNI was to recruit 800 subjects but ADNI has been followed by ADNI-
GO and ADNI-2. To date these three protocols have recruited over 1500 adults, ages 55
to 90, to participate in the research, consisting of cognitively normal older individuals,
people with early or late MCI, and people with early AD. The follow-up duration of
each group is specified in the protocols for ADNI-1, ADNI-2 and ADNI-GO. Subjects
originally recruited for ADNI-1 and ADNI-GO had the option to be followed in ADNI-2.
For up-to-date information, see http://www.adni-info.org.

For the supportive analysis of our study we used volumetric brain measures derived
from the standardized 1.5 T MRI screening dataset in cognitively healthy subjects that
was collected between August 2005 and October 2007 and processed using FreeSurfer
software (Freesurfer Software website. Cortical Reconstruction and volumetric segmen-
tation (Accessed July 1, 2017. http://surfer.nmr.mgh.harvard.edu).

http://adni.loni.usc.edu
http://www.adni-info.org
http://surfer.nmr.mgh.harvard.edu
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Figure 3: Allometric coefficients of VOI with ICV

Gray line, isometry line; Red line, line of allometric log-log model between ICV and VOI.
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RESULTS

Characteristics AGES-Reykjavik sample

The AGES-Reykjavik sample had a mean age of 75.7 (standard deviation = 5.2) years,
of which 59.8% were women. ICV ranged from 1116–2162 cm3 in the total sample; from
1116–1868 cm3, in women and from 1232–2162 cm3 in men. Women had on average
a lower educational level (p < 0.0001), higher BMI (p = 0.003), were diagnosed less
often with diabetes (p < 0.0001), and had smoked (p < 0.0001) and drank alcohol
(p < 0.0001) more sparingly compared to men. Women had lower means of ICV and all
VOI compared to men (p < 0.0001) (table 1).

Allometric scaling coefficients of all VOI

All VOI scaled non-isometrically to ICV (figure 3). After correction for age and sex,
a positive allometric coefficient of 1.14 (95% confident interval = 1.11–1.17) was es-
timated for WM volume and negative allometric coefficients were found for frontal
GM (0.76 (0.73–0.79)), temporal GM (0.75 (0.72–0.78)), parieto-occipital GM (0.79
(0.76–0.83)), MTL (0.60 (0.56–0.64)), thalamus (0.59 (0.56–0.62)), striatum (0.41
(0.37–0.45)), and cerebellum (0.55 (0.52–0.59)). All were found significantly differently
from 1 (1:1 scaling law to ICV (p < 0.0001)).

Significant scaling differences between VOI

Results from the marginal model showed that the α-coefficient of WM volume to ICV
was significantly different from the α-coefficients of all GM VOI (table 2) in the entire
sample, and in women and men separately. The α-coefficients of the different neocor-
tical GM areas to ICV were not significantly different from each other in women and
men separately. Also, the α-coefficients of MTL, thalamus, and cerebellum were not
significantly different from each other in women and men separately. However, in the
entire sample the α-coefficient of the MTL was not significantly different from the α-
coefficient of the parieto-occipital GM, but was significantly different from the thalamus
and the cerebellum. The α-coefficient of the striatum was significantly different from all
other α-coefficients except for the α-coefficient of the thalamus and cerebellum in the
entire sample, and the α-coefficient of the cerebellum in men only.
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Table 1: General characteristics of the study sample

Mean (SD) All Women Men pa

or % (N) N = 3883 N = 2307 N = 1576

Age in years 75.7 (5.2) 75.6 (5.3) 75.8 (5.1) 0.27
Higher education 12.2 (473) 6.52 (150) 20.6 (323) <.0001
Smoking status
Never 41.7 (1619) 53.2 (1226) 24.9 (393)
Former 44.5 (1728) 34.8 (803) 58.7 (925) <.0001
Current 13.8 (534) 12.0 (276) 16.4 (258)

Alcohol intake
Never 21.5 (829) 29.3 (671) 10.1 (158)
Former 10.8 (418) 7.78 (178) 15.3 (240) <.0001
Current 67.7 (2608) 62.9 (1440) 74.6 (1168)

BMI (kg/m2) 27.0 (4.3) 27.2 (4.7) 26.8 (3.7) 0.003
Diabetes 11.1 (430) 8.76 (202) 14.5 (228) <.0001
Stroke 28.9 (1123) 23.5 (541) 36.9 (582) <.0001
Intracranial volume 1503 (147) 1423 (105) 1619 (121) <.0001
Total brain volume 1046 (98) 1005 (80) 1105 (91) <.0001
WM 360 (45) 342 (37) 386 (42) <.0001
Neocortical gray matter
Frontal 215 (22) 207 (19) 225 (22) <.0001
Temporal 129 (13) 124 (11) 136 (13) <.0001
Parieto-occipital 174 (19) 169 (17) 181 (19) <.0001

Thalamus 15.1 (1.4) 14.7 (1.2) 15.8 (1.3) <.0001
Medial temporal lobe 10.6 (1.1) 10.2 (1.0) 11.1 (1.1) <.0001
Striatum 20.3 (2.3) 19.5 (2.0) 21.3 (2.2) <.0001
Cerebellum 121.3 (12.0) 117.4 (10.6) 126.9 (11.7) <.0001

BMI, body mass index; WM, sum of neocortical white matter; all volumes in cm3.

a t-test for continuous variables and χ2 test for categorical variables.

Allometric scaling in different age groups

α-coefficients of VOI to ICV for each quartile of age are shown in table 3. α-coefficients
of the both cortical and deep GM structures and cerebellum in the older quartiles ap-
peared somewhat lower compared to the younger quartiles and the α-coefficient of WM
appeared higher in the older quartiles. However, these differences were nonsignificant,
except for temporal GM which was significantly lower in the older quartiles compared to
the younger (p = 0.004).
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Figure 4: Accuracy of automated segmentation pipeline; scaling of artificially linearly
scaled data
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Little allometry introduced by segmentation pipeline
Figure 4 displays log of global tissue volumes plotted against log ICV obtained by the
automated segmentation pipeline based on the artificially linearly scaled data set of a
relatively large and small brain. The α-coefficients were 0.99 for GM, 1.02 for WM, and
1.00 for CSF for dataset based on the relatively large brain and 0.98 for GM, 1.01 for
WM, and 10.2 for CSF for the dataset based on the relatively small brain. Because of
the almost perfect fit of the points and the regression line these α-coefficients were
significantly different from the isometric scaling law of 1.0 (all p-values < 0.0001),
except for the CSF in the large brain.

Comparable fit of allometric and linear regression models
Figure 5 superimposes the line of prediction of the allometric model (and associated
α-coefficient and R2) with line of prediction of the linear model (and associated β-
coefficient and R2). Compared to the R2 of the linear model, the R2 of the allometric
model was a few per mill smaller for cerebellar, cortical and deep GM structures and a
few per mill larger for WM. Thus, the models have a comparable fit and can substitute
each other.

Allometric scaling in CARDIA and ADNI
The CARDIA sample consisted of individuals with a mean age of 50 (3.5) years, of
which 52.9% were women. ICV in the CARDIA sample, including only supratentorial
areas, varied from 999–1643 cm3. The ADNI sample consisted of individuals with a
mean age of 76 (5.0) years, of which 49.4% were women. ICV in the ADNI sample varied
from 1116–1985 cm3. We found the highest allometric coefficients for WM volume in
both CARDIA (α = 1.05) and ADNI (α = 1.00). All GM areas had negative allometric
coefficients with the lowest coefficients in the deep GM areas (table 4). Roughly, results
suggest similar trends compared with those found in the AGES-Reykjavik data. However,
important differences were 1) allometric coefficients of the neocortical GM areas to ICV
in CARDIA with values between 0.90–0.94 were higher, compared with those in the
AGES-Reykjavik and ADNI samples, and 2) WM volume in the ADNI data set seemed
to increase isometrically with ICV.
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Figure 5: Comparison of allometric log-log model to linear model of VOI to ICV

Red line, line of the allometric log-log model between the ICV and the VOI;
Blue line, line of the linear model between the ICV and the VOI.
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DISCUSSION

Allometric scaling of WM, cortical and deep GM

One goal of the present study was to assess and compare scaling coefficients of different
VOIs to ICV in the AGES-Reykjavik dataset. We found all VOI to scale allometrically
with ICV. One could roughly discern three patterns of scaling, i.e., WM scaling, neo-
cortical GM scaling and deep GM scaling. First, neocortical WM was the only structure
to proportionally increase in larger ICV with a positive allometric coefficient of 1.14.
Scaling of WM was found significantly different from all GM structures and cerebellum.
Second, negative allometric coefficients were found for frontal (0.76), temporal (0.74),
and parieto-occipital (0.79) cortical GM structures. Scaling of neocortical GM structures
(frontal, temporal, and parieto-occipital) was not significantly different from each other,
but was significantly larger than in deep GM structures when women and men were
separately assessed. Also, scaling of MTL (0.60), thalamus (0.59), and the cerebellum
(0.55) was not significantly different from each other in women and men separately. The
scaling coefficient for striatal volume (0.41) was relatively most invariant over the range
of ICV and was significantly different from all other structures, except the cerebellum.

Allometric scaling cannot solely be explained by age, sex, ethnicity or a systemic bias
from segmentation pipeline. One important limitation of our study was that the sample
consisted of older individuals, who have experienced various amounts of brain atrophy.
Therefore, the observed scaling exponents cannot be extrapolated to younger samples.
After stratifying the AGES-Reykjavik sample into quartiles of age, we found most struc-
tures to have similar scaling coefficients except for temporal GM (not including the
MTL), which had lower α-coefficients in older individuals. We do not have an expla-
nation for the significant difference in scaling found for temporal GM, but it prompted
us not to rule out the possibility that allometric scaling of sub structures of the brain
may vary with age in a way that we could not detect in the age span of our sample.
Nonetheless, the findings of this analysis show that allometric scaling is a feature of the
brain in the older population, which cannot be accounted for by adjusting for age when
performing brain comparative studies.

A second important limitation was that all participants were Icelandic and the sample
was genetically relatively homogeneous. Ancillary analyses in ADNI and CARDIA, with
participants of younger age and different ethnicities, also showed that WM proportionally
increased with increasing ICV, followed by proportionally decreases in GM, with greatest
decreases in the deep GM structures, similar to our observations in the AGES-Reykjavik
study. Still, there were also differences in the results between the studies. The allometric
coefficients of the cortical GM areas to ICV in CARDIA seemed higher compared to
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those in the AGES-Reykjavik and ADNI samples. A potential explanation could be that
“ICV” in CARDIA was constructed from supratentorial structures only, and as a result
allometric coefficients were higher. Another explanation could be that in the relatively
young sample of the CARDIA allometric scaling is less pronounced. Further studies are
needed to specifically examine this hypothesis. A second difference between the results
of the additional analyses and our primary analyses in AGES-Reykjavik study was that
WM volume in the ADNI data set seemed to increase isometrically with ICV. This may
be explained by differences in tissue segmentation between GM and WM, as suggested
by the higher mean volume of WM and lower mean volume of GM in ADNI compared
with AGES-Reykjavik. Depending on how border voxels are assigned to the GM and
WM tissue classes, the difference between allometric coefficients may differ. Because of
these differences in scaling coefficients among the study samples, it is at the moment
not possible to establish fixed reproducible allometric coefficients for the human brain
and more studies are needed.

A third potential limitation of the study was the use of an automated MR segmen-
tation technique. Systematic errors, such as improper skull stripping, incorrect intensity
thresholds, difficulty in segmenting sulcal CSF, or imprecise template warping could all
be possible sources of finding allometric correlations between VOI to ICV. However,
when we fed artificially linearly scaled scans in the segmentation pipeline, the scaling
coefficients of the output only showed small deviations from the isometric scaling law
of 1, at maximum in the order of 2%. This could not explain the much larger deviations
from 1 of the different scaling laws of VOI in the study sample. Therefore, we did not
find evidence for a possible systematic error in the segmentation pipeline that could
explain the allometry.

Allometric scaling as true feature of brain geometry

Differences in geometric or cytoarchitectural properties of different brain structures may
underlie differences and similarities in scaling to ICV. We observed similar scaling coeffi-
cients of different neocortical GM areas, which suggest they preserve proportionality to
one another regardless of ICV. However, cortical GM and WM had significantly different
scaling coefficients, indicating they do not preserve proportionality with varying brain
size. This can be explained by differences in topology, where GM can be regarded as a
surface of neural tissue covering an associated volume of WM (Dale, Fischl, and Sereno
1999). The different lobes of the neocortex are similarly organized in repetitive cortical
columns (Mountcastle 1997). Assuming a stable thickness of the neocortical GM “sur-
face” across various brain sizes, as suggested by several studies (Hofman 1985; Hofman
1988; Mountcastle 1997), neocortical GM to WM should scale by an exponent of 2/3
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(square-cube). If we focus on the results based on the AGES-Reykjavik study sample,
we can observe that scaling coefficients of neocortical white to gray matter range from
0.65 to 0.70 (0.76/1.14 for frontal GM, 0.74/1.14 for temporal GM, and 0.79/1.14
for parieto-occipital GM), which approximates the geometric square-cube scaling law.
Nevertheless, we did not establish the same results in the younger sample of CARDIA or
the smaller sample of the ADNI and caution should be taken to apply a purely square-
cube scaling law to the architecture of neo cortex. In a previous study slight increases
of neocortical thickness (scaling of 0.2) with increase in ICV were observed (Im et al.
2008). Another recent study showed the neocortical GM to have a more extensive gyrifi-
cation, i.e., to be “twistier”, in larger brains compared to smaller ones (Germanaud et al.
2012). Also, for other parameters, such as cell soma size or amount of supporting glial
cells, the extent to which they vary with increasing brain size is unclear. Some studies
have also pointed to possible constraints in WM expansion, which should lead to scaling
factors of white to gray that are higher than the square-cube law of 2/3. It has been
proposed that hemispheric specialization increases with increasing brain volume, which
would lead to a decrease in interhemispheric connections and thus a decrease in WM
volume (Ringo et al. 1994). However, the coefficients reported in the present study for
the AGES-Reykjavik study provide no evidence for such a limitation on WM expansion

The disproportionally lower scaling coefficients of deep GM structures to ICV com-
pared to the cortex are not readily explained. The cortex gives rise to connections with
striatum and thalamus, thus these structures could be expected to expand with neocor-
tical GM volume. However, we found no evidence for preserved proportionality of the
striatum and thalamus with cortical GM with scaling. Possibly, the structures are more
strongly influenced by other factors during brain development than neocortical growth.
Brain structures grow in asynchronous patterns from birth through early adulthood and
the striatum has been shown, together with frontal brain areas, to undergo more exten-
sive developmental changes relatively late in early adulthood compared to other brain
areas (Sowell et al. 1999). Also, genetic factors could influence variation in regional
brain volumes and lead to disproportional neocortical and deep GM volume increases
with ICV, especially for the striatum. One twin study showed that the volume of the
striatum, thalamus, and cerebellum were significantly more influenced by genetic factors
compared to neocortical structures that were influenced more by environmental factors
(Yoon et al. 2011). And another twin-study concluded the phenotypic covariance of the
striatal structures, hippocampus, and thalamus was primarily due to patterns of genetic
covariance (Eyler et al. 2011).
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Implications for methods of head/ brain size adjustment
Knowledge on allometric scaling of regional brain volumes is important for the discus-
sion of adjustment methods for normal variation in comparative brain studies. Allometric
scaling implies both nonproportionality and nonlinearity of scaling. Our results contribute
to the understanding why certain methods should not be used. Ratios of brain structure
volume over ICV or stereotaxic normalization by means of linear affine transformation
assume isometric scaling of the brain, i.e., proportionate scaling, which may lead to over-
or underestimation of results. Therefore the use of these methods should be avoided,
except when studying disproportionality is the purpose. The erroneous effect of linear
spatial normalization on groups with differences in ICV was illustrated in a study com-
paring neocortical thickness differences in stereotaxic and native space between men and
women (Lüders, Narr, et al. 2006). The normalized data showed a disproportionately
increased neocortical thickness in women compared to men, which was considerably
attenuated in the unscaled data. Another important finding of our study was that allo-
metric scaling was most apparent in deep GM structures. Unwanted effects of spatial
registration therefore may be expected to be especially problematic in deep gray mat-
ter structures. Previously, a study reported that spatial-transformation based methods
indeed produce significantly different proportions in smaller structures such as the hip-
pocampus (Allen et al. 2008). Lastly, we compared the fit of the allometric model to a
linear model in predicting the relation of VOI to ICV. We found very small differences
in R2, which implies the allometric model and linear model could substitute each other
in the range of total brain size variation among humans. Therefore, we conclude that
it is important in brain comparative studies to adjust for nonproportionality, but not for
nonlinearity.

CONCLUSION

In summary, our study found allometric scaling of WM, neocortical GM and deep GM
structures to ICV in large samples of adult humans with different age, sex and ethnicity.
A positive allometric coefficient was found for WM and negative allometric coefficients
for neocortical and deep GM structures, with smallest scaling coefficients for deep GM.
Furthermore, our analysis showed that the allometric scaling could not solely be ex-
plained by age, sex, ethnicity, or a possible systematic bias arising from the automated
segmentation algorithm. We therefore conclude allometry is a true feature of the brain
geometry.
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ABSTRACT

Previous literature suggests that in various clinical groups, those with larger ICV cope
better facing the (relative) same amount of neurodegenerative changes when compared
to those with smaller ICV. Therefore, ICV is often regarded as a proxy for brain reserve.
However, whether larger ICV attenuates the amount of neurodegenerative changes or
attenuates the effects of neurodegenerative changes has not been sufficiently studied.
In the present study, we studied the relation of ICV to several MRI markers of neurode-
generation, i.e., brain atrophy, ventricular dilatation and white matter lesions (WML)
load. Furthermore, we studied the relation of ICV to change in cognitive speed mea-
sured over 5 year. Our study population consisted of cross-sectional (N = 4507) and
follow-up samples (N = 1852) from the well-described community-based Age, Gene,
Environment, and Susceptibility - Reykjavik Study (AGES-RS) and included older adults
spanning the spectrum from healthy cognition (HC) to mild cognitive impairment (MCI)
and dementia. Automatically segmented brain MRI was used to estimate ICV and neu-
rodegenerative markers. In HC, larger ICV was associated with lower fraction of total
brain volume (TBV) and larger fractions of ventricular (vCSF) and WML volume. These
relations were slightly more pronounced in MCI and dementia. Furthermore, after a five
year follow-up, larger ICV was significantly associated with a larger yearly increase in
vCSF and WML. In HC and MCI, larger ICV was also associated with a larger decrease
in cognitive speed, which could partially be explained by the larger change in TBV, vCSF,
and WML in larger ICV. Thus, contrarily to expectations, larger ICV was associated with
higher levels of MRI markers for neurodegeneration and a larger decrease in cognitive
speed.
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INTRODUCTION

Previous epidemiological and clinical research suggests that those with a larger intra-
cranial volume (ICV) cope better with neurodegenerative changes compared to those
with a smaller ICV. Larger ICV and head circumference have been associated with better
cognitive functioning in non-demented older adults (Farias et al. 2012; Gupta et al.
2015; Perneczky et al. 2012; Royle et al. 2013; Wolf et al. 2004). Larger ICV has
also been associated with an attenuation of the negative impact of neurodegenerative
changes, as represented by brain atrophy and having an APOE ε4 allele, on clinical
disease progression in persons with MCI (Guo et al. 2013; Perneczky et al. 2012).
Additionally, smaller ICV and head circumference have been associated with an increased
risk for mild cognitive impairment (MCI) and Alzheimer’s disease (AD) (Schofield et al.
1997; Wolf et al. 2004).

These findings are theoretically encapsulated in the concept of brain reserve. Brain
reserve has been defined by Barulli and Stern (2013) as differences in brain size and other
quantitative aspects of the brain that explain differential susceptibility to functional im-
pairment in the presence of pathology or other neurological insults (Barulli and Stern
2013). ICV is considered to reflect prior maximal brain size (Sgouros et al. 1999) and
often regarded as a proxy for brain reserve. The larger the ICV, the larger the “reserve” is
at the start of the neurodegenerative process. The concept of brain reserve has provided
a theoretical basis to describe discrepancies in the relation of ICV and function in various
clinical groups. For instance, brain reserve was proposed as an explanation of the associ-
ation of larger ICV with a lower risk of progression in multiple sclerosis independent from
disease burden (Sumowski et al. 2016). Or for example, Guo et al (2013) showed that
older people with large ICV and severe atrophy (defined as a brain parenchymal fraction
(PF) of 6 0.66) experienced slower cognitive deterioration when compared with older
people with small ICV and mild atrophy. Furthermore, they found that the impact of
brain atrophy and the presence of the APOE ε4 allele on cognition was less in MCI
cases with large ICV compared to small ICV. They proposed their findings supported
the theory of a compensatory role of brain reserve.

Although the concept of brain reserve describes a similar phenomenon in various
clinical groups, it is not well understood why larger ICV is beneficial to cognitive perfor-
mance when facing neurodegeneration. Hypothetically, ICV may influence the amount
of neurodegeneration and be associated with a resistance to neurodegenerative changes.
The effect of ICV would then manifest itself as less neurodegenerative changes in those
with larger ICV compared to peers with smaller ICV (Arenaza-Urquijo and Vemuri 2018).
Among studies that propagate such an explanation are population cohorts studies that
hypothesize that factors in early life favoring brain growth, contribute to enhanced re-
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sistance to neurodegenerative changes and lead to a decreased incidence of dementia
(Prince et al. 2011). However, most authors support the hypothesis that larger ICV is
associated with an increased resilience (i.e., better than expected performance in face
of neurodegenerative burden) to neurodegenerative changes, as in the examples given
above. The nature of the compensatory mechanisms leading up to his effect is, however,
not well understood. Larger brains are considered to have larger cell counts and/or larger
amount of synaptic connections and therefore may withstand more neurodegenerative
changes before clinical deficits appear because of a buffering effect. An important differ-
ence between the two theories of brain reserve is that the theory of resistance considers
ICV to attenuate the amount of neurodegeneration, whereas the theory of resilience
considers ICV to attenuate the effect of neurodegenerative changes. Whether or not a
dependency exists between ICV and neurodegenerative burden and whether or not ICV
attenuates the effect of neurodegenerative changes on cognition are verifiable scientific
questions that have not been studied sufficiently.

As part of the efforts to further define the concept of brain reserve, here, we studied
whether ICV was associated with an increased resistance or resilience to neurodegener-
ative changes in a large well-described population-based cohort of older people spanning
the spectrum from normal cognition to dementia. Brain atrophy, ventricular dilatation,
and WML load are considered markers of neurodegeneration that can be evaluated
well by structural MRI. First, we studied the relation of ICV to these markers of neu-
rodegeneration in HC, to determine whether ICV was associated with a resistance to
neurodegenerative changes. Second, we studied the relation of ICV to the amount of
brain atrophy, ventricular dilatation, and WML load in MCI and dementia and compared
that to HC. And lastly, we studied whether ICV was related to the change in cogni-
tive speed over five years and whether this relation was mediated by the change in the
markers of neurodegeneration.

METHODS

Study design

Our study sample was extracted from the population-based cohort of the Age, Gene, En-
vironment/Susceptibility – Reykjavik study (AGES-Reykjavik) consisting of 5764 men
and women, born between 1907–1935. The general design and demographics of the
AGES-Reykjavik have been described elsewhere (Harris et al. 2007). Participants un-
derwent extensive clinical and cognitive evaluation and brain MRI between 2002–2006
and surviving participants were invited for a follow-up examination on after five years.
All participants signed an informed consent. The AGES-Reykjavik study was approved
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by the Intra-mural Research Program of the National Institute on Aging, the National
Bioethics Committee in Iceland (VSN00-063), the Icelandic Data Protection Author-
ity, and the institutional review board of the U.S. National Institute on Aging, National
Institutes of Health.

Acquisition and automated segmentation of MRI

Brain MRI was performed on a 1.5-T GE Signa Twinspeed system MRI scanner at
the Icelandic Heart Association. The image protocol included a 3D axial T1-weighted
acquisition, a fluid-attenuated inversion recovery (FLAIR) sequence, and a fast spin echo
proton density (PD)/T2-weighted (de Jong, Wang, et al. 2012; Sigurdsson et al. 2012;
Sveinbjornsdottir et al. 2008). A fully automated segmentation pipeline was developed
based on the Montreal Neurological Institute processing pipeline (Sigurdsson et al. 2012;
Zijdenbos, Forghani, and Evans 2002). The pipeline used a multispectral approach to
segment voxels into global tissue classes [cerebrospinal fluid (CSF), GM, WM and white
matter hyperintensities (WMH)], of which the methods and validation were described
previously (Sigurdsson et al. 2012). Cerebral spinal fluid (CSF), gray matter (GM),
white matter (WM) and white matter lesions (WML) were separately segmented. WML
included periventricular, deep and juxtacortical WMH. CSF was divided into ventricular
CSF (lateral, third and fourth ventricle) and peripheral CSF (surrounding brain tissue in
the sulci and basal cisterns), using the AGES atlas for regional segmentation (Forsberg
et al. 2017). Total brain volume (TBV) was the sum of the GM, WM, and WML. ICV
was the sum of TBV and CSF. Percentage TBV of ICV was considered a measure of
global brain atrophy. Percentage vCSF of ICV was considered a marker for ventricular
dilatation. Percentage WML of ICV was considered a measure for WML burden. Volume
measurements of follow-up brain MRI were acquired the same way as measurements at
baseline. Absolute change per year in TBV, vCSF, and WML, was calculated as (value
at baseline – value at follow-up) / interval in years between scans. Yearly change per mill
ICV in TBV, and per myriad vCSF and pCSF, were calculated as annualized absolute
change × 1000 or 10, 000 / ICV.

Educational level, cognitive test score, and other covariates

Sample demographics and characteristics were chosen based on studies of their asso-
ciation with cognitive functioning in older age. Educational level (primary, secondary,
college and university education), smoking history (never, ever), and alcohol intake his-
tory (never, ever) were assessed by questionnaire. Body mass index (BMI) was calculated
as current weight divided by squared midlife height (taken from data of the Reykjavik
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Study examination that occurred 25 (SD = 4.2) years earlier. Diabetes was defined as a
history of physician diagnosed diabetes, use of glucose-modifying medication, or a fast-
ing blood glucose > 7.0 mmol/L. Hypertension was defined as measured systolic blood
pressure > 140 mmHg or diastolic blood pressure > 90 mmHg, or self-reported doctor’s
diagnosis of hypertension, or use of antihypertensive medications. Speed of processing
score was calculated as a composite of the following standardized tests: Figure Compar-
ison Test (Salthouse and Babcock 1991), the Digit Symbol Substitution Test (Wechsler
1955), and the Stroop Test part 1 and 2 (Saczynski et al. 2008; Stroop 1935).

Diagnosis of dementia and MCI were ascertained in a three-step process, as de-
scribed previously (Harris et al. 2007). In summary, every subject screened positive on
the Mini-Mental State Examination and the Digit Symbol Substitution Test, were admin-
istered (underwent) extensive diagnostic neuropsychological test battery, a neurological
examination, and one of their proxies was interviewed. A panel including a geriatrician,
neurologist, neuropsychologist, and neuroradiologist reviewed all the data and made a
consensus diagnosis of dementia and MCI. Dementia was classified according to Diag-
nostic and Statistical Manual of Mental Disorders, Fourth Edition, criteria (American
Psychiatric Association 1994). MCI was defined as having a borderline score (< 1.5

standard deviations below a score determined according to the distribution of scores in a
cohort subsample) in memory or two other domains, not severe enough to be classified
as dementia.

Analytical sample

Brain MR scanning was performed on consenting MR eligible subjects. From the total
AGES-RS sample of 5764 participants, 4726 underwent successful MRI. Tissue segmen-
tation was successful in 4613 MR scans. Cases for whom cognitive status (either healthy
cognition, MCI or dementia) was not determined (N = 106) were excluded. Our final
study sample consisted of 4507 people with successful brain MRI and segmentation of
the images, of whom 3883 had healthy cognition, 422 were diagnosed with MCI, and
202 with dementia.

The follow-up sample (N = 3316) consisted of all invited surviving participants from
the baseline cohort. Part of this sample underwent successful follow-up brain scanning
between 2007–2011, with an average interval of 5.19 (SD = 0.25) years from the first
scan (n = 2641). From this sample, we excluded those with missing MRI at baseline
(N = 87) and missing cognitive status assessment (N = 20). Our analysis was focused
on the relation between ICV to change MRI based markers of neurodegeneration (i.e.,
brain atrophy, ventricular dilatation, and WML load), which constitute relatively small
numbers over the course of 5 years. To ensure our results would not be distorted by
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drift of the ICV measurements, for instance due to the update of the MRI scanner
software, we excluded participants with more than 1% change in ICV between the two
time points (N = 682). There were 40 individuals who had received MCI diagnosis
at baseline, but who were scored HC at follow-up. In the follow-up sample they were
considered HC. Our final follow-up sample consisted of 1586 non-demented participants,
176 participants with a diagnosis of MCI, and 90 with a diagnosis of dementia at time
point 2, with successful brain MR segmentation at both time points.

Statistical analysis
All statistical analysis and graphs were computed with R v 3.4.3 (R Core Team 2014).

Comparison of study samples

Regarding the baseline sample, general characteristics and covariates were compared
between groups of HC, MCI and dementia. Regarding the follow-up sample, general
characteristics and covariates were compared between the group of participants who
were included to those who were excluded based on a > 1% difference in ICV between
baseline and follow-up measurements.

Analysis of the relation of ICV and markers of neurodegeneration

The relation of ICV to brain atrophy, ventricular dilatation, and WML load was first
examined cross-sectionally in the baseline sample of HC. Quartiles of distribution of
ICV were calculated in the HC sample among men and women separately. Threshold of
the quartiles of ICV (in cm3) were 1347, 1418, and 1486 for women, and 1536, 1615,
and 1692 for men. Mean values of sample characteristics and fractions of TBV, vCSF,
and WML over ICV were calculated per quartile of ICV. Associations of ICV to sample
characteristics and fractions of TBV, vCSF, and WML were analyzed using a logistic
regression model for categorical variables as dependent variable and a linear regression
model for continuous variables as dependent variable. In both types of models, ICV was
entered as independent continuous variable and adjustments were made for age and
sex. Models for the relation of ICV to fractions of TBV, vCSF, and WML were further
adjusted for educational level, smoking and drinking history, and diagnosis of diabetes
and hypertension. A p-value < 0.05 was considered significant.

Second, the relation of ICV to brain atrophy, ventricular dilatation, and WML load,
was visualized and analyzed in different age groups. Deciles of ICV were computed
separately for each quartile of age with thresholds 66–71, 72–75, 76–79, and 80–95.
The mean fractions of TBV, vCSF and WML over ICV were plotted for each decile of
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ICV and for each quartile of age separately. For each quartile of age, a separate linear
model was created with fraction of TBV, vCSF, or WML as dependent variable and ICV
as independent variable, together with corrections for sex, educational level, smoking and
drinking history, and diagnosis of diabetes and hypertension. The regression lines of each
quartile of age were displayed in the same graph. The relation of ICV to fractions of TBV,
vCSF, and WML was compared between the quartiles of age by testing the interaction
term for ICV and quartile of age in the whole sample of baseline HC (also corrected
for sex, educational level, smoking and drinking history, and diagnosis of diabetes and
hypertension). A p < 0.05 was considered significant.

Third, the relation of ICV to the change in fractions of TBV, vCSF, and WML,
over a period of on average five years was examined. Change in fraction of TBV was
expressed as yearly change per mill of ICV and change in fractions of vCSF and WML
were expressed as yearly change per myriad of ICV. The change in these markers was
entered in a linear model as dependent variable, with baseline ICV measurement as in-
dependent continuous variable with adjustments for age, educational level, sex, smoking
and drinking history, and diagnosis of diabetes and hypertension. The relation of ICV
to change in fractions of TBV, vCSF, and WML after five-year follow-up was also vi-
sualized. Again, deciles of ICV were computed for the follow-up sample of HC. Mean
values of annualized change per year in fractions of TBV, vCSF, and WML over ICV
were plotted for each decile of ICV. The regression lines from the linear models were
drawn in the same graph.

ICV and markers of neurodegeneration in MCI and dementia

The relation of ICV to fractions of TBV, vCSF, and WML was visualized and compared
between groups of HC, MCI, and dementia. Deciles of ICV were computed separately
for HC, MCI, and dementia. Mean values of fractions of TBV, vCSF and WML over
ICV were plotted for each decile of ICV and for HC, MCI, and dementia groups sepa-
rately. A linear model was created separately for HC, MCI, and dementia, with fraction
of TBV, vCSF, or WML as the dependent variable and baseline ICV measurement as
the independent variable. Corrections were made for age, sex, educational level, smok-
ing and drinking history, and diagnosis of diabetes and hypertension. The relation of
ICV to fractions of TBV, vCSF, and WML was compared among groups of HC, MCI,
and dementia by testing the interaction term for ICV and group status (also corrected
for sex, educational level, smoking and drinking history, and diagnosis of diabetes and
hypertension). A p < 0.05 was considered significant.
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Analysis of the relation of ICV and change in cognitive speed

Whether ICV was related to the change in cognitive speed over five years was assessed
separately in HC, MCI, and dementia. First, mean cognitive speed scores at baseline
and follow-up between the quartiles of ICV of HC were compared. Second, the relation
was assessed in a linear model with change in cognitive speed entered as dependent
variable and baseline ICV measurement entered as independent variable together with
age, sex, and speed score at baseline. To assess whether the relation of ICV to change
in cognitive speed was mediated through change in neurodegenerative markers, a second
linear model was made with further addition of change in TBV, vCSF, and WML.

RESULTS

Sample characteristics

Mean age of our sample was 76.3 (5.4) years, and 58.1% (N = 2619) of the sample were
women. ICV was on average 1502 (148) cm3 and TBV was on average 1039 (99) cm3.
Twenty four percent of the women (N = 629) and 32% of the men (N = 605) had
a college or university education. Compared to HC, MCI and dementia groups were on
average older, had a lower percentage of women, lower educational level, lower speed
of processing, lower BMI, lower percentage of alcohol consumers and higher prevalence
of hypertension (Table 1). There was no difference in mean ICV between the different
cognitive status groups. Sample characteristics of the included participants versus the
excluded participants of the follow-up sample did not differ (Table 2).

The relation of ICV and markers of neurodegeneration

In the baseline sample of HC, when ICV was taken as a continuous variable, those with
larger ICV were on average younger, had a higher educational level, a faster speed of
processing, smoked and drank more, and a lower prevalence of diabetes and hypertension
(Table 3). Fraction of TBV over ICV was significantly lower in those with larger ICV and
fractions of vCSF and WML over ICV were significantly larger in those with larger ICV.
These relations did not change after correction for age, sex, educational level, smoking
and drinking history, and diagnosis of diabetes or hypertension.

Figure 1 displays the relations of ICV with fractions of TBV, vCSF and WML per
quartile of age. Mean fraction TBV declined with each consecutive older quartile of age.
Yet, in all age groups, mean fraction TBV also declined with each consecutive larger
decile of ICV. Also, mean fractions of vCSF and WML increased with each consecutive
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Table 1: Sample characteristics of baseline study samples

Sample characteristics,
%(N)

HC MCI Dementia pa

N = 3883 N = 422 N = 202

Age (years), M (SD) 75.7 (5.2) 79.7 (5.4) 80.9 (4.9) <.0001
Women 59.4 (2307) 50.5 (213) 49.0 (99) <.0001
ICV (in cm3), M (SD) 1502 (147) 1494 (156) 1510 (154) 0.39
Higher education 29.9 (1160) 10.9 (46) 13.9 (28) <.0001
Speed of processing, M (SD) 0.223 (0.634) −0.888 (0.869) −1.53 (1.20) <.0001
BMI (kg/m2), M (SD) 27.0 (4.3) 26.8 (4.4) 25.8 (4.2) 0.0004
Never smoked 40.5 (1573) 41.7 (176) 41.1 (83) 0.89
Never drank alcohol 21.4 (826) 28.9 (121) 28.6 (57) 0.0003
Diabetes 11.1 (430) 10.2 (43) 11.5 (23) 0.85
Hypertension 79.6 (3089) 86.0 (363) 84.7 (171) 0.002

a p-value from ANOVA for continuous variables and χ2 test for class variables.

% (N), percentage (number); M (SD), mean (standard deviation); HC, healthy cognition; MCI, mild
cognitive impairment; ICV, intracranial volume; Higher education, college or university education;
BMI, body mass index.

older quartile of age and in all age groups mean fractions of vCSF and WML increased
with each consecutive larger decile of ICV. Thus, slopes of ICV fractions of TBV, vCSF,
and WML in the different age groups had a different intercept but ran parallel. The
interaction term ICV x quartile of age were non-significant, being 0.33 for TBV, 0.89
for vCSF, and 0.44 for WML.

Figure 2 and table 4 display the influence of ICV on change in neurodegenerative
markers according to ICV. Measured over a 5 year period, yearly increase in vCSF and
WML (expressed in per myriad ICV) was significantly larger in those with larger ICV,
with 7.55 (4.88) in the lowest quartile of ICV compared to 9.49 (5.85) in the highest
quartile of ICV for vCSF and with 6.80 (7.13) in the lowest quartile compared to 9.15
(10.14) in the highest quartile for WML (both p < 0.001). Figure 2 also shows the
relation between ICV and change in TBV per mill ICV, and change in vCSF and WML
per myriad ICV. Although, visually the change in per mill TBV was larger in those with
larger ICV, this trend did not reach significance (p = 0.34).

ICV and markers of neurodegeneration in MCI and dementia

Figure 3 displays the relations of ICV and fractions of TBV, vCSF, and WML in groups
of HC, MCI, and dementia. Mean fraction of TBV was lower in MCI and dementia
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Figure 1: ICV and markers of neurodegeneration in different age groups
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Figure 2: ICV and change in markers of neurodegeneration over 5 years in HC
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Figure 3: Association of ICV with neurodegeneration in HC, MCI and dementia
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Table 2: Comparison of included versus excluded participants of the follow-up sample

Sample characteristics, % (N) Included subjects Excluded subjects pa

ICV change < 1% ICV change > 1%
N = 1852 N = 682

Age (years), M (SD) 74.6 (4.6) 74.7 (5.2) 0.69
Women 59.0 (1093) 58.4 (398) 0.80
Higher education 27.1 (502) 30.2 (206) 0.14
Speed of processing 0.070 (0.780) 0.013 (0.776) 0.11
BMI (kg/m2), M (SD) 25.0 (3.3) 24.9 (3.4) 0.62
Never smoked 43.5 (806) 43.8 (299) 0.92
Never drank alcohol 20.6 (379) 20.9 (140) 0.92
Diabetes 9.62 (178) 8.52 2 (58) 0.44
Hypertension 77.6 (1438) 77.6 (529) 0.99

a p-value from t-test for continuous variables and χ2 test for class variables.

ICV, intra cranial volume; M (SD), mean (standard deviation); Higher education, college or university
education; BMI, body mass index

compared to HC, yet in all groups, fraction of TBV also declined in each consecutive
larger decile of ICV. Also, mean fractions of vCSF and WML were higher in MCI and
dementia compared to HC, yet in all groups, mean fractions of vCSF and WML increased
in each consecutive larger decile of ICV. A subtle divergence of slopes of relation of ICV
and fractions of TBV, vCSF and WML can be observed, with slopes in MCI and dementia
being slightly steeper compared to the slopes in HC. Thep-value for the interaction term
with cognitive status did not reach significance but indicated a trend, being 0.12 for
TBV, 0.18 for vCSF, and 0.16 for WML.

The relation of ICV and change in cognitive speed

In the follow-up sample, mean cognitive speed had decreased more in those with larger
ICV. Cognitive speed had changed from 0.044 (0.71) to −0.17 (0.77) in quartile 1,
from 0.22 (0.67) to 0.015 (0.74) in quartile 2, from 0.27 (0.65) to 0.046 (0.67) in
quartile 3, and from 0.27 (0.62) to −0.010 (0.73) in quartile 4. Table 5 shows the
relation of ICV to change in cognitive speed. ICV was significantly negatively associated
with change in cognitive speed in HC (p = 0.006) and in MCI (p < 0.001) but not in
dementia (p = 0.12). Thus, in HC and MCI, those with larger ICV had decreased more
in cognitive speed compared to those with smaller ICV. After adding change in TBV,
vCSF, and WML, to the model, the association of ICV to change in cognitive speed was
attenuated, but continued to be significant in MCI (p = 0.004).
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Table 4: ICV and neurodegenerative markers over 5 years in HC

Annualized Quartile of ICV (sex specific) pa

change, Q1 Q2 Q3 Q4
M (SD) N = 397 N = 396 N = 396 N = 397

TBV %� ICV −3.79 (1.93) −3.56 (2.00) −3.76 (1.91) −3.74 (1.97) 0.43
vCSF %�� ICV 7.55 (4.88) 8.23 (5.17) 9.00 (5.93) 9.49 (5.85) <.0001
WML %�� ICV 6.80 (7.13) 7.20 (7.77) 7.11 (7.83) 9.15 (10.1) 0.02

a p-value from general linear model with change in TBV, vCSF or WML as dependent variable and ICV
as continuous independent variable adjusted for age, sex, smoking history, drinking history, diagnosis
of diabetes and diagnosis of hypertension.

M (SD), mean (standard deviation); ICV, intracranial volume; TBV, total brain volume; vCSF, ven-
tricular cerebrospinal fluid volume, WML, white matter lesion volume.

DISCUSSION

Main findings

In a large sample of older individuals, larger ICV was associated with a lower fraction of
TBV and larger fractions of vCSF and WML. These relations were similar in different
age groups, slightly more pronounced in MCI and dementia, and independent from other
sample characteristics associated with larger ICV (sex, educational level, smoking history,
alcohol history, diagnosis of diabetes or hypertension). Furthermore, after a five year
follow-up, larger ICV was significantly associated with a larger yearly increase in vCSF
and WML. In HC and MCI, larger ICV was also associated with a larger decrease in
cognitive speed, which could partially be explained by the larger increase in ventricular
dilatation and WML in larger ICV.

General discussion

We investigated in a large sample of older people whether ICV was associated with ei-
ther a higher resistance or higher resilience to neurodegenerative changes. ICV is often
regarded as a proxy for brain reserve, because previously it was shown that in various
clinical groups those with larger ICV seemed to cope better with the (relatively) same
amount of neurodegenerative changes compared to those with smaller ICV (Hedges and
Woon 2010; Kesler et al. 2003; Skoog et al. 2012; Sumowski et al. 2016; Tate et al.
2011). The notion of resistance implies that among people without overt neurodegener-
ative disease, those with larger ICV have fewer neurodegenerative changes, as measured
by brain atrophy and WML load. However, our study showed that in a general popula-
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tion, larger ICV was associated with more neurodegenerative changes, both in terms of
absolute and relative volumes. This finding was supported by the result of the follow-up
analyses taken 5 years from baseline that showed a disproportionately faster increase in
vCSF and WML in those with larger ICV. The relation between larger ICV and higher
levels of markers of neurodegeneration is intriguing. Although, those with larger ICV
had a higher prevalence of lifestyle traits unfavorable for health, i.e., they had smoked
and drank more, these factors did not exert an influence on the relation of ICV and
neurodegenerative markers and therefore could not explain the phenomenon. Why then
would a brain that was favored to grow larger during early life, loose its volume quicker in
later life and contain relatively more WML? The present study did not enable us to find
an explanation, but we put forward two hypotheses. First, it may be that a larger brain
is more difficult to maintain and therefore may be more vulnerable to neurodegenerative
changes. Such a proposition could also explain for instance why those with larger ICV
have been found to have an accelerated conversion to dementia (An et al. 2016). Our
second hypothesis is that the brain atrophies in an allometric fashion, i.e., the larger
the ICV, the proportionally larger the decrease in brain parenchymal volume per unit
of time. Although, there is some familiarity with allometric geometrical scaling of brain
structures to ICV (de Jong, Vidal, et al. 2017; Im et al. 2008), there are no reports on
size-dependent non-linearity in age-related brain atrophy.

Furthermore, we investigated whether ICV was associated with an increased resilience
to neurodegenerative changes. First, we compared the relation of ICV with neurodegen-
erative markers in HC to groups of MCI and dementia. In all groups larger ICV was as-
sociated with proportionately more neurodegenerative changes. A non-significant trend
indicated that the effect of ICV on the amount of neurodegenerative changes was slightly
more pronounced in MCI and dementia. Thus, finding more neurodegenerative changes
in those with larger ICV in MCI or dementia seems not to be related to a later expression
of a neurodegenerative disease due to a buffer effect in people with larger ICV. Rather,
our study showed the relation of ICV to neurodegenerative markers was independent
of the presence of a neurodegenerative disease. Second, we also studied whether ICV
was related to change in cognitive speed in HC. At baseline those in quartile 4 had the
fastest mean cognitive speed, but at follow-up the mean cognitive speed score of quartile
4 had dropped below the mean score of those in quartile 2. Also, after controlling for
age, sex, and baseline speed score, cognitive speed had decreased significantly more in
those with larger ICV. Since larger ICV was related to larger ventricular dilatation and
larger increase in WML, it seems plausible that this could explain the faster decrease
in cognitive speed. Indeed, when ICV together with change in TBV, vCSF, and WML
were entered in the same model to explain change in cognitive speed, the effect of ICV
on change in cognitive speed was largely attenuated, indicating that, in HC, the larger
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decrease in cognitive speed in those with larger ICV was mediated through the presence
of more brain atrophy and a higher increase in WML. In the MCI group, like in HC, larger
ICV was also significantly associated with larger decrease in cognitive speed. However,
this effect was only partially mediated through the change in vCSF. We do not have
an explanation for the association of ICV with change in cognitive speed that seemed
independent from the markers of neurodegeneration we controlled for. Possibly, brain
atrophy and ventricular dilatation did not reflect the full extent of neurodegeneration in
MCI. All together, regarding cognitive speed, we found no support for the notion that
a larger ICV would be associated with a greater resilience in face of neurodegenerative
changes.

The results of this study are important for our understanding of brain ageing in several
ways. First, we found no supporting evidence that ICV was associated with either a raised
resistance or resilience to neurodegenerative changes in older people. On the contrary, we
found that larger ICV was associated with a higher degree of neurodegenerative changes
and a larger decrease in cognitive speed. This can become clinically apparent as a faster
conversion to dementia or as a faster clinical deterioration in those with a larger ICV,
as previously described (An et al. 2016; Mungas et al. 2018). Second, if atrophy occurs
in a non-linear fashion according to ICV, the interpretation of volumetric differences
between groups will depend on the ICVs of the two groups. Furthermore, in our sample
there was a substantial difference of 3.17% in mean fraction of TBV between the lowest
and the highest decile of ICV. Whereas the difference in mean fraction of TBV between
cognitively healthy and demented people was only 2.51%. Thus, the magnitude of the
effect of ICV on fraction of TBV variation exceeded that of diagnosis of dementia, which
indicates that the size-dependent non-linear brain atrophy could obscure pathological
patterns of brain ageing.

Strengths and limitations

Strength of the current study was the availability of information on demographics, rele-
vant risk factors, clinical parameters, and brain MRI for a large sample of older people
spanning the range from HC, to MCI and dementia. We could therefore study the re-
lation of ICV and markers of neurodegeneration not only in clinical groups but also
in healthy cognitive ageing. Furthermore, the availability of follow-up data of a large
part of the sample for further analysis supported and strengthened our findings in the
cross-sectional data. However, the follow-up data did not show a faster decline in yearly
change in TBV after 5 years and therefore we cannot be entirely certain whether the
cross-sectional association of larger ICV with lower fraction TBV is based on faster
atrophy of the brain in larger ICV. Theoretically, it is also possible that larger ICV is as-
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sociated with smaller fraction TBV throughout the life span. A longer follow-up duration
could make the relation between ICV and brain atrophy more clear. Another potential
limitation of the current study was that all measures of neurodegenerative markers were
based on estimations of the automated MRI segmentation pipeline. Automated seg-
mentation of MRI into different tissue classes forms a very robust method compared
to visual qualitative assessment scores. Even so, it is possible that the segmentation
pipeline introduces errors into the tissue segmentation. However, we could not identify
an error that could have affected all three different MRI markers of neurodegeneration
in the same manner. Another potential problem may be a systematic error in estimation
of ICV by the segmentation pipeline. A previous study compared the ICV estimation
of Statistical Parametric Mapping (SPM, version 8) and Freesurfer (FS, version 5.1.0)
to reference estimations of ICV based on manual segmentation and found that both
automated methods overestimated ICV (Nordenskjold et al. 2013). Interestingly, they
found that the overestimation of ICV by FS was related to the reference ICV estimation.
FS did not explicitly segment ICV, but estimated it based on the determinant of the
affine transform matrix used to align the image with an atlas. Affine transform only
crudely approximates head shape. However, the automated segmentation pipeline used
in the current study has two advantages over the segmentation software that was tested
before. First, it made use of a probabilistic tissue atlas that was developed based on a
sample of MRI from the AGES-RS cohort, and thus the atlas was age appropriate. And
second, the tissue segmentation made use of non-linear transformation to warp the at-
las from standard space to native space and therefore if present would be able to allow
allometry in brain geometry.

CONCLUSION

In a large sample of older individuals spanning the range from normal cognition to
dementia, larger ICV was associated with a relatively smaller brain volume and larger
volumes of vCSF and WML. Larger ICV was also associated with a faster increase in
vCSF and WML over five years. Moreover, larger ICV was significantly associated with
a larger decline in cognitive speed, which was partially mediated through the change in
TBV, vCSF, and WML. Thus, contrarily to what is often proposed in literature, we found
no evidence for the notion that ICV is associated with a higher resistance or resilience
to neurodegenerative changes. Rather, a larger ICV was associated with relatively more
brain atrophy, a higher WML load, and a faster decline in cognitive speed.
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Importance of structural imaging markers of AD

Alzheimer’s disease (AD) is a growing socio-economic concern for ageing populations
and the search for a treatment or prevention of AD is pressing. Today, it is believed
that the therapeutic window of AD may be during its preclinical phase (Sperling et al.
2011). Finding early imaging markers of AD is of interest because they may facilitate the
selection of people at risk for developing AD in a noninvasive manner. Most prior imaging
studies of AD have focused on cortical degeneration and in particular on allocortical
degeneration. However, pathological studies have shown the involvement of deep gray
matter structures in AD as well. The striatum plays a central role in the limbic system
and the cholinergic system, which are both affected in AD. Therefore the striatum can
be considered a key candidate structure to be affected early in the disease. Part one of
this thesis bundled the results of several volumetric and morphometric structural MRI
studies of the striatum in older people and especially in patients with AD. Identifying
pathological (focal) brain atrophy is, however, complex and a simple estimation of brain
structure volumes of an individual patient does not lead to a diagnosis but needs to
be assessed relative to group volumes and premorbid brain size. Therefore, in part two
of this thesis two large population studies were included that focused on improving our
understanding of the physiologic variability of brain structure and degeneration.

Part 1 Ventral striatal atrophy in AD

Volume loss of the ventral striatum in AD

Like other brain structures, the striatum loses volume with ageing. However, as de-
scribed in chapter 2 striatal volume loss is higher in patients diagnosed with probable
AD compared with their peers with normal cognitive test scores. A study of 139 brain
MRI from a memory clinic population showed that this striatal volume loss was not
homogeneous, but more pronounced in the nucleus accumbens and the putamen. Since,
there are no sharp anatomical borders between striatal substructures, the study of only
striatal volumes with artificially drawn borders is limited. A study of the shape of the
striatum provided more information on which parts are affected in AD. Especially the
ventral surface of the putamen and medio-ventral head of the caudate nucleus in pa-
tients with AD showed an inward change compared to study participants with normal
cognitive test scores. This indicates that striatal volume loss in AD can, for a large part,
be attributed to atrophy in the ventral striatum. Theoretically, the finding of pronounced
ventral striatal volume loss in AD fits well with already established knowledge on atrophy
patterns of the brain in AD. The ventral striatum is an important part of the limbic sys-
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tem (Olmos and Heimer 1999). Like in the rest of the brain where AD affects first and
mostly the allocortical and limbic areas (Callen et al. 2001), the striatum also displays
most severe losses of volume in the limbic part. The studies of striatal atrophy in AD
presented in this thesis were among the first imaging studies that focused specifically on
striatal atrophy in AD. Recent studies have confirmed the presence of striatal atrophy in
AD with disproportionate loss of the ventral part (Pievani et al. 2013; Roh et al. 2011;
Yi et al. 2016).

Ventral striatal volume loss predicts cognitive decline

In order to assess the implication for cognitive functioning of striatal atrophy in AD, the
relation between striatal atrophy and change in cognitive function was examined in a large
population based sample of older individuals including those with diagnosis of vascular
dementia or AD. Furthermore, the relation of striatal atrophy and the trajectory in
cognitive function was compared to the relation of hippocampal volume loss and change
in cognitive function. Cognitive function was repeatedly assessed in 4 sessions spanning
a decade. Brain, striatal, and hippocampal volume measurements were based on brain
MRI performed at the second session. Thus, cognitive data were available for study
participants diagnosed with dementia prior, at time of, and after volume measurements
of the striatum and hippocampus. The volumes of the total striatum, nucleus accumbens,
putamen, and hippocampus were all smaller in participants diagnosed with dementia.
But, interestingly, the volume of the nucleus accumbens was also significantly smaller in
those who were going to be diagnosed with dementia years after the brain scan. Nucleus
accumbens volume predicted cognitive decline in people with dementia diagnosed 3
years prior to, at the time of, and up to 6 years after brain scanning. Moreover, nucleus
accumbens volume also predicted cognitive decline in participants that did not receive
the diagnosis of dementia throughout the entire follow-up duration. This predictive value
of the nucleus accumbens volume for cognitive function was independent of the effect of
the predictive value of hippocampal volume and was stronger than the predictive value
of hippocampal volume for participants that never received the diagnosis of dementia
during follow-up.

Vascular risk factors are not related to striatal volume loss

Although the striatum, particularly the ventral striatum, seems to be affected in an early
stage of the dementia process, it is not clear what the histopathological basis for the
volume loss of the striatum observed in AD as shown in chapters 2–4 is. One of the
hypotheses was that striatal volume loss might be due to other disease processes that
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often co-occur with AD, like large and/or small vessel disease. The striatum is known to
be particularly prone to arteriolosclerosis with the frequent occurrence of lacunar infarcts
and microbleeds in the striatum under hypertensive conditions (Shi and Wardlaw 2016).
Perhaps the accumulation of small focal vascular damage eventually leads to atrophy of
the overall volume of the striatum and thalamus. However, as described in chapter 5 the
presence of cardiovascular risk factors, APOE ε4 status, body mass index, cholesterol,
smoking history, drinking history, diabetes, and hypertension were not related to a higher
rate of striatal atrophy measured over 2.5 years. In contrast, the hippocampus atrophied
faster in the presence of hypertension and APOE ε4 status. Albeit this being a selective
study on only cardiovascular risk factors, so far no alternative explanation was found for
striatal volume loss in AD than the disease process itself.

Embedding ventral striatal atrophy in existing models of AD

How does ventral striatal atrophy fit into the existent knowledge on pathological brain
changes in AD and what may be the responsible pathological mechanism for volume
loss in this area? The best hypothetical explanation available today is based on older
histopathological studies of the striatum in AD. First, some studies have shown that
cell bodies of the cholinergic interneurons are almost entirely filled with neurofibrillary
tangles and that there is a disproportionate loss of cholinergic interneurons in the ventral
striatum (Lehéricy et al. 1989; Selden, MM Mesulam, and Geula 1994; H Braak and E
Braak 1990; Oyanagi et al. 1987). Although, cholinergic interneurons constitute 1–2%
of all striatal cells, their soma is large (up to 40 µm), and their highest concentrations
are found in the ventral striatum (Steiner and Tseng 2010). Thus, the volume loss
of the ventral striatum in AD may be based on loss of cholinergic interneurons. The
striatal cholinergic cells show the same pathological changes as magnocellular cholinergic
forebrain complex. Loss of the cholinergic interneurons is a widespread phenomenon in
the basal forebrain in AD, in particular the posterior part of the nucleus basalis of
Meynert, and some studies found it to occur early in the process of AD (M Mesulam
et al. 2004; Grothe, Heinsen, and Teipel 2013; Teipel et al. 2014). It is not known
why cholinergic cells are lost in AD. The cholinergic cells are highly dependent for their
existence on nerve growth factor. Some studies have shown the loss of nerve growth
factor to precede cholinergic cell loss in the basal forebrain and striatum (Strada et al.
1992; Latina et al. 2017). And nerve growth factor signaling at cholinergic terminals on
its turn has been shown to be sensitive to the toxic effect of Aβ (Triaca and Calissano
2016). But these relations need further confirmation. Another possible explanation for
cholinergic cell loss in AD may be the more direct toxicity of Aβ in the striatum. The
striatum of AD patients is heavily infiltrated by amyloid deposits (H Braak and E Braak
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1990). In familial variants of AD cases and in Down syndrome, amyloid deposits have
been shown to accumulate first in the striatum (Klunk et al. 2007; Annus et al. 2016;
Villemagne et al. 2009). And in late onset AD the presence of striatal amyloid deposits
together with cortical amyloid deposits on PiB/PET predicts Braak neurofibrillary stage
and clinicopathologic stage of AD in vivo (Beach et al. 2012). However, it is not clear
whether striatal Aβ depositions occur early in the disease process of late onset AD.
Recently, a thorough florbetapir (18F ) PET study to preclinical stages of AD, as defined
by presence of number of biomarkers/ cognitive markers and NIA-AA criteria, found
subcortical amyloid deposition to occur early in the disease process especially in the
nucleus accumbens and putamen. The same study reported that the buildup of amyloid
may be more complete in subcortical areas relative to cortical areas, even in the earliest
phases of preclinical AD. These findings contrast the more dominant theoretical model
that predicts a downward progression of Aβ from neocortex to subcortical regions (e.g.,
thalamus and striatum) (H Braak and Del Tredici 2015; Thal et al. 2002). In summary,
the cause of ventral striatal atrophy in AD loss is unknown, but previous studies have
shown important loss of cholinergic cells and dense amyloid deposition in the striatum
in preclinical stages of the disease.

Can ventral striatal atrophy serve as a marker for early AD?

Many morphological and pathological processes occur in brains of AD patients, but not
all of them are related to or crucial to the development of the eventual characteristic
clinical presentation. For instance, the accumulation of amyloid in the cortex of older
people is a well-known process in AD. Although the presence of amyloid plaques is a
hallmark of AD, the presence of these plaques has a small effect on episodic memory
but not on other cognitive domains (Hedden et al. 2013) and also does not exclusively
occur in patients with AD but also in a considerable percentage of people that have
died without cognitive decline (Wolf et al. 1999; Latimer et al. 2017). The challenge for
studies on AD is therefore to unravel the temporal order of pathological events and to try
to identify those key events in the pathological cascade that eventually lead to cognitive
impairment. The findings of this thesis together with recently published data are promis-
ing indications that the ventral striatum may be one of the structures relatively early
affected in the pathological cascade of AD and can predict cognitive decline. Especially
supportive to this hypothesis are the observations described in chapter 4 that smaller
ventral striatal volume is detectable in people before clinical diagnosis of dementia and
predictive for cognitive decline up to 6 years before dementia diagnosis. Also, volume of
the nucleus accumbens was independent from hippocampal volume in predicting cogni-
tive decline. However, there are some limitations of the ventral striatal atrophy/volume



174 Chapter 8

to function as a predictive structural imaging marker for AD. For instance, hippocampal
atrophy can be easily approximated by visual assessment. A major advantage to this vi-
sual assessment is the anatomical proximity of the temporal horn of the lateral ventricle.
Contrarily, the ventral striatum is surrounded by and part of the complex anatomical
region encompassing the ventrostriatopallidal system and extended amygdala for which
precise anatomy is still subject to debate (Olmos and Heimer 1999). Also, current MRI
protocols in daily clinical practice use volumetric T1-weighted imaging with whole brain
coverage and perhaps coronal T2 weighted imaging, but these are not optimized to show
anatomical detail in the region of the striatum and basal forebrain. Therefore, ventral
striatal atrophy at this stage cannot be used as a marker for AD in an individual patient.

Limitations and future directions

There are two general limitations of the research presented in this thesis. The first limi-
tation is related to the anatomical precision of the automated segmentation techniques
used especially for segmenting the ventral striatum and nucleus accumbens. The nucleus
accumbens is histologically well defined, being it the only structure in the striatum that
is composed of a core and a shell. The ventral striatum includes besides the nucleus ac-
cumbens, also the ventral putaminal and caudate areas, olfactory tubercle, and anterior
perforated substance (Heimer, Alheid, and Zahm 1993). The basal forebrain area sur-
rounding the nucleus accumbens is packed with multiple white matter tracts and gray
matter nuclei of the ventral striatopallidal system and extended amygdala, which are
closely adjacent and in some areas continuous with each other. The extended amygdala
is a concept that describes the phylogenetic continuity of the centromedial nuclei of the
amygdala and the bed nucleus of the stria terminalis. The cortical-laterobasal part of the
amygdala, provides important input to both the extended amygdala and to the ventral
striatopallidal system (Olmos and Heimer 1999). Several studies have shown atrophy in
the region of the basal forebrain in early AD, but the anatomical nomenclature used is
not consistent. One study showed that atrophy in the basal nucleus of Meynert precedes
atrophy of the entorhinal cortex (Schmitz et al. 2016). Others have pointed to dispro-
portionately high degeneration of the gray matter in the basal forebrain in cholinergic
magnocellular regions Ch1-4, corresponding to the medial septal nucleus (Ch1), vertical
and horizontal limb of the diagonal band of Broca (Ch2-Ch3) and the basal nucleus
of Meynert (Ch4) (MM Mesulam et al. 1983). This basal forebrain atrophy in the pre-
dementia stage of AD first appeared in the posterior part, also known as the basal nucleus
of Meynert (Grothe, Heinsen, and Teipel 2013). These studies used a probabilistic atlas
based on superposition of several cytoarchitectonic maps on an MNI brain (Zaborszky
et al. 2008) to segment the cholinergic basal forebrain nuclei. Another study manually
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traced the substantia innominata by comparing the MR image to a Nissl-stained coronal
section of the basal forebrain region and found the region to be atrophied in mild AD
(George et al. 2011). Although the term substantia innominata has become obsolete,
judging from the description in the latter study, the substantia innominata probably cor-
responded to area basal nucleus of Meynert. These studies highlight the importance of
the basal nucleus of Meynert in early AD. However, they tend not to be critical towards
segmenting different nuclei with sometimes a millimeter thickness (Mai, Majtanik, and
Paxinos 2015) on MRI with insufficient resolution and contrast to discriminate these
cholinergic cell clusters from the ventrostriatopallidal system or extended amygdala. A
schematic representation of the anatomical structures of the basal forebrain area and
striatum is given in figure 1. The automated segmentation methods used in the studies
presented in previous chapters, may suffer as well from difficulties in discriminating at-
rophy of the ventral striatum from atrophy in the cholinergic cell clusters of the basal
forebrain notably the basal nucleus of Meynert. However, the nucleus accumbens was
segmented as the region anterior to the anterior commissure, both in the segmentation
tool of FSL (chapters 2, 3, and 4) as in the segmentation pipeline of the AGES-Reykjavik
study (chapter 5) (Patenaude et al. 2007). Thus, the volumetric estimations of the nu-
cleus accumbens may be underestimated but at least do not include the basal nucleus
of Meynert, which is located underneath/ventral to the ventral globus pallidus. Likewise
the estimations regarding the putamen, in particular the morphological contraction in
the ventral putamen in AD, should not be affected by the atrophy in the basal nucleus
of Meynert. Future studies should be directed towards a finer grained segmentation of
this intricate anatomical forebrain region requiring higher resolution MRI with a focused
field-of-view.

The second limitation is related to the role of the ventral striatum in cognition and
consequences of its volumetric decline for functioning of the patient. It has been postu-
lated that the nucleus accumbens plays a pivotal role in memory and learning processes
and selecting responses (Goldenberg et al. 1999; Gonzalez-Burgos and Feria-Velasco
2008; Graybiel 2008). In the studies described in this thesis the cognitive function of the
study participants was tested by several cognitive tests but none of them was specifically
directed to the function of the ventral striatum. Furthermore, since the function of the
cholinergic cells in the striatum in particular is still not completely clarified (Apicella
2007), no test for function of these cells has yet been developed. The precise impact
of ventral striatal atrophy on the clinical presentation of AD is therefore not known and
perhaps underestimated. Interestingly, since the olfactory tubercle is an integrated part
of the ventral striatum, perhaps olfaction tests form a good marker for ventral striatal
degeneration. Indeed, olfaction is the only sense that is affected early in the disease
process of AD (Naudin, Mondon, and Atanasova 2013).



176 Chapter 8

Figure 1: Striatum and basal forebrain complex on coronal MRI

1 Nucleus accumbens; 2 Olfactory tubercle; 3 Anterior olfactory nucleus; 4 Olfactory area;
5 Caudate nucleus; 6 Putamen; 7 Fundus region of putamen; 8 External globus pallidus; 9 In-
ternal globus pallidus; 10 Basolateral amygdaloid nucleus; 11 Basomedial amygdaloid nucleus;
12 Bed nucleus of the stria terminalis; 13 Stria terminalis; 14 Medial septal nucleus (Ch1);
15 Diagonal band of Broca (Ch2 and Ch3); 16 Basal nucleus of Meynert (Ch4); 17 Piriform
cortex; 18 Claustrum; 19 Hypothalamic area; 20 Anterior commissure; 21 Medial forebrain
bundle; 22 Optic tract; 23 Subcallosal area.
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Part 2 Allometric scaling of brain structures

Allometric scaling of brain structures

The second part of the research presented in this thesis examined physiological variability
in brain structure and degeneration depending on the size of the premorbid brain. To be
able to differentiate pathological from normal atrophy pattern in the brain, it is essential
to have a good understanding of the geometry of the brain. The human brain varies
considerably in size. How can brains of different size be compared? The answer to this
question is complex. Some adjustment methods rely on the preservation of isometry of
substructures of the brain and use a ratio of region of interest to intracranial volume
(ICV) or total brain volume (TBV) to adjust for overall brain size. However, as was
shown in chapter 6, brain structures do not scale isometrically with ICV variation. A
comprehensive study of three large datasets with together more than 4500 brain MRI
proofed that people with larger ICV on average contained proportionally smaller volumes
of cortical and deep gray matter and a proportionally larger volume of white matter.
Although, allometric scaling was shown in previous studies for gray and white cortical
matter volume and even for cortical thickness, the study described in chapter 6 is the
largest such study ever to be conducted and was the first to thoroughly investigate
the deep gray matter structures. Furthermore, allometric scaling of brain structures was
found in three large different study samples and after extensive testing could not be
attributed to age-associated atrophy, gender, ethnicity, or a systematic bias from study-
specific segmentation algorithm. Larger brains have a smaller developmental outgrowth
of deep gray matter structures compared to the cortex and a smaller outgrowth of
gray matter compared to white matter. Structures that show the least variance are the
striatum and the thalamus. These results show why methods of head size adjustment
that rely on isometry of brain substructures lead to over- or underestimation of results,
spark erroneous interpretations and should be avoided. Also, methods that rely solely on
linear affine transformation of the brain should be handled with care.

Larger brains degenerate faster in later life

If the brain develops with allometric scaling of its substructures, do brains of different
sizes involute differently with ageing? Previous literature suggests that in various clinical
groups, those with larger ICV cope better facing the (relative) same amount of neu-
rodegenerative changes when compared to those with smaller ICV. ICV is, therefore, by
some regarded as a proxy for brain reserve. Why a larger ICV is beneficial in maintaining
performance with ageing is, however, not understood. Hypothetically, a larger ICV could
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be associated with a higher resistance to neurodegenerative changes and thus harbor less
stigmata of neurodegeneration. Or, a larger ICV could be associated with an increased
resilience (i.e., better than expected performance in face of neurodegenerative burden)
to neurodegenerative changes. Whether or not larger ICV has a positive effect on the
amount of neurodegenerative changes or whether or not ICV attenuates the effect of
neurodegenerative changes on cognition are falsifiable scientific questions that have not
been studied sufficiently. In chapter 7, the relation of ICV to three MRI markers of neu-
rodegeneration, i.e., brain atrophy, ventricular dilatation, and white matter lesion load,
was studied. Furthermore, the relation of ICV with change in cognitive speed was also
examined. The study was conducted in a large sample of older people spanning the spec-
trum from normal cognition to dementia. Larger ICV was cross-sectionally associated
with a proportionally smaller brain volume and larger ventricular and white matter lesion
volumes. These relations were similar in different age groups, slightly more pronounced
in MCI and dementia, and independent from other sample characteristics associated
with larger ICV (among others sex and educational level). Furthermore, after a five year
follow-up, larger ICV was significantly associated with a larger yearly increase in ventric-
ular volume and white matter lesion load. In those with healthy cognition or MCI, larger
ICV was also associated with a larger decrease in cognitive speed, which was partially
mediated through the larger increase in ventricular dilatation and white matter lesions
in larger ICV. Thus, contrarily to what is often proposed in literature, no evidence was
found for the notion that ICV is associated with a higher resistance or resilience to neu-
rodegenerative changes. Rather, a larger ICV was associated with relatively more brain
atrophy, a higher WML load, and a faster decline in cognitive speed.
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APPENDIXA
Samenvatting

De ziekte van Alzheimer (ZvA) is de meest voorkomende vorm van dementie onder oud-
eren. In vergrijzende samenlevingen, zoals de Nederlandse, neemt de frequentie van de
ziekte toe en zal de ZvA naar verwachting uitgroeien tot doodsoorzaak nummer 1 in
2040. Vanwege deze groeiende socio-economische zorg hebben de Nederlandse Organ-
isatie voor Wetenschappelijk Onderzoek (NWO) en de Koninklijke Nederlandse Academie
der Wetenschappen (KNAW) tussen 2000–2017 verscheidene initiatieven gelanceerd die
het thema brein en cognitie tot één van de speerpunten van de Nederlandse weten-
schapsagenda heeft gemaakt. De studies gebundeld in dit proefschrift zijn gedaan in
het kader van deze grotere beweging om onze kennis over onder andere de ZvA te ver-
groten. Deze studies hebben in het bijzonder tot doel vroege markers van de ZvA op te
sporen op structurele magnetic resonance imaging (MRI) en de onderzoeksmethoden in
comparatieve volumetrische hersenstudies te verbeteren.

Deel 1 Atrofie van het ventrale striatum in de ZvA

De oorzaak van de ZvA is niet bekend, maar in de wetenschap worden twee theoretis-
che modellen gebruikt om het ontstaan van de ZvA te verklaren. Het eerste model
gaat ervan uit dat de ZvA het gevolg is van disfunctioneren van het cholinerge sys-
teem. Het anatomische substraat voor dit systeem bevindt zich in de basale voorherse-
nen en het striatum. Het tweede model gaat ervan uit dat de ZvA het gevolg is van
de toxische ophoping van seniele plaques met name in de cortex (hersenschors). Dit
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tweede model heeft de laatste decennia een dominante positie ingenomen in de neuro-
wetenschappelijke MRI studies naar de ZvA. Derhalve is veel onderzoek gedaan naar de
atrofie van de cortex en in het bijzonder van de hippocampus, gelegen aan de mediale
zijde van de temporale kwab. Atrofie van de hippocampus is van voorspellende waarde
voor de progressie van de ZvA. Dit treedt echter gedurende het ziekteproces relatief laat
op, wanneer klinische symptomen al duidelijk aanwezig zijn. Tegenwoordig wordt ervan
uitgegaan dat de ZvA een lange preklinische periode kent van ca. 10–20 jaar voordat de
eerste klinische symptomen zich manifesteren. Ook gaat men ervan uit dat therapeutis-
che interventies vooral zinvol zijn in deze preklinische fase. Opsporing van de ZvA in de
preklinische fase is daarom essentieel.

In deel 1 van dit proefschrift staat onderzoek naar atrofie van het striatum op struc-
turele MRI in de ZvA centraal. De keuze om MRI onderzoek te richten op het striatum
werd onderbouwd met drie argumenten. Ten eerste is het ventrale gedeelte van het stria-
tum een belangrijk onderdeel van het limbische systeem. Het is bekend dat de limbische
corticale schors (ook wel de allocortex genoemd) disproportioneel atrofieert in de ZvA
vergeleken met de neocortex. Over het optreden van atrofie in het subcorticale limbische
systeem is echter weinig bekend. Ten tweede bevindt een grote concentratie cholinerge
cellen zich in het striatum. Pathologische studies hebben aangetoond dat de cholinerge
cellen in zowel de basale voorhersenen als het striatum in een vroeg stadium van de
ZvA verloren gaan. Het is evenwel niet bekend of dit leidt tot atrofie van het striatum.
Ten derde is in studies naar familiale of genetische varianten van de ZvA aangetoond
dat de ophoping van seniele plaques begint in het striatum nog vóór de verschijning van
seniele plaques in de cortex of de verschijning van klinische symptomen. Hoofdstukken
2 t/m 5 zijn gewijd aan volumetrische en morfologische studies van het striatum in de
ZvA en in die hoofdstukken wordt de relatie van atrofie van het striatum met cognitieve
achteruitgang onderzocht. In hoofdstuk 2 wordt aangetoond dat het volume van het
striatum is afgenomen bij patiënten met de ZvA ten opzichte van een controle groep
zonder aantoonbare cognitieve achteruitgang. Deze studie van 139 structurele MRI’s
van hersenen van patiënten van een geheugenpolikliniek laat zien dat het volume verlies
in het striatum geen homogeen proces is maar dat voornamelijk de nucleus accumbens
en het putamen zijn aangedaan. De studie naar enkel het volume van het striatum is
echter relatief beperkt omdat er geen duidelijke anatomische grenzen tussen de verschil-
lende structuren van het striatum bevinden. Hoofdstuk 3 beschrijft derhalve een studie
naar veranderingen van de morfologie van het striatum in de ZvA. Met name de ventrale
oppervlakte van het putamen toont een inwaartse contractie. Bovendien blijkt de mate
van expansie en contractie van de gehele ventrale striatale oppervlakte en de opper-
vlakte van het laterale putamen gerelateerd te zijn aan het cognitief functioneren van
de patiënt. Deze complementaire volumetrische en morfologische studies tonen aan dat
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het verlies van het volume van het striatum in de ZvA vooral te wijten is aan het verlies
van het ventrale striatum. In hoofdstuk 4 wordt verder onderzocht of de volumes van
het striatum en zijn substructuren voorspellend zijn voor de achteruitgang in cognitie bij
de oudere bevolking. In een op grote epidemiologische populatie gebaseerde studie blijkt
het volume van de nucleus accumbens voorspellend te zijn voor cognitieve achteruit-
gang bij deelnemers gediagnosticeerd met dementie 3 jaar voor, tijdens, en tot 6 jaar
na vervaardiging van een MRI van hersenen. Deze voorspellende waarde is onafhanke-
lijk van de voorspellende waarde voor cognitieve achteruitgang van het volume van de
hippocampus. Deze bevindingen geven aan dat het ventrale striatum mogelijk vroeg in
het proces van dementie is aangedaan. Eén van de onzekerheden in de interpretatie van
de bovenstaande resultaten is de vraag of het volume verlies van het striatum te wi-
jten is aan de ZvA of aan andere ouderdoms-gerelateerde neurodegeneratieve processen
die vaak gepaard gaan met de ZvA. Het striatum is bijvoorbeeld net als de thalamus
gevoelig voor vasculaire schade in het kader van microangiopathie. In hoofdstuk 5 wordt
in een follow up studie van 2.5 jaar onderzocht of de aanwezigheid van cardiovasculaire
risicofactoren van invloed is op atrofie van het striatum en/of hippocampus. Geen van
de onderzochte cardiovasculaire risicofactoren is geassocieerd met versneld verlies van
volume van het striatum. Atrofie van de hippocampus daarentegen blijkt geassocieerd
te zijn met te hoge bloeddruk.

De beschreven onderzoeksresultaten maken aannemelijk dat het striatum is aangedaan
in de ZvA en mogelijk in een vroeg stadium. Alvorens echter het volume van het ventrale
striatum kan dienen als vroege marker voor de ZvA dient meer onderzoek te worden ver-
richt naar de temporele relatie tussen atrofie van het ventrale striatum en het begin van
de ZvA. Ook voor de klinische praktijk is een visuele inschatting van het volume van het
ventrale striatum erg lastig vergeleken met bijvoorbeeld de beoordeling van atrofie van
de hippocampus, welke wordt vergemakkelijkt door de aangrenzende temporale hoorn
van de laterale ventrikel. Het ventrale striatum wordt omgeven door en is onderdeel
van de complexe anatomie van de basale voorhersenen. De huidige klinische MRI proto-
collen zijn niet geoptimaliseerd voor de beoordeling van de ingewikkelde en minutieuze
anatomie in deze regio.

Deel 2 Allometrie van de hersenstructuren

Atrofie van de hersenstructuur op MRI kan zowel globaal als focaal voorkomen en wordt
gezien als een maat voor verlies aan neuronen en als substraat voor functionele achteruit-
gang van de structuur. Op groepsniveau, hebben metingen van volumes van hersenstruc-
turen gebaseerd op structurele MRI hun waarde bewezen in het verstrekken van inzicht
in de veranderingen die optreden in de hersenen in veroudering en in neurodegeneratieve
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aandoeningen zoals de ZvA. Op individueel niveau, echter, bestaat geen gestandaardis-
eerde metriek voor de fysiologische variatie in hersenstructuur volumes. Een individuele
meting van hersenstructuur volume leidt niet tot een diagnose en de voorspellende waarde
voor een neurodegeneratieve aandoening is matig. De oorzaak hiervoor is de aanzienli-
jke fysiologische variatie in hersenvolumes in de bevolking. Om de ruis van fysiologische
variatie van hersenvolumes in analyses te verminderen is het gangbaar in comparatieve
hersenstudies te corrigeren voor hoofdgrootte of intracranieel volume (ICV). Eén van
de aspecten in de methodologie van humane comparatieve hersenstudies welke weinig
aandacht heeft gekregen is dat in sommige van deze correctiemethoden ten onrechte
wordt uitgegaan van een isometrische geometrie van hersenen van verschillende grootte.
Voorbeelden van dergelijke methoden zijn registratie van MRI beelden van verschillende
onderzoeksdeelnemers naar een gestandaardiseerde ruimte middels affiene transformatie
of door gebruik te maken van ratio’s van hersenstructuur volume ten opzichte van ICV.
Ondanks het feit dat deze methodes veel worden toegepast zijn er tal van aanwijzingen
dat de hersenen van verschillende mensen zich niet isometrisch tot elkaar verhouden.
Deel 2 van dit proefschrift wordt gewijd aan de studie van allometrie in de ontwikkeling
en degeneratie van de hersenstructuur. Hoofdstuk 6 onderzoekt de allometrische coëf-
ficiënt van verschillende hersenstructuren in een grote dataset van meer dan 4500 MRI
scans en toont aan dat grotere hersenen relatief kleinere volumes corticale en subcorti-
cale grijze stof bevatten en relatief meer witte stof. Hoewel, allometrie in de hersenen
eerder werd aangetoond, behoort deze studie tot de grootste studies ooit verricht naar
allometrie in de menselijke hersenen en werd voor het eerst speciaal aandacht geschonken
aan de allometrische coëfficiënt van de diepe grijze stof. In hoofdstuk 7 wordt de fysiolo-
gische variatie in degeneratie van de hersenen onderzocht. Ook wat betreft degeneratie
van de hersenen in veroudering blijken grotere hersenen te verschillen van kleinere herse-
nen. Grotere hersenen lijken sneller volume te verliezen en proportioneel meer witte stof
afwijkingen te bevatten. De resultaten van deze twee studies tonen aan dat zowel de
fysiologische ontwikkeling als degeneratie van het brein door allometrische wetten gecon-
troleerde processen zijn. Allometrie leidt tot aanzienlijke proportionele verschillen tussen
hersenen van verschillende grootte. Bewustwording van deze fysiologische proportionele
verschillen zou moeten leiden tot 1) een betere interpretatie van resultaten van com-
paratieve hersenstudies en 2) een beter begrip van waarom correctiemethoden voor ICV
gebaseerd op een isometrische hersengeometrie leiden tot over-dan wel onderschatting
van volumetrische verschillen.
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Toekomst perspectief

De onderzoeksresultaten gepresenteerd in dit proefschrift leiden tot enkele aanbevelingen
voor toekomstig onderzoek. Op basis van de gevonden atrofie van het striatum in de ZvA
met name het ventrale deel is het aan te bevelen om de subcorticale signatuur van de ZvA
nauwkeuriger te onderzoeken. Dit proefschrift en ook andere recente studies suggereren
dat het striatum mogelijk vrij vroeg in het ziekteproces van de ZvA is betrokken en
derhalve vormen veranderingen in het ventrale striatum een belangrijke kandidaat-marker
voor de preklinische fase van ZvA. De temporele relatie tussen atrofie van het ventrale
striatum en de ZvA dient nader te worden onderzocht. Ook dient atrofie van het ventrale
striatum in de ZvA te worden onderzocht ten opzichte van degeneratieve veranderingen
in de andere systemen van de basale voorhersenen.
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