Quantitative Neostriatal Neuroanatomy as a Basis of Frontostriatal
Circuit Dysfunction in Neuropsychiatric Disease

Jeffrey Chee Leong Looi
MBBS, FRANZCP, AFRACMA
Associate Professor
Academic Unit of Psychological Medicine
ANU Medical School

A thesis submitted for the degree of Doctor of Medicine of the Australian National
University

____________________________________________________________________

Statement of the Candidate’s Contribution to the Research
The research undertaken for this thesis was based on studies led by the
candidate, conducted across three centres: the Research Centre for the Neurosciences
of Ageing, Academic Unit of Psychological Medicine, ANU Medical School,
Canberra, Australia; the Stockholm Medical Imaging Laboratory (SMILE), Division
of Clinical Geriatrics, Department of Neurobiology, Caring Sciences & Society,
Karolinska Institute, Stockholm, Sweden; and the Neuropsychiatric Institute,
University of New South Wales, Sydney, Australia. The candidate is a Senior
Specialist and Associate Professor of Psychiatry, Academic Unit of Psychological
Medicine, at the Australian National University Medical School, Canberra Hospital,
Canberra, Australia; and a Visiting Guest Researcher at the Karolinska Institute,
Huddinge, Stockholm, Sweden.
The candidate was lead investigator and guarantor on all research in the
thesis, developed the research hypotheses, and: designed; obtained funding for; was
first author; performed statistical analysis; performed manual tracing of the caudate
nucleus or putamen (studies 1, 2, 3, & 4) and stroke volume (study 5); supervised
manual tracing (study 5); performed recruitment, medical, neurological and
psychiatric assessments (study 5). Segments of text have been reproduced verbatim
from these publications. Published papers have been reproduced with permission.
The candidate independently drafted all chapters of this thesis and revised them in
the context of anonymous peer review and supervisor feedback.
None of the published works have been previously considered for a degree
previously granted in any University.
Jeffrey Chee Leong Looi
____________________________________________________________________
-2-

____________________________________________________________________

Thesis Structure
This thesis comprises two parts.

Part I: Thesis introduction and published papers
The first part consists of the original body of research on the quantitative
neuroanatomy of the neostriatum as a structural basis for frontostriatal dysfunction in
neuropsychiatric disease. This first part comprises an introduction and extended
context statement to the thesis, Chapter 1, followed by published thesis papers
appended as Chapters 2-6 to preserve their original formatting, with each paper
preceded by a title page and schematic of the role in the thesis. Within the body of
the introduction, the thesis papers are referenced by study number and/or citation, as
appropriate.

Part II: Additional papers and book chapters
The second part of the thesis consists of six additional papers and/or book chapters
in the research field of cognitive neuropsychiatry constituting a background and
context to the thesis studies.
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Thesis Abstract
Background and Purpose:
Neuropsychiatric diseases are protean, affecting cognition, emotion and behaviour,
including such diseases as reactions to traumatic stress (post-traumatic stress
disorder), cerebrovascular disease and the neurodegenerative dementias.

There has been much interest in understanding the neural basis of neuropsychiatric
disease. A model that has been employed to investigate such disease has been the
endophenotype, a restricted set of phenotypic or clinical features that may have a
more specific structural and hence, genetic basis. An example of an endophenotype
is frontal-executive neuropsychological function, localised to the neural substrate of
dorsolateral prefrontal cortex frontostriatal circuit. Consequently, it is possible to
explore the structural basis of an endophenotype by studying the components of
neural circuits carrying such functions.

Thus, frontostriatal circuits may be useful as a structural basis for endophenotypes
related to frontal cognitive function. These circuits extensively mediate cognition,
emotion and behaviour within humans. The caudate nucleus and putamen,
comprising the human neostriatum, serve crucial roles within frontostriatal circuits.
The caudate and putamen may thus serve as a potential, quantifiable component of
the structural basis for endophenotypes.

It was hypothesized that functional change may be reflected in structural changes in
the neostriatum due to neuroplasticity. Thus functional activation or disconnection
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might impact upon the structure of the caudate or putamen. Other corticostriatal
circuits in addition to frontostriatal circuits may thus be affected. These studies were
designed to measure the volume of the neostriatum as a quantified neuroanatomical
basis of the endophenotype of frontostriatal dysfunction within specific
neuropsychiatric diseases.

Methods:
Thesis Study 1 (Looi et al., 2008a) A method was developed to quantify the volume
of the caudate nucleus and putamen in vivo on magnetic resonance images (MRIs) of
persons suffering from neuropsychiatric disease. This involved manual tracing or
segmentation, by a single tracer, blinded to diagnosis, via visual inspection and
outlining of caudate or putamen on the MRI data displayed using image analysis
software on a personal computer. This protocol was standardized by the production
of reference images and assessed for reliability and validity at intra- and inter-rater
levels (Thesis Study 1 and Thesis Study 4).

Results:
The manual tracing protocol was used quantify the volume of the head and body of
the caudate, and putamen, in specific neuropsychiatric disease in which frontostriatal
dysfunction has been implicated. All analyses were adjusted for brain volume and
other relevant covariates or confounders, such as age or gender.

Thesis Study 2 (Looi et al., 2009) investigated caudate nucleus volumes in persons
exposed to trauma in the Stockholm train system, with regard to whether they
suffered from post-traumatic stress disorder (PTSD). It was found that right caudate
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nucleus volume was significantly greater in those with PTSD compared to those
without PTSD, supporting either increased connectivity or altered neurodevelopment
in the caudate.

Thesis Study 3 (Looi et al., 2008b) investigated caudate nucleus volumes in
frontotemporal lobar degeneration (FTLD) and its subtypes, in comparison with
healthy controls and those with Alzheimer’s disease. It was found that left caudate
nucleus volume varied significantly across these groups, in accordance with the
expected degree of frontostriatal dysfunction and was correlated with a basic
measure of cognition, the MMSE.

Thesis Study 4 (Looi et al., 2009b) investigated putaminal volumes in FTLD and its
subtypes, finding the right putamen was significantly smaller than in AD and
controls on the right potentially supporting the role of the putamen in frontostriatal
dysfunction.

Thesis Study 5 (Looi et al., 2009c) investigated caudate nucleus volume in a stroke
cohort with and without vascular dementia, in comparison with healthy controls.
Those with vascular dementia had the smallest caudate volumes, the stroke group
was intermediate and the control group had the largest volume. These differences
were bilateral, and showed an inverse relationship with white matter hyperintensity
and stroke volume.
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Conclusions:
These studies have contributed to understanding of the alterations in neuroanatomy
of the neostriatum in specific neuropsychiatric disease. The studies have involved
development of reliable and valid methods for quantitative manual segmentation of
the caudate nucleus and putamen on magnetic resonance images. Using these robust
methods, significant findings were made.

The volume of the head and body of the caudate nucleus was found to vary as
predicted by theoretical involvement of frontostriatal dysfunction: with significant
atrophy noted in FTLD, stroke and cerebrovascular disease in a gradient consistent
with expected dysfunction; the putamen was found to be affected in the FTD subtype
of FTLD; and potential functional activation of both frontostriatal or corticostriatal
circuits was associated with enlargement in active PTSD. Therefore, structural
change in the neostriatum in neuropsychiatric disease with putative frontostriatal
dysfunction, and functional activation or disconnection of frontostriatal or
corticostriatal circuits, has been substantiated across FTLD, stroke, vascular
dementia.

Furthermore, a variation in caudate volume has been found, consistent with that
which might be predicted due to relative frontostriatal dysfunction within FTLD and
functional disconnection in cerebrovascular disease and stroke. Thus, the caudate
nucleus may serve as a structural component basis for the endophenotype of
frontostriatal dysfunction in specific neuropsychiatric disease, whilst the putamen
may play a lesser role, at least in FTLD.
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Thus these findings establish that there is not only significant change in the volume
of the neostriatum in specific neuropsychiatric disease; potential evidence of
directionality of volumetric change was established, with potential overactivity of
the frontostriatal circuits associated with larger volumes of the caudate in PTSD – a
potential neuroplastic enlargement; whilst neuropsychiatric disease which might
result in disconnection, decreased cortical input (in FTLD), or loss of blood supply
to the caudate and disconnection (in stroke), is associated with reduced volumes of
the caudate; all in comparison to matched healthy controls.

Future studies to explore and confirm the importance of such structural change
include: larger studies to better assess significance; use of semi-automated
segmentation methods to improve speed of analysis; morphometric (shape analysis)
of the neostriatum; correlation studies with clinical features (neuropsychological and
neuropsychiatric); and correlation with functional imaging.
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List of Abbreviations/Glossary
AD: Alzheimer’s disease
ACC: anterior cingulate circuit, a frontostriatal circuit
DLPFC: dorsolateral prefrontal circuit, a frontostriatal circuit
FLAIR: fluid attenuation inversion recovery sequence used in magnetic resonance
imaging to enhance the visualisation of deep white matter structures/disease
Frontostriatal circuits: neural circuits comprising fronto-striato-pallido-thalamicfrontal pathways
F: degrees of freedom in MANCOVA statistical analysis
FTLD: Frontotemporal lobar degeneration, superordinate category of
neurodegenerative disease resulting in atrophy of frontal and temporal lobes
FTD: frontotemporal dementia, subtype of frontotemporal lobar degeneration
ICA: intracranial area, a manual measurement of the widest cross-sectional area of
the inner rim of the cranium in a specified plane
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MRI: magnetic resonance imaging
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OFC: orbitofrontal circuit, a frontostriatal circuit
p: significance value of statistical test
Partial eta-squared: effect-size statistic
Pathoplastic: neural structure atrophy due to disconnection or diaschisis
PET: positron emission tomography, type of radionuclide imaging
PTSD: post-traumatic stress disorder
PNFA: progressive non-fluent aphasia, subtype of frontotemporal lobar degeneration
r: partial correlation value
rCBF: regional cerebral blood flow, a measure derived from PET
ROI: region of interest, boundary used in MRI segmentation to define an anatomical
region in two dimensions
SD: Semantic dementia, subtype of frontotemporal lobar degeneration
SPECT: Single-photon emission computed tomography, type of radionuclide
imaging
VaD: vascular dementia
VOI: volume of interest, boundary used in MRI segmentation to define an
anatomical volume in three dimensions, which may be composed of serial
summation of ROIs
WM: white matter
WMH: white matter hyperintensities, image inhomogeneities visualised on FLAIR
MRI, corresponding to regions of demyelination, dysmyelination, inflammation
and/or microinfarction
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Foreword

If the map differs from the terrain, believe the terrain – Norse proverb
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Chapter 1: Introduction & Extended Context Statement
Quantitative Neostriatal Neuroanatomy as Basis of Frontostriatal
Circuit Dysfunction in Neuropsychiatric Disease
(Introduction to thesis, not intended for separate publication)

Jeffrey Chee Leong Looia,b*

a. Research Centre for the Neurosciences of Ageing, Academic Unit of
Psychological Medicine, Australian National University Medical School, The
Canberra Hospital, Canberra, Australia
b. Karolinska Institute, Department of Neurobiology, Caring Sciences & Society,
Division of Clinical Geriatrics, Huddinge, Stockholm, Sweden
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Quantitative Neostriatal Neuroanatomy as a Basis of Frontostriatal
Circuit Dysfunction in Neuropsychiatric Disease

Introduction

Overview
This introduction to the thesis is an overview of the context of the published research
within the thesis (Chapters 2-6), within the broader field of neuropsychiatry; an
outline of the hypotheses and methodology of the research; and a précis of the results
and their significance. The introduction begins with establishment of the context, and
is followed by exploration of the relevant theoretical background literature for
understanding the role of frontostriatal circuits within specific neuropsychiatric
disease. Then, in vivo neuroanatomical research using magnetic resonance imaging
methods are discussed. Finally, the hypotheses and findings from the research are
summarised, limitations, and future research directions, are discussed.

Rationale for studies
The thesis studies have been based on the rationale that brain dysfunctions in
neuropsychiatric disease, that is, disease affecting cognition, emotion and behaviour
(e.g. schizophrenia, post-traumatic stress disorder, dementias and movement
disorders) have a structural basis within the brain. The focus of these studies has
been to clarify the structural basis of subsets of clinical features of neuropsychiatric
disease, considered to arise from dysfunctions in specific neuronal circuits.
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These subsets of clinical features with a common basis have been termed
intermediate phenotypes, or endophenotypes. The neuronal circuits of interest have
been the fronto-striato-pallido-thalamic-frontal circuits, or, abbreviated, the
frontostriatal circuits, and the key structural elements, the caudate nucleus and
putamen, comprising the neostriatum. Frontostriatal circuits in humans mediate
executive cognition, emotion (anxiety and depression) and motoric function. The aim
has been to establish that structural change in disorders may be quantified, in vivo,
via advanced brain imaging, across different disorders in which the endophenotype
of frontostriatal dysfunction is evident.

Thus, by measuring the volume of the neostriatum, the aim was to develop a
quantitative neuroanatomical method; to determine if structural alterations in the
neostriatum exist in specific neuropsychiatric disease in which frontostriatal
dysfunction was implicated. Quantification of structural neural circuit elements such
as the neostriatum will allow future exploration of correlations with genetic and
pathophysiological factors, as well as correlations with systematically assessed
clinical features: to inform the development of and design of treatments for such
clinical features of specific neuropsychiatric disease.

This thesis introduction will discuss: the need for a neostriatal neuroanatomy in
disease; endophenotypes; frontostriatal circuit dysfunction as an endophenotype;
disorders in which frontostriatal circuit dysfunction may be an endophenotype;
evidence that structural change in frontostriatal circuit components may occur as the
basis of an endophenotype; methods for quantifying changes in the volume of the

____________________________________________________________________
- 17 -

____________________________________________________________________
neostriatum in vivo, as a measure of the structural basis of circuit dysfunction; and
provide an outline of the thesis studies.

Why do we need knowledge of neostriatal neuroanatomy in disease?
The advancement of clinical medical science has progressed from understanding
clusters of symptoms and signs as syndromes, through studying associated
physiological and structural bases, to clarification of structure-function, and thus,
disease-dysfunction relationships. The understanding of the structural, and hence
functional basis of disease, is crucial to designing rational pharmacological, physical
and psychological therapies.

Specific neuropsychiatric diseases such as post-traumatic stress disorder,
schizophrenia and depression are considered to arise from functional disturbance in
the brain, which, in turn is believed to have a structural basis. Similarly, other
specific

neuropsychiatric

diseases,

which

arise

from

presumed

distinct

neuropathology due to genetic and environmental factors, such as cerebrovascular
disease and the dementias, result in structural and hence, functional changes in
frontostriatal circuits.

Considering these pathways to disease and dysfunction in the brain, there exists a
higher, middle, ground from which a perspective may be sought, to focus on
functionally salient structural change in the brain. In exploring such brain structural
change, this research provides results equally relevant to clinical/environmental and
genetic/pathophysiologic factors.
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Brain function has been found to result from interactions between distributed neural
networks, comprising neurons and their interconnections (white matter and
interneurons). Thus, logical structural substrates to study are the neurons themselves,
and, preferably for a structural middle ground, groups of neurons. Post mortem it is
possible to study the structure of groups of neurons using neuropathology. In vivo, it
is possible to study the structure of groups of neurons via neuroimaging, amongst
other methods.

With advances in neuroimaging, such as magnetic resonance, it is possible to
visualise, at high resolution, in vivo, brain structures composed of neurons, which
themselves comprise neural circuits. Whilst there are functional approaches to
studying such circuits, such as radioligand imaging (SPECT and PET) and functional
magnetic resonance (fMRI), currently the highest resolution methods for groups of
neurons reside in structural magnetic resonance imaging (MRI).

Thus, it is possible to visualise the structural components of brain circuits which are
the basis of disease and dysfunction in vivo using MRI. This visualisation, combined
with knowledge of the clinical neuropsychological, physical and emotional features
of neuropsychiatric disease, allows quantification via measurement of the shape and
volume of structural components. Through such measurement of structural
components of brain circuits it is possible to arrive at an understanding of
quantitative neuroanatomy. This quantitative neuroanatomy is then well situated to
allow us to examine genetic and pathophysiologic factors leading to development of
disorders; and to allow further characterisation of the structural bases of clinical
features of disease – emotional, neuropsychological and physical.
____________________________________________________________________
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Towards quantitative neuroanatomy: neostriatum as the physical basis
of an endophenotype
Frontostriatal circuit-related neuropsychological and emotional dysfunction has been
an endophenotype studied across neuropsychiatric diseases (Weiser et al., 2005).
Such neuropsychological and emotional dysfunctions may also be quantified via
clinical observations and symptom/observation scales (e.g. measures of frontalexecutive cognitive function such as card-sorting tasks). The phenotypic ensemble of
such measured dysfunctions is believed to be based upon the structural, and thus,
functional integrity of the neural circuits serving cognitive, emotional and
behavioural functions.

Frontostriatal circuits comprise linkages from prefrontal regions, via the caudate
nucleus, putamen or nucleus accumbens, via the globus pallidus, via the thalamus,
and thence to the prefrontal cortex described in the seminal work of Alexander et al.,
(1986), and which have been confirmed in recent neuroanatomical (Haber et al.,
2000, 2003) and neuroimaging studies (Leh et al., 2007; Draganski et al., 2008)
[Figure 1]. The neostriatum, comprising the caudate nucleus and putamen (Mesulam,
2000), serves a crucial role as a central relay within frontostriatal circuits [Figures 2
& 3].
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The striatum comprises the caudate nucleus, putamen, nucleus accumbens and
olfactory tubercle (Mesulam, 2000; Heimer & Van Hoesen, 2006). The nucleus
accumbens and olfactory tubercle receive inputs from the limbic regions of the brain,
such as insula, amygdala and hippocampus; being referred to as the limbic striatum
(Mesulam, 2000; Heimer & Van Hoesen, 2006). The dorsal striatum or neostriatum,
comprising the caudate nucleus (Latin: the nucleus with a tail) and the putamen
(Latin: wheat husk) receives inputs from association cortex and primary sensorymotor areas; being neuroanatomically and functionally related. (Alexander et al.,
1986; Mesulam, 2000; Heimer & Van Hoesen, 2006; Utter & Basso, 2008; Nolte,
2009).
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Figure 2
T-1 Weighted MRI: Control subject
Coronal view of caudate (in red) and putamen (in blue); the nucleus accumbens
is the grey matter body conjoining the two structures rostroventrally
Note the fibres traversing the internal capsule linking the caudate and putamen above
their mutual origin in the rostroventral nucleus accumbens (Alexander et al., 1986;
Heimer & Van Hoesen, 2006; Utter & Basso, 2008).
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Figure 3
T-1 Weighted MRI: Control subject
Axial view of caudate (in red) and putamen (in blue)
The caudate and putamen are separated by the anterior limb of internal capsule in the
(anterior) rostral direction. The caudate is bounded medially by the wall of the lateral
ventricle, whilst the putamen is separated medially from the globus pallidus by the
internal

capsule

and

bounded

laterally

by

the

external

capsule
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The caudate and putamen each are divided into functional subregions based on
afferents received from the frontal cortex and substantia nigra (Haber et al., 2000).

The caudate receives connections on its lateral aspect from the dorsolateral
prefrontal cortex, inferior orbitofrontal cortex, posterior parietal cortex and the tail
receives input from the frontal eye fields. On its medial aspect, the caudate is
connected to the anterior cingulate cortex (Alexander et al., 1986; Haber et al., 2000;
Heimer & Van Hoesen, 2006; Utter & Basso, 2008).

The putamen receives connections on its medial aspect from the motor cortex, and
somatosensory cortex. The lateral putamen receives connections from the
supplementary motor area. In addition, Haber et al., (2000, 2003) have described
connections from the dorsolateral prefrontal cortex in the ventral aspect of the
putamen.

In addition, there are fibres traversing the internal capsule linking the caudate and
putamen above their mutual origin in the nucleus accumbens (Alexander et al., 1986;
Heimer & Van Hoesen, 2006; Utter & Basso, 2008).

In this way, these specific connections of the neostriatum constitute a map of related
cortical regions. Thus, due to the anatomical distribution of these functional
capacities across the neostriatum, regional changes in shape and volume of the
structures may relate to specific circuit dysfunction with resultant clinical
consequences. The fronstostriatal circuits traverse the caudate and, to a lesser extent,
but also by interconnection, the putamen. Frontostriatal circuits in humans have
____________________________________________________________________
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recently been visualized in vivo, by diffusion tensor MRI, confirming, in humans, the
pathways originally proposed by Alexander, Haber and Heimer on neuroanatomical
studies of primates (Leh et al., 2007; Draganski et al., 2008).

Via high-dimensional brain mapping methods, localized shape deflation or atrophy
with age has been demonstrated in the anterior putamen and head of the caudate,
with loss of convexity of the striatum with aging (Koikkalainen et al., 2007). Thus,
regional shape and volume changes in the neostriatum occur with age.

Therefore, the neostriatum, comprising the caudate and putamen, are suitable
candidates as structural bases of endophenotypes, due to the strategic location of the
neostriatum within frontostriatal circuits.

Frontostriatal circuit dysfunction as a potential endophenotype
Evolutionarily, frontostriatal circuits are crucial in human behaviour and cognition,
constituting five significant neurodevelopmentally distinct parallel pathways found
only in the closest phylogenetically-related species (Alexander et al., 1986;
Cummings, 1993), confirmed by recent anatomical studies (Wiesendanger et al.,
2004) functional brain imaging (Draganski et al., 2008).

These circuits share

commonalities in cytoarchitecture, with three circuits primarily arising from the
prefrontal cortex serving roles in executive cognitive function, emotional and
behaviour regulation (Cummings, 1993). Arising from the prefrontal cortex are the
dorsolateral prefrontal circuit, the orbitofrontal circuit and the anterior cingulate
circuit (Cummings, 1993). Two other circuits, not discussed further here, are thought
to serve mainly motor functions in the eye and body respectively. The architecture of
____________________________________________________________________
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the three prefrontal circuits comprises: origin from the relevant prefrontal region, via
the caudate or nucleus accumbens, via the globus pallidus, via the thalamus, and
thence, feedback to the prefrontal cortex. [See Figure 1 – Schematic of Frontostriatal
circuits and Figure 4 a-c] In summary, these are fronto-striato-pallido-thalamocortical circuits.
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The dorsolateral prefrontal circuit (DLPFCC) [Figure 4 a] mediates problem solving,
verbal/non-verbal fluency, retrieval from memory and is linked to the limbic
memory system. Clinical syndromes associated with DLPFC dysfunction are
described as executive dysfunction and are characterised by deficits in cognition
related to the above domains (Cummings, 1993; Koziol & Budding, 2009).
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The orbitofrontal circuit (OFCC) [Figure 4 b] mediates inhibition and impulse
control. Clinical syndromes associated with OFC dysfunction are described as
emotional and social dysfunction and are characterised by deficits in social
judgement and impulse control (Cummings, 1993; Koziol & Budding, 2009).

____________________________________________________________________
- 28 -

____________________________________________________________________

The anterior cingulate (or ventromedial prefrontal) circuit (ACC) [Figure 4 c]
mediates motivation and initiation of behaviour. Clinical syndromes associated with
ACC dysfunction are described as apathy and loss of motivation, including akinetic
mutism and are characterised by lack of motivation (Cummings, 1993; Koziol &
Budding, 2009). Therefore, clinical syndromes associated with dysfunctions arising
in frontostriatal circuits serve as useful endophenotypes for specific neuropsychiatric
disease.
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Disorders

in

which

frontostriatal

dysfunction

may

be

an

endophenotype

Frontostriatal dysfunction in neuropsychiatric disease
Frontostriatal dysfunction has been noted in specific neuropsychiatric diseases such
as schizophrenia and post-traumatic stress disorder. The core neurocognitive features
of schizophrenia have been considered to be classical endophenotypic features of the
illness (Gottesman & Gould, 2003; Crespo-Facorro et al. 2007). These cognitive
features include attentional and executive neuropsychological dysfunction (CrespoFacorro et al., 2007). Executive dysfunction is associated with the dorsolateral
prefrontal frontostriatal circuit. Previously, there has been correlation of core
neuropsychological dysfunction in schizophrenia and related schizotypal disorder
with presumed neuroanatomical substrates, such as the volume of the dorsolateral
prefrontal cortex, and caudate nucleus via neuroimaging (Levitt et al., 2002; Koo et
al. 2006; Crespo-Facorro et al. 2007).

Another mechanism via which the caudate may be implicated in specific
neuropsychiatric disease is through functional changes in connectivity associated
with cognitive or emotional symptoms exercising influences on cerebral metabolism
and blood flow, via activation of cortical or subcortical regions. The circuits
involved may be frontostriatal, involving the anterior cingulate cortex; or other
corticostriatal pathways, involving occipital or parietal cortex (Lanius et al., 2004).
Such mechanisms may be seen in post-traumatic stress disorder (PTSD).
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Functional neuroimaging has elucidated changes in activity in the caudate in PTSD.
Reduced regional cerebral blood flow (rCBF) has been demonstrated in frontal and
subcortical nuclei compared with obsessive-compulsive disorder (OCD)/simple
phobia (Rauch et al., 1997); and in caudate in PTSD and (OCD), correlating with
depression and PTSD severity (Lucey et al., 1997; Hull 2002). Using SPECT, in
persons with active PTSD recalling their traumatic episode, a left temporal lobe
increase in regional cerebral blood flow has been found, suggesting a lateralised
process in acute memory stimulation (Pagani et al., Submitted). Such reduced or
increased cerebral blood flow could alter the vascular supply of the white matter or
the caudate itself. In turn, this vascular supply alteration may result in structural
change or atrophy, in the caudate. This structural change in the caudate may form a
structural basis for an endophenotype of frontostriatal dysfunction in cerebrovascular
disease.

Using fMRI, Lanius et al. (2004) have shown greater correlation in connectivity
from the right posterior cingulate (frontostriatal circuit), occipital and parietal lobes
(corticostriatal circuit) to the right caudate in traumatised subjects with PTSD,
whereas traumatised subjects without PTSD had greater correlation of connectivity
in the left caudate. Thus the PTSD subjects showed a right hemisphere dominance
effect in processing, even controlling for handedness. Differential enhanced
hemispheric connectivity may result in development of asymmetry due to afferent
input trophic effects upon the caudate, resulting in a neuroplastic increase in volume
of the structure.
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Functional changes in the caudate may also result in neuroplastic structural changes.
Using voxel-based MRI morphometry, Cohen et al. (2006) has demonstrated, that in
healthy volunteers without psychopathology assessed as having two or more
significant adverse childhood events, right caudate nucleus (and bilateral anterior
cingulate) volumes were 2-5% smaller than those reporting no adverse childhood
events.

Frontostriatal circuit dysfunction is salient in specific neuropsychiatric disease.
Therefore, structural neuroplastic, and thus, functional change, may occur in the
caudate nucleus, as a component of the neostriatum and frontostriatal circuits.

Frontostriatal dysfunction in movement disorders
Executive dysfunction has been observed to occur with subcortical atrophy in the
neuropsychiatric movement disorders, Huntington’s disease and Parkinson’s disease.
Whilst key aspects of the neurological presentation of Huntington’s disease relate to
putaminal atrophy, there is also evidence that caudate nucleus atrophy is relevant in
the associated cognitive and emotional dysfunction, especially in relation to the
disruption dorsolateral prefrontal and orbitofrontal circuits. Similar mechanisms may
also play a role in the executive dysfunction seen in Parkinson’s disease.

Therefore, it has been suggested that the cognitive dysfunctions in these disorders of
the basal ganglia arise from subcortical pathology rather than frontal cortical atrophy
or disconnection (Owen, 1997; Andrewes, 2001; Koziol & Budding, 2009). Indeed,
Aylward (2007) has proposed that striatal volume may be used as a biomarker for
staging progression of Huntington’s disease, so well established is the atrophy in
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even the preclinical phase of this disorder. However, recent studies have found that
the caudate nucleus volume is not significantly reduced in volume in Parkinson’s
disease in comparison to those with Alzheimer’s disease (Almeida et al., 2003) and
the putamen, rather than the caudate, showed increasing atrophy with severity of
Parkinson’s disease (Geng et al., 2006). Nonetheless, in the context of the close
interconnections between putamen and caudate, a significant degree of putaminal
atrophy may be expected to affect connectivity to the caudate, and thus impact upon
the caudate nucleus.

Frontostriatal dysfunction in frontotemporal lobar degeneration (FTLD)
Frontotemporal lobar degeneration (FTLD) is a neurodegenerative dementia that
consists of three clinical subtypes: frontotemporal dementia (FTD), semantic
dementia (SD) and progressive non-fluent aphasia (PNFA), conceptualized as a
result of specific neuropathological processes that may be visualized, in vivo, via
magnetic resonance imaging (Looi et al., 2008b; Schroeter et al., 2007).

Schroeter et al. (2007) recently performed a quantitative meta-analysis of both
structural and functional imaging of 267 subjects with FTLD and 351 controls. They
demonstrated the existence of characteristic patterns of activation and atrophy for
each of the subtypes of FTLD. The majority of structural imaging studies in the
meta-analysis comprised relatively small numbers of each of the subtypes of FTLD,
ranging from 6 to 18 subjects, whilst controls or comparators with Alzheimer’s
disease were more numerous (20 to 64). The small groups raise issues about the
robustness of findings, which, of course, are pooled to assess significance in a meta-
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analysis. Nonetheless, some characteristic patterns of largely cortical activity and
atrophy have been found. The regions implicated include: prefrontal cortex, temporal
lobe,

amygdala

and

neostriatum

(Schroeter

et

al.,

2007).

Thus,

the

neuropathophysiology of FTLD may involve frontostriatal connections.

Frontostriatal circuits serve several domains of cognitive function affected in FTLD
(Hodges & Patterson, 2007). Differential cognitive dysfunction mediated via
frontostriatal circuits in FTLD may be reflected in structural change in components
of that circuitry.

The neostriatum (nucleus accumbens, caudate nucleus and putamen) serves as an
entry point for afferent information from the periphery, as well as for afferents and
efferents for functionally segregated regions of the cortex (Alexander et al., 1986;
Heimer & Van Hoesen, 2006; Utter & Basso, 2008). Due to loss of afferent or
efferent inputs from cortical atrophy there may be “pathoplastic” (a pathological
alteration in neuroplasticity – M. Walterfang, pers. comm.) reduction in the volume
of the neostriatum.

Severe atrophy of the caudate and putamen was noted long ago in FTLD (von
Braunmühl, 1930; von Bagh, 1946; Lüers & Spatz, 1957). Measurements, when
taken, were made on unrefined ordinal scales. Moreover, no attempt was made to
correlate caudate atrophy with patterns of cortical atrophy. Given subtypes of FTLD
have different patterns of cortical atrophy, it was hypothesized that there may be
pathoplastic differential reduction in volume of the caudate nucleus and putamen
across the different subtypes of FTLD (Looi et al., 2008b).
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The putamen is also functionally and structurally affected in FTLD. Relative to
healthy controls, left putaminal hypometabolism has been found in FTD (Jeong et
al., 2005). Hypometabolism may reflect reduced afferent/efferent activity - impaired
activity in neural circuits traversing the putamen - such as the frontostriatal circuits;
and thus result in atrophy. In neuropathologically-confirmed FTLD, pre-death MRImeasured putaminal volumetric loss, in comparison with healthy controls, has been
found in those with tau-predominant, and ubiquitin-predominant intracellular
inclusions (Kim et al., 2007). Such putaminal atrophy was associated with
Parkinsonism and thus may reflect motoric features of FTLD, in particular, language
function.

Thus, pathoplastic atrophy in the neostriatum may result from reduced inputs and
activity secondary to cortical atrophy exerting an effect via frontostriatal circuits.
That is, due to atrophy of circuit components, and consequent reduction in activity of
frontostriatal circuits, the neostriatum may itself become atrophic, particularly in
neuropsychiatric disease involving neurodegeneration, such as FTLD.

Frontostriatal dysfunction and cerebrovascular disease
The caudate nucleus is potentially vulnerable to ischemia and disconnection via
damage to white matter due to cerebrovascular disease (Looi et al., 2008a). The
caudate nucleus has relevance as a structural substrate of dysfunction in relation to
frontostriatal circuits in stroke and vascular dementia.
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The author previously proposed that frontostriatal circuit dysfunction is the
neurophysiological basis of executive dysfunction in stroke and vascular dementia
(in papers published from the author’s dissertation for Fellowship of the Royal
Australian and New Zealand of Psychiatrists: Looi & Sachdev, 1999; Looi &
Sachdev, 2000). The extensive frontostriatal interconnections of the human caudate
nucleus have been demonstrated using diffusion tensor imaging (Lehericy et al.,
2004; Leh et al., 2007; Draganski et al., 2008). Damage to such circuits may
potentially disconnect, and degrade cognition subserved by such circuits (Looi &
Sachdev, 2000). White matter comprises a likely site in which such disconnection
may occur.

Damage to nerve fibres in circuits connecting to the caudate may cause atrophy
(Hannestad et al., 2006). Caudate atrophy has been observed post-cingulotomy due
to loss of afferent cortical input (Rauch et al., 2000). Therefore, functionally salient
white matter ischemic lesions [which present as white matter hyperintensities
(WMH) on T2-weighted or Fluid Attenuation Inversion Recovery (FLAIR) MRI]
may result in disconnection and thus, via pathoplasticity, result in reduced caudate
volumes in stroke and late life depression (Hannestad et al., 2006).

General compromise of cerebrovascular supply to the caudate, via direct trophic
pathoplastic effects related to nutrition and metabolism may result in caudate atrophy
(Looi et al., 2008a). By excluding subjects with specific infarction of the caudate and
WMH adjacent to the caudate, it is possible to assess the role of general WMH and
strokes in other regions of the brain, as a measure of cerebrovascular disease,
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quantifying WMH and stroke volumes within the brain. Such general effects might
be predicted to contribute to bi-hemispheric caudate atrophy.

Thus, pathoplastic atrophy in the caudate may occur due to metabolic effects of
vascular insufficiency as well as disconnection (deafferentation) phenomena due to
white matter lesions. In addition, cortical atrophy and infarction may also have an
additional pathoplastic effect upon the caudate in cerebrovascular neuropsychiatric
disease.

Frontostriatal dysfunction as an endophenotype with structural basis in
the neostriatum
Thus, frontostriatal dysfunction has been demonstrated to be salient to specific
neuropsychiatric disease. The role of the neostriatum (caudate nucleus and putamen)
as structural substrate for these specific neuropsychiatric diseases has been supported
by functional changes mapped to these areas by previous studies. Increased
connectivity may present as neuroplastic change in the neostriatum. In addition, it is
apparent that certain neuropathological changes due to neuropsychiatric disease,
such as: cerebrovascular white matter disease (leukoaraioisis); atrophy in other
circuit components; and/or cerebrovascular insufficiency, may result in pathoplastic
atrophy in the neostriatum (via altered neuroplasticity).

Thus it is possible to proceed to examine if quantification of such structural change,
initially by measurement of the volumes of neostriatum.
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Measuring structural change in the neostriatum as a measure of
quantitative neuroanatomy

Keshavan et al. (2007) has written of in vivo brain imaging, such as MRI, as a means
of investigating the structural basis endophenotypes in neuropsychiatric disease. It
has been argued above that brain structural components, such as the neostriatum,
which comprise part of the frontostriatal circuits are likely to be physically altered by
neuropsychiatric disease, due to neuroplastic or pathoplastic change. Such
volumetric change may be quantified. Therefore, quantification of volume of the
neostriatum (caudate or putamen) via MRI, will be a means of assessing the role of
the structures within neuropsychiatric disease.

Methodologies of quantifying structural change in the neostriatum in vivo
There are presently two major methodologies applied to the quantification of brain
structural change in vivo using magnetic resonance imaging. Key issues in
quantifying brain changes on MRI comprise: valid identification of the structure,
reliable measurement, and efficiency of such methods.

Traditionally, the gold standard in validity has been manual identification of
structures and measurement by an expert, using a standardized protocol (Looi et al.,
2008a). The reliability of such methods is assessed by intra-rater reliability and interrater reliability, via intra/inter-class correlation (ICC, Shrout & Fleiss, 1979) on these
measures regarded as being acceptable at 0.90 (novice level) and good at 0.95
(expert level) (Looi et al., 2008a). Arguably, such methods, with expertly trained
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staff are less efficient in terms of time, but allow for human adjustments and
interpretations sometimes not possible with automated processes, and generally
require less pre-processing of MRI data.

Automated approaches rely upon strictly defined pre-processing of data, to
homogenise image quality and to thus allow for algorithmic analysis. Typically, this
involves: standardizing the orientation of the scans in three-dimensional Talairach
space; adjusting for signal intensity and noise; stripping (exclusion) of unwanted
skull and scalp tissue from the image; then, depending on the algorithm used to
define the boundaries of the structure of interest, measurement of the structure with
varying levels of user input. Automated methods may rely upon: automatic detection
of tissue boundaries using mathematical methods relating to shape and signal
intensity, assigning a label to a volume based upon a probabilistic map of where such
structures are located in an average brain; some user selection of boundaries; or, a
combination of all these methods (Thompson et al., 2004). Such methods of
computational anatomy allow for detailed group comparisons and analyses
(Csernansky et al., 2004).

In practice, most automated methods require considerable user input, either in the
decisions regarding processing or fine-tuning the parameters used for automated
processing. The three-dimensional representations of structures quantified by these
methods are usually inspected by experts, and automated methods are validated
against an expert’s manual measurement. Such methods are useful for high volume,
rapid measurement, but are vulnerable to artefacts arising from poor image quality.
In some instances, changes of MRI scanning protocols within a study may make
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analysis by an existing algorithm impossible, due to irremediable variations in
imaging parameters used for automated analysis. Similarly, software used for
automated analysis may not be freely available at different sites due to licensing,
intellectual property or practical considerations. The default position when such
automated approaches are unsuccessful is to return to manual tracing and
measurement.

Manual tracing or segmentation involves display of the image of the brain on a
computer screen; and use of software tools by a trained expert, to trace the outline
boundary of the object serially, slice-by-slice, generating what is known as a region
of interest (ROI), throughout the visible extent of the structure. The image analysis
software typically stores the information relating to the boundaries and calculates the
volume, allowing for the thickness of each image slice. To standardise approaches
for manual tracing, the images are usually traced in a particular image plane (axial,
coronal or sagittal), usually the plane of acquisition as this yields the highest
resolution. Rules are developed, based upon reference images for slice selection
relating to the beginning and ending points, as well as the boundaries of the object.
Information relating to the volume thus outlined, known as the volume of interest
(VOI) may be used to reconstruct the structure in three dimensions. (See Chapter 2
for more detail)

The reliability of manual tracing of the caudate nucleus, in the context of image
quality, has been assessed comprehensively by Gurleyik & Haacke (2002). It was
concluded that errors in measurement could be summarised into four domains:
correctable, small (1-3%), intermediate (3-7%) and large (10%). Correctable errors
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due to geometric distortion, scaling and partial volume errors were of the order of
1%. Small errors included: random partial volume errors (difficult to quantify),
algorithmic error (1%), uncorrected geometric distortion (1%), and intra-observer
errors (2-3%). Intermediate errors were due to non-random partial volume errors in
selection of slices (ROIs) for tracing (5-7%) and large error were due to interobserver error (up to 10%) (Gurleyik & Haacke, 2002). Therefore, there are
advantages to the use of a single observer to trace all VOI, as this removes interobserver error. Based upon their analysis, Gurleyik & Haacke (2002) concluded that
caudate nucleus volumetric data collected across sites using similar methods should
be reliable, and allow for comparisons between groups.

The approach in these studies has been to use the minimum of automated processing,
to develop methods that can be used, with sufficient training, in a variety of
environments and image analysis software, in the interests of encouraging further
independent studies based upon these methods. Of course, software is still used to
display the images for the analyst and to store the measurements, but the
identification of the structure and its measurement are made by the analyst, with
reference to a standardized protocol. For these reasons, and those noted above,
manual tracing by a single observer has been the method used in these studies.

Manual Tracing of the caudate nucleus in brain MRI
The caudate nucleus has been manually outlined on MRI in volumetric studies of:
schizophrenia and schizotypal personality disorder (Levitt et al., 2002; Koo et al.,
2006); Parkinson’s disease (Geng et al., 2006); normal ageing (Raz et al., 2003); and,
dementia (Almeida et al. 2003). These studies have shown changes in the volume of
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the caudate nucleus in specific neuropsychiatric diseases and normal ageing, with the
potential to impact on frontostriatal circuit-mediated function.

Some groups have manually outlined the caudate in the coronal plane (Levitt et al.,
2002; Almeida et al. 2003; Raz et al., 2003; Westmoreland & Cretsinger, 2005; Koo
et al. 2006), but this method poses problems in the separation of the merged caudate
and putamen from the nucleus accumbens anteriorly (rostrally), whilst the anterior
coursing of the tail presents insurmountable problems from partial volume effects
obscuring the tail (Levitt et al., 2002; Koo et al., 2006). The tail of the caudate
nucleus is difficult to trace in any plane due to its relatively small volume and its
convoluted structure. (In the author’s view, the tail of the caudate resembles a
logarithmic growth spiral continuation of the caudate, from an origin in the nucleus
accumbens shell, such that if it were possible to derive a growth formula for the
shape of the caudate, the course of the tail could be calculated [Ball, 2009].
However, the caveat is that a simple correspondence in shape does not necessarily
translate to a correspondence in mathematical form [Ball, 2009]).

Other groups have adopted approaches which involve the establishment of the
inferior demarcation from the nucleus accumbens along the anterior commissureposterior commissure line (Lacerda et al., 2003; Riffkin et al., 2005). Thereafter,
these groups described the anterior, superior, medial (lateral ventricle) and lateral
(internal capsule) boundaries traced with reference to anatomical landmarks either in
coronal (Lacerda et al, 2003) or with reference to all planes (Riffkin et al., 2005).
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An alternative is to trace the caudate in the axial plane (Geng et al., 2006) and the
author’s research group have developed protocols for tracing the caudate; which
avoids the problem of distinguishing the nucleus accumbens from the anterior
caudate. Ideally, the best plane in which to trace the caudate is the plane in which the
MRI scans were acquired due to higher resolution in this plane. Furthermore,
reference to hemispherical symmetry and orthogonal planes is useful in delineation
[See Figures 5 & 6].

In reviewing the literature on manual tracing of the caudate, there is a dearth of
detailed (anatomically and reference-imaged based) protocols. It was noted that
development of a set of reference images and detailed instructions may improve the
reliability and validity of manual tracings of the caudate. Thus a protocol was
developed that could be used by both the author’s research team and other
investigators, avoiding the necessity of having to develop individual protocols for
each separate study.
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Figure 5: Axial manual segmentation of the caudate

Figure 6: Tracing of the head and body of the caudate nucleus (red)
Views clockwise from left: axial, sagittal, coronal and three-dimensional
reconstruction
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Figure 7: Tracing of the putamen (white)
Views from left: axial, coronal and sagittal

Manual tracing of the putamen
For reasons similar to those for the caudate, a standardized, reference-based, manual
tracing protocol for the putamen will also be developed and validated for ease of
tracing in the axial plane, due to my team’s familiarity with tracing in this
orientation. Researchers have mainly traced the putamen in the coronal plane (Raz et
al., 2003), whilst others have used reference to other planes analogous to that
described for the caudate [Figure 7].

Manual tracing of the neostriatum
Thus, an integral component of the approach in these studies will be to develop
standardised methods for manual measurement or segmentation of the caudate
nucleus and putamen via MRI. This will involve review of existing tools, protocol
development, software development for image analysis and reliability studies for
validation of the quantification methods. This research will also advance approaches
to neuroanatomical measurement in vivo via MRI.
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Quantitative neuroanatomy of the neostriatum in neuropsychiatric
disease: thesis studies
Hypotheses of thesis studies
In exploration of the literature, the centrality of the neostriatum to frontostriatal
neural circuits indicates a key role for this structure as a neurobiological substrate of
dysfunction within certain endophenotypes of specific neuropsychiatric disease. The
approach adopted in the following studies is assessment of the in vivo quantitative
neuroanatomy of the neostriatum in neuropsychiatric disease, with the following
hypotheses:
I. Structural volumetric change in the neostriatum, particularly the caudate, but
also the putamen, exists in specific neuropsychiatric disease.
II. Structural striatal volumetric change occurs across specific neuropsychiatric
disease with distinct frontostriatal circuit based endophenotypes:
a. in which frontostriatal circuits are dysfunctional, such as in the
caudate and putamen in fronto-temporal lobar degeneration;
b. or in which functional activation of frontostriatal circuits or other
corticostriatal circuits traversing the neostriatum occurs, such as in
post-traumatic stress disorder;
c. or in which disconnection of frontostriatal circuits including white
matter and structures contiguous with the caudate, such as

in

cerebrovascular disease or stroke,
III. A gradient of neostriatal volumetric change exists in related disorders in which
there may be gradations or differences frontostriatal circuit dysfunction and/or
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functional

activation/disconnection

of

the

neostriatum

(FTLD

and

cerebrovascular disease).
IV. Within subjects with stroke (and functional disconnection of the caudate),
caudate volume was negatively correlated with substrates of neural circuit
disconnection and measures of cerebrovascular disease such as white matter
hyperintensity and stroke volumes.

If supported, these hypotheses will inform the understanding of the brain structural
basis of frontostriatal endophenotypes of specific neuropsychiatric disease, such as
frontostriatal circuit dysfunction, functional activation or disconnection processes.
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Schematic outline of thesis studies
The focus of these studies is on whether neostriatal volume varies across different
conditions according to putative involvement of the neostriatum, as a component of
frontostriatal circuits, in the disease process. In exploring these hypotheses, the
chapters are organised in a logical progression [see Figure 8 for schematic outline]:

1. Establishment of a reliable and valid method for manually measuring the
caudate nucleus on brain MRI (Chapter 2, Study 1, Looi et al., 2008a);
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2. Volumetrics of the caudate nucleus in a neuropsychiatric disease (PTSD)
with demonstrated changes in functional connectivity involving frontostriatal
and corticostriatal circuits traversing caudate (Chapter 3, Study 2, Looi et al.,
2009a);
3. Volumetrics of the caudate nucleus in a neuropsychiatric disease
(Frontotemporal lobar degeneration – FTLD) with demonstrated and
differential levels of impairment of frontostriatal cognitive dysfunction
involving the caudate (Chapter 4, Study 3, Looi et al., 2008b);
4. Volumetrics of the putamen in a neuropsychiatric disease (Frontotemporal
lobar degeneration – FTLD) with demonstrated and differential levels of
impairment of frontostriatal cognitive dysfunction and development of a
putaminal tracing method (Chapter 5, Study 4, Looi et al., 2009b);
5. Volumetrics of the caudate nucleus in a cerebrovascular neuropsychiatric
disease (Stroke) with differential levels of cerebrovascular insufficiency
potentially impacting upon the caudate, thus resulting in possible frontalexecutive cognitive dysfunction, and, examining white matter hyperintensity
and stroke volume as measures of severity of cerebrovascular disease
(Chapter 6, Study 5, Looi et al., 2009c);
6. Within these studies, analysis will proceed at two levels to explore
hypotheses:
a. Within group analyses (e.g., stroke, FTLD subtype, controls) will
examine hemispheric volumetric asymmetry.
b. Between group analyses will compare hemispheric caudate volumes
across disease groups, disorders or conditions.
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Précis of studies and research findings
This section presents an précis of the thesis studies (Chapters 2-6, Looi et al., 2008a,
2008b, 2009a,b,c).

The focus of these studies has been upon the role of the caudate nucleus and
putamen in frontostriatal circuits as a quantifiable structural basis of the
endophenotypes of specific neuropsychiatric disease seen in humans.

Endophenotypes of frontostriatal cognitive and emotional dysfunction were central
concepts in these studies. It is acknowledged that not all aspects of the measurement
of the clinical features of cognitive, emotional and behavioural dysfunction are
adequately standardised. Nevertheless, the application the same standardised
methods across disorders in which the caudate nucleus and putamen may thus be
implicated, is an advance that may assist in better characterisation of
endophenotypes themselves. The studies measured the volume of the caudate
nucleus and putamen as a quantification of structural change, and hence, change in
the functioning of neural circuits connected through the neostriatum. Therefore,
these connected studies investigated the volumetrics of the neostriatum, crosssectionally between disease groups.
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Thesis Study 1 (Looi et al., 2008a – Chapter 2)
Volumetrics of the caudate nucleus: reliability and validity of a new manual tracing
protocol
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The aim of this study was to develop a reliable and valid manual segmentation
protocol for tracing the caudate nucleus in MRI for volumetric and, potentially,
morphometric (shape) analysis of the caudate. Using the protocol, two inter- and
intra-rater reliability studies were conducted using five different raters on two
different image analysis platforms. Two studies were performed.

In study one: the intra-rater class correlation for an experienced rater using this
protocol for the caudate nucleus volumes was evaluated by repeating right and left
caudate measurements and was 0.972. The inter-rater class correlation was between
0.922 and 0.960.

In study two: An intra-rater class correlation was 0.900. Inter-rater class correlation
ICC was 0.988.

A novel, reliable and reference image-based, method of outlining the caudate
nucleus with reference to axial MRI scans was developed, usable in two different
image analysis laboratories, across two different sets number of tracers reliably, and
across software platforms. This method is therefore potentially usable for any image
analysis package capable of displaying and measuring outlined voxels from MRI
brain scans.

The paper provides a peer-reviewed and validated series of reference images and
protocols which were used to measure the volume of caudate nucleus on MRI scans
in four subsequent studies.
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Study 1 Implications
This study is significant as a detailed protocol for manual segmentation of the
caudate nucleus, well validated across independent tracers, image analysis software
and centres.

Insufficient independently published and validated peer-reviewed methodologies for
manual tracing exist, with many groups providing limited detail of mostly locally
developed protocols in their published papers. There has been little agreement upon
or usage of common methods in the manual tracing literature. Therefore, this study
was aimed as a corrective to this trend, both to establish a detailed protocol for local
and external use. As such, the study provides a foundation in a reliable and valid
method to measure the shape and volume of the caudate nucleus.
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Thesis Study 2 (Looi et al., 2009a – Chapter 3)
Caudate volumes in public transportation workers exposed to trauma in the
Stockholm train system
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The caudate nucleus is a structure implicated in the neural circuitry of psychological
responses to trauma. This study aimed to quantify the volume of the caudate in
persons exposed to trauma.

Thirty-six subjects under 65 were recruited from transport workers in Stockholm
who reported having been unintentionally responsible for a person-under-the-train
accident or among employees having experienced an assault in their work (19992001) between three months to six years before MRI scanning. In those exposed to
the trauma, post-traumatic stress disorder (PTSD) diagnosis was performed by an
independent psychiatrist based on fulfilling the full criteria for DSM-IV and SCID,
with subjects being classified as PTSD, or no PTSD. MRI Imaging data were
analyzed blindly to all clinical information by me, using a standardized manual
tracing protocol (developed in study 1) to quantify the volume of the caudate.

Within group comparisons of PTSD (n=19) and no PTSD (n=17), the right caudate
nucleus was significantly (9%) larger than the left: a right hemisphere baseline
asymmetry. These differences were significant on paired t-testing: in the PTSD
group, t(18)=2.867, p=0.010, and in the no PTSD group, t(16)=3.691, p=0.002. A
multivariate analysis of covariance (MANCOVA) was conducted to assess the
volume of the caudate nucleus (right and left) in relation to the diagnosis of no PTSD
(n=17) or PTSD (n=19). After adjusting for the covariates (age, sex, intracranial
volume, years since trauma, number of trauma episodes) there was a significant
difference in raw right caudate nucleus volume between subjects with PTSD
compared to those without PTSD: F(6,35)=3.682, p=0.008 (p<0.05), with a large
effect size (partial eta-squared=0.441). Left caudate nucleus volume was not
____________________________________________________________________
- 55 -

____________________________________________________________________
significantly different between the PTSD/no PTSD groups F(6,35)=2.119, p=0.083,
with a moderate effect size (partial eta-squared=0.357). The right caudate volume in
the PTSD group was 9% greater compared with the no PTSD group.

There is a larger right hemisphere volume of the caudate within those exposed to
trauma with active PTSD compared to those without PTSD, superimposed upon a
baseline caudate asymmetry.

Study 2 Implications
Study 2 was the first paper to describe the potential neuroplastic increased volume of
the right caudate nucleus in persons exposed to trauma who developed active posttraumatic stress disorder.

Of course, in a cross-sectional study, it is not possible to determine if such a volume
difference was developmentally or environmentally acquired or exposure-related. As
such, the increase in volume may reflect increase in functional connectivity due to
emotional processing of trauma via frontostriatal neural circuitry. In part, this finding
supports hypothesis I and II, particularly in relation to lateralized functional
activation (observed in functional studies) as a possible factor in caudate nucleus
structural change. In a condition where functional activation of frontostriatal and
corticostriatal circuits involving the caudate due to trauma has been shown, the right
caudate nucleus volume is larger in those with active PTSD. This is consistent with
the concept that brain activation may cause neuroplastic change such as hypertrophy
(Krishnamoorthy, 2007).
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Previous studies, detailed in Chapter 2, had relied upon retrospective recall of
childhood trauma and used automated, as opposed to manual tracing methods,
whereas this study was of recent exposure to adult-onset trauma, isolating these
findings from recall bias and developmental effects. Previous research had
demonstrated that effects on afferent or efferents of the caudate could lead to
structural change in individual cases, but this study showed putatively functionallymediated neuroplastic structural change in the caudate could be found in disease
groups.
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Thesis Study 3 (Looi et al., 2008b – Chapter 4)
Caudate volumes in frontotemporal lobar degeneration: differential atrophy in
subtypes
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This study assessed caudate nucleus volumetrics in FTLD and subtypes:
frontotemporal dementia (FTD, n= 12); semantic dementia (SD, n=13); and
progressive nonfluent aphasia (PNFA, n=9); in comparison with healthy controls
(n=27) and Alzheimer’s disease (AD, n=19) subjects.

Diagnoses were based on accepted clinical criteria. Manual volume measurement of
the head and body of the caudate, excluding the tail, was conducted blind to
diagnosis by a single analyst, on T1 brain MRI scans using a published protocol.

Paired t-tests (p<0.05) showed the right caudate nucleus volume was significantly
larger than the left in controls and PNFA. No hemispheric asymmetry was found in
AD, FTD and SD. Across the groups there was a positive partial correlation between
left caudate nucleus volume and MMSE (r=0.393, n=76, p=0.001) with higher left
caudate volumes associated with higher MMSE. Multivariate analysis of covariance
was used assess statistical significance between the subject groups (AD, FTD, SD,
PNFA, Controls) as independent variables, and raw right/left caudate volumes at the
within subject level (covariates: age and intracranial volume p<0.05). Control
volume was largest, followed by: AD (93% of control), SD (92%), PNFA (79%) and
FTD (75%).

Volume of the head and body of the caudate nucleus differs in subtypes of
frontotemporal lobar degeneration due to differential frontostriatal dysfunction in
subtypes being reflected in structural change in the caudate, and is correlated with a
basic measure of cognition, the MMSE.

____________________________________________________________________
- 59 -

____________________________________________________________________
Further neuropsychological assessments/analyses will be necessary to ascertain if the
cognitive changes are associated with frontostriatal dysfunction.

Study 3 Implications
Thus, hypotheses I and II, of demonstrating structural change in the caudate in a
condition in which frontostriatal circuit dysfunction might occur, namely in FTLD,
have been supported.

Additionally, a gradient of pathoplastic structural change or atrophy has been shown
across conditions in which there may be gradations or differences frontostriatal
circuit dysfunction and/or functional activation/disconnection of the caudate due to
differing neuropathophysiology, supporting hypothesis III.

Furthermore, caudate nucleus volume differed across subtypes of frontotemporal
lobar degeneration (FTLD) according to the putative degree of involvement of
frontostriatal dysfunction in the subtype. Whilst changes had previously been
identified in the volume and activity of the caudate in FTLD, differential atrophy in
subtypes of FTLD has not been previously demonstrated, nor have differences in
volume in comparison to Alzheimer’s disease been shown.

As hypothesized, FTD, with the greatest putative frontostriatal dysfunction, has the
smallest caudate volume. The PNFA group with intermediate frontostriatal
dysfunction, has an intermediate caudate volume. The SD group has a caudate
volume similar to AD, being putatively unaffected by frontostriatal dysfunction.
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This study also showed that caudate nucleus volume was correlated with cognitive
performance as measured via the MMSE (Folstein et al., 1975) across the whole
study sample (n=76), potentially supporting the role of the caudate in cognition.
However, arguably, because of the non-specificity of this general cognitive measure,
it is not possible to draw further conclusions. More parsimoniously, MMSE might
indirectly reflect a possible measure of the severity of the illness and unfortunately,
missing values would have significantly weakened the analysis if MMSE was
controlled for as a covariate.
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Thesis Study 4 (Looi et al. 2009b – Chapter 5)
Putaminal volume in frontotemporal lobar degeneration and Alzheimer’s disease:
differential volumes in dementia subtypes and controls
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Frontostriatal (including putamen) circuit mediated cognitive dysfunction has been
implicated in frontotemporal lobar degeneration (FTLD), but not Alzheimer’s
disease, or healthy aging.

This study developed a reliable and valid protocol for measuring the putamen. The
study measured putaminal volume in FTLD subtypes: frontotemporal dementia
(FTD, n=12), semantic dementia (SD, n=13), and progressive nonfluent aphasia
(PNFA, n=9); in comparison with healthy controls (n=25) and Alzheimer’s disease
(AD, n=18) subjects. Diagnoses were based on accepted clinical criteria. Manual
volume measurement of the putamen was conducted blind to diagnosis on T1 brain
MRI using a standardized protocol.

Paired t-tests (p<0.05) showed the left putaminal volume was significantly larger
than the right in all groups combined. Multivariate analysis of covariance
(MANCOVA) with Bonferroni correction, was used to assess statistical significance
between the subject groups (AD, FTD, SD, PNFA, Controls) as independent
variables, and right/left putamen volumes as dependent variables (covariates: age
and intracranial volume, p<0.05). For the right putamen, FTD was significantly
smaller than in AD and controls; whilst SD was smaller than controls with a trend
towards being smaller than AD; and there was a trend for PNFA being smaller than
controls and AD. Across the groups there was a positive, partial correlation between
putaminal volume and (Mini-Mental State Examination) MMSE.

Right putaminal volume was significantly smaller in FTD, the FTLD subtype with
the greatest expected frontostriatal dysfunction, compared with controls and AD and
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in SD, compared with controls; whilst SD and PNFA showed trends toward being
smaller than AD and controls. Putamen volume weakly correlated with MMSE.

This study developed and validated a protocol for manual tracing of the putamen.

Study 4 Implications
No previous study had been conducted of putaminal volumetrics using manual
tracing comparing FTLD (and subtypes), AD and controls.

This study developed and validated a reliable manual tracing protocol for measuring
the putamen on MRI.

Thus, hypotheses I and II, of demonstrating structural change in the putamen in a
condition in which frontostriatal circuit dysfunction might occur, namely in FTLD,
have been partially supported.

In contrast to the findings for the caudate, no gradient of structural change has been
found supporting hypothesis III.

Only on the right did FTD subjects have smaller putaminal volumes than AD and
controls; but found that putaminal volume bilaterally was weakly associated with a
global measure of cognition. Thus the putamen may play a lesser role in
frontostriatal dysfunction in FTLD and may, instead, be associated primarily with
motoric language dysfunction.
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Thesis Study 5 (Looi et al., 2009c – Chapter 6)
Caudate nucleus volumes in stroke and vascular dementia
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This study aimed to assess the volume of the nucleus caudatus as a neuroanatomical
substrate of frontostriatal circuits, in stroke patients with/without dementia, and the
relationship to potential determinants of neural circuit integrity such as white matter
hyperintensities (WMH) and stroke volume.

Stroke only (Stroke) (n=19) and stroke with Vascular Dementia (VaD) (n=16) and
healthy control (n=20) subjects, matched on demographic variables, underwent
extensive neuropsychiatric assessments and manual MRI-based volumetric
measurements for intracranial area (ICA), stroke volume, and bilateral caudate
volume. WMH on MRI were quantified using an automated algorithm.

Applying MANCOVA (controlling for age and ICA); across the three groups,
caudate volumes were significantly different. There was a bilateral difference in
caudate nucleus volume between subjects by diagnosis (Stroke, VaD, control) in the
right hemisphere: F(4,53)=12.067, p=0.000, partial eta-squared=0.496 and left
hemisphere: F(4,53)=16.051, p=0.000, with partial eta-squared=0.567. The control
group was largest in overall mean volume of the diagnostic groups, followed by the
Stroke group (86% of controls), and finally, the VaD group (72%). There was a
moderate, negative partial correlation between total caudate volume and the total
volume of deep WMH including periventricular regions and brainstem, controlling
for ICA (r= -0.320, n=50, p=0.032; and for total stroke volume, r= -0.293, n=48,
p=0.046).

Stroke patients with VaD have smaller caudate nuclei compared to those without
dementia and healthy controls, with the stroke-only patients being intermediate in
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their caudate volume status. Total caudate volume was negatively correlated with
volume of deep WMH and total stroke volume, supporting the relevance of
cerebrovascular disease affecting caudate volumetrics, and, thus may disrupt
frontostriatal circuits.

Study 5 Implications
Patients with stroke without cognitive impairment and those with dementia served as
groups in which the volume of the caudate could be investigated with respect to the
high likelihood of either vascular or functional disconnection-related pathoplastic
change impacting upon the caudate.

Thus, hypotheses I and II, of demonstrating structural change in the caudate in a
condition in which frontostriatal circuit dysfunction and functional disconnection
might occur, namely in stroke and cerebrovascular disease, have been supported. In
addition, differential structural change has been shown across levels of
cerebrovascular disease, in which there may be gradations or differences in frontalexecutive circuit dysfunction and/or functional activation/disconnection of the
caudate due to white matter disease, supporting hypothesis III.

That the volume differences were bilateral suggests generalised processes affecting
neural circuitry are responsible for the atrophy of the caudate, and explored for such
processes by assessing the severity of cerebrovascular disease as measured by white
matter hyperintensity volume, and in stroke subjects, stroke volume.
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There was a moderate, negative, partial correlation between total caudate volume and
the total volume of deep WMH including periventricular regions and brainstem,
controlling for intracranial area, r= -0.320, n=50, p=0.032 (<0.05); and for total stroke
volume, r= -0.293, n=48, p=0.046 (<0.05). Thus, hypothesis IV, that caudate nucleus
volume would be correlated with substrates of neural circuit disconnection, in this
case, deep WMH and stroke volume, has been supported with a negative correlation
between these factors and caudate volume.

Subjects with infarction or WMH adjacent to the caudate were excluded from the
study, removing direct vascular lesion effects on the caudate. As both WMH and
strokes are related to general cerebrovascular insufficiency, it is suggested that
cerebrovascular disease is at least a partial cause of disconnection and thus, caudate
atrophy via neuroplastic effects due to disconnection. Additionally, general loss of
cerebrovascular sufficiency may also have direct trophic effects on the caudate and
other brain structures. Therefore, two specific mechanisms for caudate atrophy in
cerebrovascular disease may be postulated: circuit disconnection phenomena and
general cerebrovascular insufficiency.

Cognitive (neuropsychological) measures were not assessed as a correlate in this
study, but will be explored in future research.
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Limitations
The thesis studies had some limitations. Overall, one of the main limitations has
been the small sample size of the studies, a function of subject availability and the
labor-intensive nature of manual tracing methods for anatomical delineation on MRI.
This will be improved upon in future with larger studies being planned. The resultant
limitations in statistical power were adjusted for as necessary by appropriate
statistical techniques.

Owing to the protocol used, only the head and the body of the caudate nucleus could
be traced. However, most manual tracing methods omit the tail of the caudate. The
nucleus accumbens comprises the intersection between caudate and putamen; and
planning to develop a protocol for tracing the nucleus accumbens has begun. In
contrast, it was easier to trace the extent of the putamen as it does not have a
significant tail.

The error rates for manual tracing were within acceptable limits and in the general
range of those described in previous literature of intra-observer error of 1-3%
(Gurleyik & Haacke, 2002), although it is acknowledged the less experienced tracer
in study 4 had a higher error rate of 10%. In the absence of any systematic bias due
to blinding to diagnosis, such an error rate is likely to minimise, rather than enhance
differences in volume.

Automated image analysis methods exist for delineation and calculation of volume
of the neostriatum in a number of software programs, but in practice, may prove
unreliable or invalid depending upon image quality and variation. The automated
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quantification of grey matter, white matter and other tissue compartments, including
white matter hyperintensities is particularly vulnerable to image quality variation.
This may lead to misclassification errors with automatic quantification, interfering
with the ability to examine correlations of the caudate volume with other brain
volumes. Thus, there is the need for continued studies using manual tracing,
particularly for older data with image quality variation. Expert tracers may better
able to discern the neostriatum than algorithms in data with poor image quality, but
hopefully, with future developments, semi-automated methods that achieve a
compromise between valid expert review and reliable measurement may be
developed.
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Future research

General
Further studies are planned, in larger groups and other disease populations (for
example, Alzheimer’s disease), to establish if the findings in the four clinical studies
are reproducible. The training and development of additional trained tracers as well
as improvements in methods (of tracing and other aspects of image analysis) is
planned. Such studies will assess the significance of the endophenotype of
frontostriatal dysfunction, through striatal structure as a component of such circuits,
in the clinical features of specific neuropsychiatric disease.

Volumetric change only comprises a portion of the information obtained in manual
tracing of the caudate. The shapes (regions of interest) and volume (volume of
interest) of the caudate nucleus in some of these studies have been stored as
templates associated with the original image in studies 3 and 4. The author is
collaborating on development of computational methods to compare the shape
(morphometrics) of the caudate nucleus and putamen in these studies. Using such
methods, other measures, such as curvature and sub-sectional volumetrics may be
derived which can be studied further in correlation with clinical features.

Further studies are in progress on the correlations of volumetrics and morphometrics
in these studies with clinical features, including frontal executive cognitive function
and associated emotional dysfunction (depression, anxiety etc.).
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In addition, the author will be working on combinations of specifically designed
software for improving the ease and reliability of tracing, as well as permitting
automation, where possible, to speed throughput of analysis. Nonetheless, it is
acknowledged there is a craft or artistic element to manual tracing or segmentation
of brain structures, expertise in which can only be developed supervised training and
by reflective, deliberate practice (Ericsson et al., 2006; Sennett, 2008). It may be that
the best approach for manual segmentation is a combination of art and science, as in
the parent discipline of medicine.

Specific extension and correlative studies
Functional studies of connectivity related to the structural change noted above have
been suggested in PTSD, cerebrovascular disease and FTLD. The studies described
below aim to: understand inter-relationships of the caudate with related brain
structures; examine correlations with functional imaging in conditions where under
or over-activity might occur in frontostriatal circuits involving the caudate; examine
correlations

with

clinical

features

of

endophenotype

such

as

specific

neuropsychological dysfunctions; and extend studies of longitudinal change.

Studying related structures
The caudate is, in part, structurally and functionally related to the putamen. Whilst
the putamen is not as prominently implicated in neuropsychiatric disease, it is of
potential exploratory interest and therefore, a protocol for manual tracing of the
putamen has been developed and has been applied to FTLD in these studies, with
possibilities for extension to other disease groups.
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The author is developing methods for measuring the nucleus accumbens, the rostroventral conjunction of the caudate and putamen, which is considered to contain
regions relevant to neurogenesis (Heimer & Van Hoesen, 2006).

Correlation with functional imaging
Collaborations have begun on PET studies on the PTSD group examining functional
changes in relation to treatment responders and inter-modality (PET and MRI)
correlations.

Correlation with other brain structures and neuropsychological
dysfunction
A study of correlations of the caudate nucleus and putamen with manually traced
brain volumes as ensembles of structural change to differentiate between FTLD
subtypes is in progress. There is planning under way for a study of the correlation of
frontal-executive neuropsychological function and caudate nucleus volume.

Larger scale longitudinal studies
A larger scale study of longitudinal caudate nucleus volume in a cohort with white
matter disease and healthy controls is being planned at present, in conjunction with
measures of white matter and related volume.
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Practical implications of this research
The role of the neostriatum as a strategic structural basis for the endophenotype of
frontostriatal circuit dysfunction has been a unifying model in this series of studies
on neuropsychiatric disease. This has been demonstrated at a fundamental,
quantitative neuroanatomical level, by measurement of the volume of the
neostriatum in disorders with putative frontostriatal dysfunction.

The corollary is that neostriatal structural change reflects functional change, either
present or historical, due to neuroplastic (connectivity-related hypertrophy) or
pathoplastic

(disconnection-related

atrophy)

effects.

Clinical

features

of

neuropsychiatric disease are considered to arise from changes within the brain (in
interaction with others and the environment). Thus, functional change in neural
circuits traversing the caudate may underlie clinical features of such diseases.
Frontostriatal circuits relevant to cognition and emotion traverse the neostriatum.
Therefore, functional changes in these circuits may be reflected by longitudinal
structural change in the neostriatum as a component of such circuits.

Frontostriatal dysfunctions as endophenotypes across neuropsychiatric disease are
relevant to clinicians. Deficits in frontal-executive function may impair patients’
ability to engage with treatment, as well as adversely impact upon occupational and
social function. Similarly, other frontostriatal circuit dysfunctions, such as involving
the anterior cingulate (apathy) and orbitofrontal cortex (disinhibition) have
behavioural features. Sensitivity to such dysfunction may be important in the
assessment and management of neuropsychiatric disease.
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Summary of findings

Study 1: Volumetrics of the caudate nucleus: reliability and validity of a new manual
tracing protocol
Developed and validated methods for manual segmentation of the caudate nucleus
on MRI, used in subsequent studies.

Study 2: Caudate volumes in public transportation workers exposed to trauma in the
Stockholm train system
Demonstrated structural change as relative increase in volume of the right caudate
nucleus in persons suffering from post-traumatic stress disorder (PTSD), compared
to those exposed to the same trauma without PTSD. Such volumetric change may
result from increased frontostriatal circuit connectivity.

Study 3: Caudate volumes in frontotemporal lobar degeneration: differential
atrophy in subtypes
Demonstrated structural change in the caudate nucleus in frontotemporal lobar
degeneration and clinical subtypes, compared to Alzheimer’s disease and control.
This study showed differential volumetric change in the caudate consistent with
putative degree of frontostriatal dysfunction in each group.
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Study 4: Putaminal volume in frontotemporal lobar degeneration and Alzheimer’s
disease: differential volumes in dementia subtypes and controls
Developed and validated methods for manual segmentation of the putamen on MRI.
Demonstrated structural change in the putamen in frontotemporal lobar degeneration
and clinical subtypes, compared to Alzheimer’s disease and control. This study
showed differential volumetric change in the putamen consistent with putative
degree of frontostriatal dysfunction in each group.

Study 5: Caudate nucleus volumes in stroke and vascular dementia
Demonstrated structural change in the caudate in vascular dementia and stroke,
compared to controls. This study showed differential volumetric change in the
caudate consistent with putative degree of frontostriatal dysfunction in each group.
Caudate volume was negatively correlated with measures of white matter disease,
consistent with the potential role of frontostriatal circuit disconnection.
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Conclusions
These studies have developed and applied quantitative MRI segmentation methods to
investigate the neostriatum as a structural component of frontostriatal circuits in
specific neuropsychiatric disease in which frontostriatal endophenotypic dysfunction
has been implicated. The four main hypotheses of the thesis have been substantiated:
I. Structural volumetric change in the neostriatum, particularly the caudate, and
also the putamen, exists in neuropsychiatric disease.
II. Structural

striatal

volumetric

change

occurs

across

a

number

of

neuropsychiatric disease with distinct endophenotypes:
a. in which frontostriatal circuits are dysfunctional, such as in the caudate
and putamen in fronto-temporal lobar degeneration;
b. or in which functional activation of frontostriatal circuits or other
corticostriatal circuits traversing the neostriatum occurs, such as in
post-traumatic stress disorder;
c. or in which disconnection of frontostriatal circuits including white
matter and structures contiguous with the caudate, such as

in

cerebrovascular disease or stroke,
III. A gradient of neostriatal volumetric change exists in related disorders in which
there may be gradations or differences frontostriatal circuit dysfunction and/or
functional

activation/disconnection

of

the

neostriatum

(FTLD

and

cerebrovascular disease).
IV. Within subjects with stroke (and functional disconnection of the caudate),
caudate volume was negatively correlated with substrates of neural circuit
disconnection and measures of cerebrovascular disease such as white matter
hyperintensity and stroke volumes.
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Volumetric differences of the neostriatum have been found between disease groups,
in accordance with expectations that structural change may manifest as atrophy or
hypertrophy due to frontostriatal connectivity. Such volumetric change has varied
with the putative degree of frontostriatal dysfunction hypothesized or functional
activation/disconnection of the caudate in each disorder within and between disease
groups. These studies also established evidence of directionality of volumetric
change related to whether there is increased or decreased connectivity of
frontostriatal circuits. Increased connectivity, manifest as functional overactivity, is
associated with larger volumes of the caudate in PTSD. In contrast, neuropsychiatric
disease which might result in: disconnection, decreased cortical input (in FTLD), or
loss of blood supply to the caudate and disconnection (in stroke), is associated with
reduced volumes of the caudate and putamen. Substrates of functional disconnection
of frontostriatal circuits, such as white matter hyperintensity and stroke volume have
been shown to be negatively correlated with caudate volume. Therefore, in vivo
volumetric change within the neostriatum may serve as quantified structural basis of
the endophenotype of frontostriatal dysfunction in neuropsychiatric disease.

Possibilities for future research arising from these studies include: development of
new methodologies such as morphometrics (shape analysis – mathematical analysis
of the three-dimensional shape of the volumes traced, in which my research group
are currently involved); correlation with other brain measures; inter-modality
correlation with functional imaging; and investigation of the relationship with
clinical features (neuropsychological, behavioural and genetic) of the disorders.
Quantitative neuroanatomy of the neostriatum is a validated methodology that may
be usefully applied in further studies, particularly towards examining inter____________________________________________________________________
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relationships with genetic, neuropathologic, neuropsychological and clinical features
of neuropsychiatric disease.

Quantitative neuroanatomy of the neostriatum is a preliminary map, analogous to an
elevation map, of the structural basis of frontostriatal circuit dysfunction in
neuropsychiatric disease. In future, mapping of the corresponding neostriatal shape
contours via morphometric analysis will provide an increasingly accurate map of the
structural basis of frontostriatal circuit-mediated endophenotypes. In this way, we
progress step-wise to an understanding of the dark terrain of disease in the brain, the
resultant dysfunction, and clinical manifestations, mapping the path toward treatment
and amelioration of our patients’ suffering.

“At first I will tend to think in terms of steps, but nature leaves no gaps, and thus, in
the end I will have to see this progression of uninterrupted activity as a whole.”
(Goethe, 1988, p.75)
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Abstract
Our aim was to develop a reliable and valid manual segmentation protocol for tracing the caudate nucleus in MRI for volumetric
and, potentially, shape analysis of the caudate. Using the protocol, two inter- and intra-rater reliability studies were conducted using
five different raters on two different image analysis platforms (ANALYZE, Mayo Biomedical Imaging Resource, Rochester MN,
USA, and HERMES, Nuclear Diagnostics AB, Stockholm, Sweden). Reference images for the detailed protocol are described. Two
studies were performed. In study 1, the intra-rater class correlation ICC(1,1) for an experienced rater (JCLL) using this protocol for
caudate nucleus volumes was evaluated by repeating right and left caudate measurements on 10 scans (20 comparisons) and was
0.972. The inter-rater class correlation ICC(1,k) with OL was 0.922 on 5 scans (10 comparisons) and with BL was 0.960 on 5 scans
(10 comparisons). In study 2, VT obtained an intra-rater class correlation of 0.9 on 5 scans (involving 10 comparisons, e.g. right
and left caudate). The inter-rater class correlation ICC(1,k) was 0.988 on 5 scans (again involving 10 comparisons) with EM. We
therefore developed a novel, reliable and reference image-based, method of outlining the caudate nucleus on axial MRI scans,
usable in two different image analysis laboratories, across two different sets number of tracers reliably, and across software
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platforms. This method is therefore potentially usable for any image analysis package capable of displaying and measuring outlined
voxels from MRI brain scans.
© 2007 Elsevier Ireland Ltd. All rights reserved.
Keywords: Caudate; Tracing; ROI; VOI; MRI; Volumentrics; Reliability

1. Introduction
The caudate nucleus has been manually outlined on
SPGR (spoiled gradient recalled acquisition) magnetic
resonance imaging (MRI) in volumetric studies of
schizophrenia and schizotypal personality disorder (Levitt
et al., 2002; Koo et al., 2006); Parkinson's disease (Geng
et al., 2006); and dementia (Almeida et al., 2003).
Some groups have manually outlined the caudate in
the coronal plane (Levitt et al., 2002; Almeida et al.,
2003; Koo et al., 2006), but this method poses problems
in the separation of the merged caudate and putamen
from the nucleus accumbens anteriorly, whilst the
anterior coursing of the tail presents insurmountable
problems from partial volume effects obscuring the tail
(Levitt et al., 2002; Koo et al., 2006). The tail of the
caudate nucleus is difficult to trace in any plane due to
its relatively small volume and its convoluted structure.
Other groups have adopted approaches which involve
the establishment of the inferior demarcation from the
nucleus accumbens along the anterior commissure–
posterior commissure line (Lacerda et al., 2003; Riffkin
et al., 2005). Thereafter, these groups described the
anterior, superior, medial (lateral ventricle) and lateral
(internal capsule) boundaries traced with reference to
anatomical landmarks either in coronal plane (Lacerda et
al., 2003) or with reference to all planes (Riffkin et al.,
2005).
An alternative is to trace the caudate in the axial
plane (Geng et al., 2006), and some members of our
group have developed protocols for tracing the caudate,
which avoids the problem of distinguishing the nucleus
accumbens from the anterior caudate. Ideally, the best
plane in which to trace the caudate is the plane in which
the MRI scans were acquired due to higher resolution in
this plane. Furthermore, reference to hemispheric symmetry and orthogonal planes is useful in delineation.
In reviewing the literature on manual tracing of the
caudate, we noted the dearth of detailed (anatomically
and reference-image-based) protocols. We noted that
development of a set of reference images and detailed
instructions may improve the reliability and validity of
manual tracings of the caudate. We sought to develop a

protocol that could be used by both our researchers and
other investigators, avoiding the necessity of having to
develop individual protocols for each separate study.
We therefore developed a novel, reference imagebased method of outlining the caudate nucleus with
reference to axial MRI scans, usable in two different
image analysis laboratories and across software platforms (ANALYZE, Mayo Biomedical Imaging Resource, Rochester, MN, USA, and HERMES, Nuclear
Diagnostics AB, Stockholm, Sweden).
2. Methods
2.1. Study 1
2.1.1. MRI scans
Subjects were selected from a previously published
treatment trial of trauma in public transportation workers in the underground and long-distance trains in
Stockholm approved by a local University ethics and
radiation safety committee (Pagani et al., 2005).
Subjects under 65 were recruited from either underground and long-distance train-drivers who reported
having been unintentionally responsible for a personunder-the-train accident or among employees having
experienced an assault (1999–2001) between 3 months
and 6 years before MRI scanning. Subjects were
classified as symptomatic or asymptomatic according
to clinical assessments. Subjects with major depressive
disorder and other psychiatric conditions were excluded.
Post-traumatic stress disorder (PTSD), diagnosed by an
independent psychiatrist based on fulfilling the full
criteria for DSM-IV and the Structured Clinical
Interview for DSM-IV, was the diagnosis of interest
included (Pagani et al., 2005). Magnetic resonance
imaging was performed on two GE Signa 1.5 T
Scanners (GE, Milwaukee, WI, USA) at MR Centrum,
Karolinska University Hospital, Solna. Axial images
were acquired with a 3-D pulse sequence (MP-RAGE),
TR = 26 ms, TE = 7 ms, flip angle = 35, NEX = 1.000,
matrix size = 256 × 256, field of view = 220 × 220 × 149,
slice thickness = 1.2 mm, voxel size 0.86 and 124 (30
scans) or 156 slices (4 scans).
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Fig. 1. Perspectives of the caudate regions of interest (ROIs) rendered, superimposed on the 3-D brain volume. 1) Overlay of ROI superimposed on
axial section. 2) D-D rendering of the caudate volume of interest (VOI). 3) Overlay of ROI superimposed on sagittal section. 4) Overlay of ROI
superimposed on coronal section.

2.1.2. Caudate tracing
Imaging data were transferred to a Dell PC (USA)
workstation for volumetric analysis with HERMES
(Nuclear Diagnostics AB, Stockholm, Sweden). All
brain scans were analysed blindly to all clinical information (including diagnosis) by an experienced rater (JCLL)
as follows. The images were viewed using HERMES
Morphy-Display, a customised software program allowing

tracing of regions of interest (ROI), calculation of volume
and saving of the volumes of interest (VOI) within the
original image. A similar process was performed for
section 2.2: Study 2. The tracing process and display of
ROI and VOI are shown in Figs. 1–3. Segmentation of the
right and left caudate volumes was performed in images
oriented to the axial plane with reference to a standard atlas
(Duvernoy, 1999).

Fig. 2. The ROI tracing process in action. The caudate region of interest (ROI) is coloured in red. Serial ROI tracings in 2 mm steps from inferior to
superior aspect of the caudate have been superimposed on axial MRI brain sections of a patient from Study 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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2.1.3. Detailed tracing protocol
1. Define beginning: first slice in which the head of
the caudate is distinct, i.e. the most inferior slice,
in which the white matter of the internal capsule
separates the caudate head clearly from the
putamen; usually the anterior commissure separating the caudate head from the fornix and also
the posterior commissure are visible (p. 358,
Duvernoy, 1999) [Fig. 4, image A].
2. The delineation of the caudate from the putamen
and the nucleus accumbens is often ambiguous,
and we have included reference images of two
slices inferior to and then including the identifiable caudate head [Fig. 5, images A–F].

3. The caudate is therefore outlined by drawing a line
along the medial border of the internal capsule,
around the head of the caudate and along the lateral
wall of the lateral ventricle, inferiorly to superiorly,
on an average of 20–25 slices. The cortex adjacent
to the interhemispheric fissure is excluded. Small
blood vessels representing cribriform change are
included in the ROI. The small section of the lateral
ventricle that indents the caudate head is excluded.
Include the section of the caudate head that curves
below this like a tongue, but not the tissue inside the
volume of the ventricle, which is choroid plexus.
4. Trace the tail of the caudate in the superior slices,
noting that this can be somewhat indistinct, but

Fig. 3. Image 1. Caudate ROI rendered in ANALYZE, superimposed on 3-D brain, skull stripped in MRIcro medical image viewer. Image 2. 3-D
rendered caudate nuclei. Image 3. Overlay of ROI on axial section. Image 4. Overlay of ROI on sagittal section. Images 2, 3, and 4 rendered in
InsightSnap release rendering program. Note: Green = left caudate, Red = right caudate nuclei. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Reference images for tracing. A, Beginning point — the head of the caudate nucleus is clearly visible, bounded by the frontal white matter
anteriorly, anterior commissure posteriorly, internal capsule laterally and thin band of frontal white matter medially. B, The head of the caudate
superior to the level of the anterior commissure. It is bounded by frontal white matter anteriorly, internal capsule laterally and posteriorly. Note a
portion of the head is contiguous with the lateral wall of the horn of the lateral ventricle. C, The head of caudate is adjacent to the antero-lateral wall of
the lateral ventricle. The caudate is bounded by the frontal white matter anteriorly, and the internal capsule laterally and dorsally. D, The body of the
caudate is contiguous with wall of lateral ventricle, bounded by frontal white matter anteriorly, and internal capsule laterally and posteriorly. The
caudate is demarcated from the striated structure of the putamen by the internal capsule. E, Body and tail of the caudate coursing medially contiguous
to the lateral wall of the lateral ventricle and delimited by white matter anteriorly, laterally and posteriorly. Distinguish the striated caudate at this
level, due to interdigitation of white matter, from the corona radiata laterally, which is a less distinct and more lateral striated grey/white matter band.
F, This is a penultimate tracing of the body of the caudate before it disappears in two slices superiorly. When the body of the caudate is no longer
distinguishable as grey matter separate from the wall of the lateral ventricle, it is not traced.
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Fig. 5. Reference images for tracing (ambiguous slices — nucleus accumbens level). A, The head of the caudate is contiguous with the putamen at
the level of the nucleus accumbens. B, It remains difficult to distinguish the caudate from the putamen, and gray matter is still visible in the space
between the two structures. C, The head of the caudate is adjacent to the antero-lateral wall of the lateral ventricle. The caudate is bounded by the
frontal white matter anteriorly, internal capsule laterally and dorsally. D, The head of the caudate is contiguous with the putamen at the level of the
nucleus accumbens. E, It remains difficult to distinguish the caudate from the putamen, and gray matter is still visible in the space between the two
structures. F, The head of the caudate is adjacent to the antero-lateral wall of the lateral ventricle. The caudate is bounded by the frontal white matter
anteriorly, and by the internal capsule laterally and dorsally.

extends along the wall of the lateral ventricle.
Trace the most distinct border of the lateral
ventricle, which is not necessarily on the edge of
the ventricles due to partial volume effects.
Distinguish from the corona radiata, which is a
more laterally located grey/white striated band in
the middle of the white matter projections of the
internal/external capsule.
5. It can be observed that we have included small
anterior and posterior portions (excrescences,
flares, sharp protuberances). We acknowledge

that it is debatable whether these structures are
part of the caudate (see Fig. 4, images B and C).
However, in developing the protocol, we preferred tracing distinct boundaries over arbitrary
rules (e.g. exclude such tips), in order to achieve
reliability, though we acknowledge that this may
reduce validity of the caudate tracing.
6. Define ending: last slice in which the caudate can
be seen distinct from the wall of the lateral
ventricle, i.e. the most superior slice (p. 394,
Duvernoy, 1999) [Fig. 4, image F].
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Table 1
Study 1: Stockholm PTSD study
Reliability analysis
Rater

Scans rated

Number of comparisons

Class correlation

Principal (JCLL)
Secondary rater (OL)
Secondary rater (BL)

10
5
5

20
10
10

0.971
0.922
0.960

Note analysis of × scans involves 2× comparisons of right and left caudate, respectively, e.g. 10 scans, 20 comparisons.
Secondary raters rated the same subset of scans.
The intra-rater class correlation ICC(1,1), one-way single measure reliability (Shrout and Fleiss, 1979; Yaffee, 1998).
Inter-rater mean class correlation ICC(1, k), one-way model single and average measure (Shrout and Fleiss, 1979; Yaffee, 1998).
Raw caudate volumes
Right caudate

Principal rater [n = 43]
Secondary raters [n = 10]

Left caudate

Mean (cm3)

S.D. (cm3)

CI (cm3)

Mean (cm3)

S.D. (cm3)

CI (cm3)

4.2526
4.241

0.6074
0.5730

0.1815
0.3552

3.9821
4.003

0.5585
0.6598

0.1671
0.4090

S.D.: Standard Deviation.
CI: 95% Confidence Interval.

7. In ambiguous cases, we use symmetry of the right
and left hemispheres to judge where the outline
should be traced. Note this method includes only
part of the tail of the caudate. Judgments as to the
borders of the caudate were made by raters by
consulting the reference images (Fig. 4, images
A–F).
8. The VOI for right and left caudate were recorded
and the traced VOI stored as slice-by-slice ROI
via Morphy-Display (although for display, these
have been rendered using ITK-Snap (Yushkevich
et al., 2005) and MRIcro (Rorden and Brett,
2000) [Figs. 1, 2 and 3].

9. The volumes of interest (VOI) used for the
assessment of inter/intra-class-correlation (ICCs)
for reliability were calculated from the summation of the volume of each slice traced, yielding
the total caudate volume for each respective side
(right or left).
10. Our usual practice for data to be analysed for
correlations with clinical features is to follow the
convention of normalising for intracranial volume
of each respective subject. We wished to compare
the quality (in a forthcoming article) and quantification of the volumes. Introduction of a measurement of intracranial volume would add a further,

Table 2
Study 2: Sydney stroke study
Reliability analysis
Rater

Scans rated

Number of comparisons

Class correlation

Principal (VT)
Secondary rater (EM)

5
5

10
10

0.900
0.988

Note analysis of × scans involves 2× comparisons of right and left caudate, respectively, e.g. 5 scans, 10 comparisons.
The intra-rater class correlation ICC(1,1), one-way single measure reliability (Shrout and Fleiss, 1979; Yaffee, 1998).
Inter-rater mean class correlation ICC(1, k), one-way model single and average measure (Shrout and Fleiss, 1979; Yaffee, 1998).
Raw caudate volumes
Right caudate
3

Principal rater [n = 55]
Secondary rater [n = 5]
S.D.: Standard Deviation.
CI: 95% Confidence Interval.

Left caudate
3

3

Mean (cm )

S.D. (cm )

CI (cm )

Mean (cm3)

S.D. (cm3)

CI (cm3)

3.2238
3.7057

0.7329
0.4498

0.1937
0.3599

3.753
4.6804

0.5875
0.4874

0.1553
0.3900
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independent variable for which we would further
have to establish reliability of measurement.
Therefore, for simplicity of analysis, in both studies
of reliability we have used raw total caudate
volumes calculated on standardised orientations
and display settings using the respective software
programs (ANALYZE and Morphy-Display).
11. Forty-three scans were rated using this method.
Repeat measurements of 10 scans were performed
by JCLL and a further 5 for inter-rater reliability
by OL and 5 by BL. The secondary raters rated the
same 5 scans, drawn from the total set. As right
and left caudate volumes were calculated for each
scan, each scan yields two volumes for comparison of reliability. There were a total of 63 (43 + 10
+ 5 + 5) bilateral caudate volume measurements.

Using an earlier version of this protocol, developed by
JCLL and advice from JM/RK, VT, a trained rater,
performed caudate tracings and performed inter-rater
reliability with EM (Tatham et al., unpublished). The
caudate was manually traced bilaterally in every slice in
which it appeared. Tracings were cross-referenced to
coronal and sagittal planes to increase accuracy and to a
reference neuroanatomy text (Haines, 2000). All portions of the caudate nucleus were included until the tail
curved ventrally to border the lateral atrium of the lateral
ventricles; here it was excluded from measurements.
Fifty-five scans were rated in this manner. Repeat
measurements of five scans were performed by VT and a
further five for inter-rater reliability by EM. There were
a total of 65 (55 + 5 + 5) caudate volume measurements.
3. Results

2.2. Study 2
3.1. Study 1
2.2.1. MRI scans
Subjects were selected from the previously published
Sydney Stroke Study cohort approved by a local
University ethics committee (Sachdev et al., 2004;
Sachdev et al., 2006). Subjects were consecutive
ischemic stroke patients admitted over a 38-month
period (1997–2000) to two teaching hospitals. An
ischemic stroke was defined as ‘rapidly developing
clinical signs of focal or global disturbance of cerebral
function, with symptoms lasting 24 h or longer, with no
apparent cause other than vascular origin in which a
brain CT or MRI did not show intracranial hemorrhage
diagnosed by two independent neurologists. Subjects
were aged 49–87 years, did not have a diagnosis of
dementia or other neurological disorder prior to the
stroke, did not have dysphasia and were well enough to
participate. Healthy control subjects were unpaid
volunteers recruited from the same neighbourhood as
the subjects with no history of neurological or
psychiatric conditions. MRI was performed on a 1.5 T
Signa GE scanner (GE Systems, Milwaukee, WI) using
the following protocol: a scout mid-sagittal cut (twodimensional, repetition time [TR] 300 ms, echo time
[TE] 14 ms, 5 mm thick, number of excitations 1.5);
1.5 mm thick T-1 weighted contiguous coronal sections
through whole brain using an FSPGR sequence and
three-dimensional acquisition (TR 14.3 ms, TE 5.4 ms)
(Sachdev et al., 2004; Sachdev et al., 2006).

The intraclass correlations were performed using
Statistica (Statsoft Scandanavia AB, Uppsala, Sweden).
The intra-rater class correlation ICC(1,1), one-way
single measure reliability (Shrout and Fleiss, 1979;
Yaffee, 1998), for an experienced rater (JCLL) using this
protocol for the caudate nucleus volumes was evaluated
by repeating right and left caudate measurements on 10
scans (20 comparisons) and was 0.971. Inter-rater mean
class correlation ICC(1,k), one-way model single and
average measure (Shrout and Fleiss, 1979; Yaffee,
1998), was 0.922 on 5 scans (again involving 10
comparisons) with OL, and 0.960 on 5 scans with BL.
[Caudate volumes: Table 1]
3.2. Study 2
The intraclass correlations were performed using
SPSS 13.0 (SPSS Inc, Chicago, IL, USA). VT obtained
an intra-rater class correlation ICC(1,1), one-way single
measure reliability (Shrout and Fleiss, 1979; Yaffee,
1998), of 0.9 on five scans (involving 10 comparisons,
e.g. right and left caudate). Inter-rater mean class
correlation ICC(1,k), one-way model single and average
measure (Shrout and Fleiss, 1979; Yaffee, 1998), was
0.988 on five scans (again involving 10 comparisons)
with EM. [Caudate volumes: Table 2]
4. Discussion

2.2.2. Caudate tracing
Similar studies were performed for validation with a
Dell PC workstation using ANALYZE 6.0 (Mayo
Biomedical Imaging Resource, Rochester, MN, USA).

We have briefly described a reliable and valid
method for manual segmentation of the caudate nucleus
for volumetric and, potentially, shape analysis. The
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advantage offered by this method is the detailed protocol
we have described and its usefulness across different
image analysis software and by different raters. The
protocol has been used to quantify volumetrics and
shape of the caudate in disparate patient and control
populations: healthy controls, stroke subjects and
persons exposed to trauma.
However, there was a variability in reliability
measures across the studies, which merits further
discussion. In Study 1, the intra-rater correlation was
0.971, a high reliability for manual measurement. The
inter-rater reliability of 0.922 or 0.960 is acceptable for
inter-individual comparisons. These ratings were performed by the lead author (JCLL) who developed the
protocol and has had considerable experience in manual
tracing (he has traced and quantified the stroke volumes
for a series of studies; Sachdev et al., 2003, 2004, 2006)
as well as by experienced postgraduate raters. In Study
2, the intra-rater correlation was 0.9, which is arguably
somewhat low for studies in which more subtle
differences between subjects and controls are expected,
whilst the inter-rater reliability was surprisingly high at
0.988. This may be explained again, in part, by training
and experience. The raters (VT, EM) were first-year
graduate medical students with no previous experience
of manual tracing or image analysis, trained by the lead
author, and further supervised by experienced raters
(RK, JM). Thus, the low intra-rater reliability may
reflect developing expertise, whilst the high inter-rater
reliability may reflect similar skill levels amongst the
two least experienced raters. Of course, we acknowledge differential slice selection and tracing may have
also contributed to the variability within and between
studies.
Overall, across the studies, we performed quantifications of caudate volume with acceptable intra- and interrater reliability, given the skill levels of the raters. In
summary, the article presents highly reliable results
across two very different MRI acquisition protocols
(one acquired axially, the other coronally), two different
image analysis software packages, and two different
series of tracers, with different skill levels. Therefore,
whilst inherently useful for the software used in the two
studies, the methods are potentially useful for tracing the
caudate via any image analysis software package
capable of displaying and measuring outlined voxels
from MRI brain scans.
The validity of such a volumetric measure rests upon
the degree to which the method quantifies the volume of
the structure accurately, and the gold standard remains a
visual assessment by a trained rater. The volume quantified
can be ascertained from the reference images (Fig. 4,
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images A–F). The variability of the ROI tracings is least
near the midline, but becomes more problematic away
from both the midline and in the most superior slices.
Constant use of the reference images and consultation of a
neuroanatomical atlas such as Duvernoy (1999) will assist
in maintaining reliability and validity of ROI tracings.
Limitations of the protocol include an inability to
quantify the volume of the combined caudate and
putamen inferior to the invagination of the internal
capsule in an axial plane; difficulties in identifying
distinct boundaries in superior slices due to interdigitation of white matter fibres into the caudate body and tail;
and the perhaps insurmountable problem of partial
volume effects obscuring the tail of the caudate and thus
not allowing tracing, which is a problem in all existing
manual segmentation protocols. However, it should be
noted that these limitations are also present to a lesser or
greater degree in other methods (for example, the need
to distinguish the head of the caudate from the nucleus
accumbens) (Levitt et al., 2002; Almeida et al., 2003;
Koo et al., 2006).
Of course, the ventral striatum cannot be traced
exclusively in one plane. Almeida et al. (2003) referred
to all three orthogonal views in their tracing, whilst one
of our reviewers (unpublished comment) has suggested
tracing in one plane combined with editing using all
three orthogonal views. Our approach here is therefore
limited in validity by the restriction to one plane, with
the gain being somewhat greater efficiency, at least in
speed of tracing. Against this must be balanced
reservations regarding the arguably greater validity
added by editing the tracing with reference to three
dimensions, the expansion of validity which can be
likened to the emergence of the sphere into Abbot’s
Flatland, in which the Land of Three Dimensions seems
almost as visionary as the Land of One or None (Abbott,
1884).
The above limitations notwithstanding, we suggest
the protocol described is a simple, reliable and valid
method for quantifying the volume of the caudate
nucleus. As the relevance and interest in the role of the
caudate in neuropsychiatric conditions expands, we hope
the protocol will be of use to other investigators.
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Abstract
The caudate nucleus is a structure implicated in the neural circuitry of psychological responses to trauma. This study aimed to quantify
the volume of the caudate in persons exposed to trauma. Thirty-six subjects under 65 were recruited from transport workers in Stockholm
who reported having been unintentionally responsible for a person-under-the-train accident or among employees having experienced an
assault in their work (1999–2001) between 3 months and 6 years before MRI scanning. In those exposed to the trauma, a DSM-IV
diagnosis of post-traumatic stress disorder (PTSD) was made by an independent psychiatrist, with subjects being classified as PTSD or no
PTSD. MRI data were analyzed blindly to all clinical information by an experienced rater using a standardized manual tracing protocol to
quantify the volume of the caudate. Within-group comparisons of PTSD (n = 19) and no PTSD (n = 17) found the right caudate nucleus to
be significantly (9%) larger than the left: a right hemisphere baseline asymmetry. A multivariate analysis of covariance (MANCOVA) was
conducted to assess the volume of the caudate nucleus (right and left) in relation to the diagnosis of no PTSD (n = 17) or PTSD (n=19).
After adjustment for the covariates (age, sex, intracranial volume, years since trauma, and number of trauma episodes), there was a
significant difference in raw right caudate nucleus volume between subjects with PTSD compared with those without PTSD. Volume of
the left caudate nucleus was not significantly different between the PTSD and no PTSD groups. The right caudate volume in the PTSD
group was 9% greater compared with the no PTSD group. There is a larger right hemisphere volume of the caudate within those exposed
to trauma with active PTSD compared with those without PTSD, superimposed upon a baseline caudate asymmetry.
© 2008 Elsevier Ireland Ltd. All rights reserved.
Keywords: Caudate; Tracing; ROI; VOI; MRI; Volumetrics; Post-traumatic stress disorder
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1. Introduction
Structural neuroimaging research in post-traumatic
stress disorder (PTSD) to date has focused on betweengroup differences in amygdala, prefrontal cortex and
hippocampal volumes in those exposed to trauma who
develop PTSD and those who do not (Hull, 2002; Rauch
et al., 2006). The convergence of neurocircuitry models
(Rauch et al., 2006), functional neuroimaging (Lanius
et al., 2004) and structural imaging of the brain regions
implicated therein for PTSD (Hull, 2002; Rauch et al.,
2006) or in those exposed to stress (Cohen et al., 2006),
has led to exploration of additional regions of interest.
One new region of interest is the caudate nucleus (Cohen
et al., 2006).
The caudate nucleus subserves a crucial role in relaying
inputs from the prefrontal cortex in animals (Alexander
et al., 1986) and thus may be involved in processing higher
executive cognitive functions associated with these
regions (Sachdev et al., 2004; Hannestad et al., 2006).
Anatomical studies have shown the existence of functionally segregated projections from prefrontal and parietal
association cortices to the striatum, chiefly the caudate
nucleus (Parent and Hazrati, 1995). Lehericy et al. (2004)
have demonstrated the first such distinct corticostriatal
connections in humans. Damage to such circuits may
potentially disconnect and degrade cognition subserved
by such circuits (Looi and Sachdev, 2000).
White matter lesions may cause such disconnections.
Hannestad et al., (2006) have proposed that damage to
fibres connecting to the caudate, via denervation, may
cause atrophy. Rauch et al. (2000) have demonstrated
caudate atrophy post-cingulotomy. Any compromise of
blood supply to the caudate, including that from perinatal
and developmental causes, may thus result in reduced
caudate volume.
Functional neuroimaging has elucidated changes in
activity in the caudate in PTSD. Reduced regional cerebral
blood flow (rCBF) has been demonstrated in frontal and
subcortical nuclei compared with obsessive–compulsive
disorder (OCD)/simple phobia (Rauch et al., 1997); and in
caudate in PTSD and OCD, correlating with depression
and PTSD severity (Lucey et al., 1997; Hull 2002). Such
reduced cerebral blood flow could compromise vascular
supply of the white matter or the caudate itself. In turn, this
may result in structural change or atrophy in the caudate.
Using fMRI, Lanius et al. (2004) have shown greater
correlation in connectivity from the right posterior
cingulate, occipital and parietal lobes to the right caudate
in traumatised subjects with PTSD, whereas traumatised
subjects without PTSD had greater correlation of
connectivity in the left caudate. Thus the PTSD subjects
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showed a right hemisphere dominance effect in processing. Such differential hemispheric connectivity may
result in development of asymmetry due to afferent input
trophic effects upon the caudate.
Functional changes in the caudate may result in neuroplastic structural changes. Using voxel-based MRI morphometry, Cohen et al., 2006 demonstrated that in healthy
volunteers without psychopathology assessed as having
two or more significant adverse childhood events, right
caudate nucleus (and bilateral anterior cingulate) volumes
were 2–5% smaller than in those reporting no adverse
childhood events.
Based upon the above literature, we hypothesized that,
in persons exposed to traumatic events, caudate volumes
may be smaller in those with PTSD than in those without
PTSD, particularly in relation to the right caudate, and
sought to investigate the possibility.
2. Methods
2.1. Participants
Subjects (n = 36) were selected from a previously
published treatment trial of trauma in public transportation
workers in the underground and long-distance trains in
Stockholm approved by a local University ethics committee (Pagani et al., 2005). Subjects were selected on the
basis of having had an MRI scan of the brain performed, as
not all subjects (Pagani et al., 2005) had undergone MRI
scanning. The clinical characteristics of the subgroup of
this study were not significantly different from the 47
subjects in the Pagani et al., (2005) group and are summarized in Table 1.
Subjects under 65 were recruited from either underground or long-distance train-drivers who reported having
been unintentionally responsible for a person-under-thetrain accident or among employees having experienced an
assault in their work (1999–2001) between 3 months and
6 years before MRI scanning. Subjects were classified as
symptomatic or asymptomatic according to clinical
assessments at the time of MRI acquisition. Subjects
with major depressive disorder and other psychiatric
conditions were excluded. Post-traumatic stress disorder
(PTSD) diagnosis was performed by an independent
psychiatrist based on fulfilling the full criteria for DSMIV and the Structured Clinical Interview for DSM-IV
(Pagani et al., 2005).
2.2. MRI
Magnetic resonance imaging was performed on two
GE Signa 1.5 T Scanners (GE, Milwaukee WI, USA) at
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Table 1
Demographics

Subjects
Males
Age (S.D.)
PTSD

Current study

Pagani et al. (2005)

36
27
41.7 (9.3)
19

47
36
41.6 (9.8)
20

MR Centrum, Karolinska University Hospital, Solna.
Axial images were acquired with an AC-PC aligned 3D
pulse sequence (MP-RAGE), TR = 26 ms, TE = 7 ms,
flip angle = 35, NEX = 1.000, matrix size = 256 × 256,
field of view = 220 × 220 × 149, slice thickness = 1.2 mm,
voxel size 0.86, 124 (39 scans) or 156 slices (4 scans).
2.3. Image analysis
Imaging data were transferred to a Dell PC (USA)
workstation for volumetric analysis with HERMES
(Nuclear Diagnostics AB, Stockholm, Sweden) using
custom-designed software Morphy-Display (designed by
LS). All brain scans were analyzed blindly to all clinical
information (including diagnosis) by an experienced rater
(JCLL) as follows. Based upon reference images, a
standardized manual tracing protocol was used to trace
and quantify the volume of the caudate via tracing the
axial outline of the caudate serially through successive
images, measuring the volume thus delineated (excluding
the tail of the caudate) and allowing reconstruction in 3D
(Looi et al., 2008) (Figs. 1 and 2). Volumes obtained
were normalized in relevant analyses by conversion to a

ratio of caudate volume to total intracranial volume. Total
intracranial volume was measured as follows: intracranial
volume (ICV) was traced on coronal slices by a stereological point-counting technique manually tracing the
intracranial volume. Every fourth slice was traced. The
starting point was randomly chosen between points 1 and
4 of the first slice at the most anterior end of the brain. The
landmarks for delineation and protocol were based upon
those used by Eritaia et al. (2000). Reliability of image
analysis was assessed using intraclass correlations
performed via Statistica (Statsoft Scandanavia AB,
Uppsala, Sweden). The intra-rater class correlation ICC
(1,1), one-way single measure reliability (Shrout and
Fleiss 1979; Yaffee, 1998), was evaluated by repeating
right and left caudate measurements on 10 scans (20
comparisons), and was 0.971. Inter-rater mean class
correlations have been reported previously (Looi et al.,
2008).
2.4. Statistical analysis
Statistical analysis was performed using SPSS 15.0
(Chicago, Ill., USA). Paired t-tests were used to assess
hemispheric differences in caudate volume within
groups (PTSD, no PTSD). An analysis of variance
(ANOVA) was used to compare intracranial volume
(ICV) between PTSD and non-PTSD groups. A multivariate analysis of covariance was used to test statistical
significance between the groupings of PTSD and nonPTSD as independent variables at the between-subject
level and raw right and left caudate volumes at the

Fig. 1. 3D rendering of a left caudate in 4 perspectives.
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Fig. 2. 3D rendered left caudate superimposed on brain.

within-subject level. The significance level was set at
b 0.05.
3. Results
3.1. Demographics
As previously reported, no significant differences were
found between groups in age, time elapsed since the
trauma, smoking habits and handedness (Pagani et al.,
2005). In relation to brain size, as assessed by ANOVA,
intracranial volume was not significantly different between
the two groups (see Tables 2 and 3).
3.2. Within-group analysis of caudate volumes
A paired-samples t-test was conducted to evaluate raw
caudate volumes (cubic cm) between hemispheres in the
PTSD/non-PTSD groups. For the PTSD group (n= 19), the
right caudate volume mean =4.312 (S.D.= 0.656), whilst

the left caudate volume mean = 3.988 (S.D. =0.479), such
that the right caudate volume was 8% larger at t(18) =
2.825, P = 0.003. For the no PTSD group (n= 17), the right
caudate volume mean= 4.193 (S.D. =0.522), whilst the left
caudate volume mean =3.892 (S.D. = 0.559), such that the
right caudate volume was 9% larger at t(16) = 3.721,
P = 0.000. These differences were significant when the
raw volumes were adjusted for ICV, respectively: in the
PTSD group, t(18)= 2.867, P = 0.010 and in the no PTSD
group, t(16) = 3.691, P = 0.002.
3.3. Between-group analysis of caudate volumes
A multivariate analysis of covariance (MANCOVA)
was conducted to assess the volume of the caudate
nucleus (right and left) in relation to the diagnosis of no
PTSD or PTSD (n = 36) (see Tables 2 and 3). The
independent variables were the diagnosis of PTSD. The
dependent variables were raw caudate nucleus volumes
for right and left hemispheres. Covariates included in the

Table 2
MANCOVA and ANOVA results
Comparison: corr. model Group n

Dependent
variable

MANCOVA group
Dependent factors:
right and left
caudate volumes
Independent factors:
PTSD/no PTSD

Right caudate 6

PTSD = 19

Significance Partial
Observed power Covariates
eta-squared

3.682 0.008

0.312

0.906

No PTSD = 17

Age: 41.66
ICV: 1479.79

M:F: 0.26
Years since trauma: 2.63
No. of traumas (1 or more
1 = more than 1): 0.43
Left caudate

ANOVA
Intracranial volume
(raw)

df F

PTSD = 19
Intracranial
No PTSD = 17 volume (raw)

6

2.119 0.083

0.441

0.657

1

0.400 0.842

0.001

0.054

Nil
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Table 3
Estimated marginal means (from MANCOVA)
Dependent
variable

Group Mean
(cm3)

Standard 95% Confidence
error
Interval
Lower
bound

Right caudate PTSD
4.441 0.137
volume
No
4.050 0.142
PTSD
Left caudate PTSD
4.048 0.129
volume
No
3.791 0.133
PTSD
ICV
PTSD 1491.122 37.247
No
1480.028 39.377
PTSD

Upper
bound

4.160
3.759

4.722
4.341

3.784
3.517

4.312
4.065

1415.333
1400.099

1566.722
1560.146

model to control for individual differences were: age, sex,
years since trauma, number of traumata, and intracranial
volume (ICV).
Checks of assumption of normality, linearity, homogeneity of variances/regression slopes and reliable measurements of covariates were performed prior to the
MANCOVA. After adjusting for the covariates, there was
a significant difference in raw right caudate nucleus volume
between subjects with PTSD compared to those without
PTSD, F(6,35) = 3.682, P = 0.008 (P b 0.05), with a large
effect size (partial eta-squared = 0.441). In contrast, left
caudate nucleus volume was not significantly different
between the PTSD and no PTSD groups, F(6,35) = 2.119,
P = 0.083, with a moderate effect size (partial etasquared = 0.357).
4. Discussion
In this study of transport workers exposed to trauma
in the Stockholm train system, overall, in both the PTSD
and no PTSD groups, an asymmetry was found at
baseline: the right caudate nucleus significantly larger
(8–9%) than the left. Adjusting for age, sex, years since
trauma, intracranial volume and number of traumatic
episodes, we found that between groups, right caudate
volumes were significantly (9%) larger in the PTSD
group in comparison to the no PTSD group. This suggests that, superimposed on the baseline asymmetry,
there is a further lateralized relative increase in volume of
the caudate within those who developed PTSD, within
the right caudate, the converse of our initial hypothesis.
Post-traumatic stress disorder involves re-experiencing of trauma and/or ongoing activation of fear responses. In persons who develop symptoms after exposure
to trauma, there may be selective activation of the corticostriatal circuits (Lehericy et al., 2004). Lateralized,
right-sided increases in functional connectivity have been

demonstrated in PTSD (Lanius et al., 2004). Persistence
of such lateralized connectivity may result in neuroplastic
change. Recruitment of the neural circuitry subserving
processing of trauma potentially may have stimulated the
lateralized development of the caudate in the presence of
active PTSD, thereby increasing the volume of the right
caudate in PTSD subjects compared with those without
PTSD.
The contrast with the findings of Cohen et al. (2006)
may be explained by their subjects' retrospective report
of more remote trauma, in the absence of active PTSD
at the time of MRI acquisition. Accordingly, acute neuroplastic volumetric change may have resolved over the
course of decades, to be replaced by the residual reduction in right caudate volume. Furthermore, the region of
interest volumetrics was measured via use of semiautomated processes in the study of Cohen et al. (2006)
as opposed to a validated and published slice-by-slice
manual segmentation protocol designed specifically for
the caudate nucleus (Looi et al., 2008).
The findings of this study are limited by the small
sample size, particularly in relation to gender. In studies
of healthy individuals, handedness did not affect volume
of the caudate, and the volume of women's caudates has
been reported as being larger than for men (Szabo et al.,
2003, Xu et al., 2000). Koikkalainen et al. (2007) found a
non-significant gender difference in favor of males for
caudate volume. Szabo et al. (2003) found that the left
caudate volume was larger than the right, whilst other
groups have generally found that the right caudate was
larger than the left (Raz et al., 1995; Ifthikharuddin et al.,
2000), as we did in this study. The manual tracing
method of quantifying the caudate volume is acknowledged as not necessarily being superior to other methods
such as probabilistic mapping, but its reliability has
been detailed extensively in a previous publication (Looi
et al., 2008). Correlation of caudate volume with other
brain volumes and functional imaging is dealt with in
other articles in preparation.
Further studies, with larger sample sizes and investigating correlations with other brain volumes, clinical features
and functional imaging, will be needed to establish whether
the lateralized differences we have noted in caudate volume
hold true in persons with PTSD.
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Caudate Nucleus Volumes in Frontotemporal
Lobar Degeneration: Differential Atrophy in
Subtypes
BACKGROUND AND PURPOSE: Frontostriatal circuits involving the caudate nucleus have been implicated in frontotemporal lobar degeneration (FTLD). We assessed caudate nucleus volumetrics in FTLD
and subtypes: frontotemporal dementia (FTD, n ⫽ 12), semantic dementia (SD, n ⫽ 13), and progressive nonfluent aphasia (PNFA, n ⫽ 9) in comparison with healthy controls (n ⫽ 27) and subjects with
Alzheimer disease (AD, n ⫽ 19).
MATERIALS AND METHODS: Diagnoses were based on accepted clinical criteria. Manual volume

measurement of the head and body of the caudate, excluding the tail, was conducted on T1-weighted
brain MR imaging scans, using a published protocol, by a single analyst blinded to the diagnosis.
RESULTS: Paired t tests (P ⬍ .05) showed that the right caudate nucleus volume was significantly

larger than the left in controls and PNFA. No hemispheric asymmetry was found in AD, FTD, and SD.
Across the groups, there was a positive partial correlation between the left caudate nucleus volume
and Mini-Mental State Examination (MMSE) scores (r ⫽ 0.393, n ⫽ 76, P ⫽ .001) with higher left
caudate volumes associated with higher MMSE scores. Multivariate analysis of covariance was used
to assess the statistical significance between the subject groups (AD, FTD, SD, PNFA, and controls)
as independent variables and raw right/left caudate volumes at the within-subject level (covariates: age
and intracranial volume; P ⬍ .05). Control volume was largest, followed by AD (93% of control volume),
SD (92%), PNFA (79%), and FTD (75%).
CONCLUSIONS: Volume of the head and body of the caudate nucleus differs in subtypes of FTLD, due

to differential frontostriatal dysfunction in subtypes being reflected in structural change in the caudate,
and is correlated with cognition.
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neuropathologic processes. As in other neurodegenerative dementia processes, the neuropathology is progressive neuronal
loss, manifesting as brain atrophy. Therefore, there has been
recent interest in the pattern of brain atrophy as a method for
aiding in the subtyping of FTLD. MR imaging has been used to
examine the neuropathologic basis of FTLD in vivo.
Schroeter et al1 recently performed a quantitative metaanalysis of both structural and functional imaging of 267 subjects with FTLD and 351 controls. They demonstrated the existence of characteristic patterns of activation and atrophy for
each of the subtypes of FTLD. Most structural imaging studies
in the meta-analysis comprised relatively small numbers of
each of the subtypes of FTLD, ranging from 6 to 18 subjects,
whereas controls or comparators with Alzheimer disease (AD)
were more numerous (20 – 64). The small groups raise issues
about the robustness of the findings, which, of course, are
pooled to assess significance in a meta-analysis. Nonetheless,
some characteristic patterns of largely cortical activity and atrophy have been found. The regions implicated include the
following: the prefrontal cortex, temporal lobe, amygdala, and
caudate or lentiform nucleus.1 Thus, the proposed neuropathophysiology of FTLD may involve frontostriatal
connections.
The striatum (caudate nucleus and putamen) serves as an
entry point for afferent information from the periphery, as
well as for afferents and efferents for functionally segregated
regions of the cortex.2 Meta-analysis of functional magnetic
imaging studies demonstrated connectivity implied by coactivation in the dorsolateral prefrontal cortex, anterior cingulate
cortex, insula, and inferior frontal gyrus, all key cortical regions potentially implicated in FTLD.1,3 Using diffusion tenAJNR Am J Neuroradiol 29:1537– 43 兩 Sep 2008 兩 www.ajnr.org
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rontotemporal lobar degeneration (FTLD), as currently
conceptualized, is considered to comprise 3 main subtypes
on the basis of clinical features: frontotemporal dementia
(FTD), semantic dementia (SD), and progressive nonfluent
aphasia (PNFA). FTLD is considered to comprise specific lesions of frontal, temporal, and associative neural pathways,
with relative differences determining the clinical manifestations. Putatively, these subtypes should represent different
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Table 1: Demographic features of patients and controls
No.
Sex (M:F)
Age (yr)
MMSE
Disease duration (yr)

Control
27
7:20
61.1 (53–78)
28.7 (25–30)
–

FTD
12
3:10
59.45 (42–72)
20.83 (10–30)*
1.65 (0,25–3,4)

SD
13
5:9
63.77 (52–77)
22.92 (5–29)*
3.90 (1,3–7,7)‡

PNFA
9
3:6
64.9 (57–78)
22.5 (15–28)†
3.56 (0,06–8,13)

AD
19
7:12
61.8 (56–75)
23.1 (7–29)*
2.87 (0–4,97)

Note:—FTD indicates frontotemporal dementia; SD, semantic dementia; PNFA, progressive nonfluent aphasia; AD, Alzheimer disease; MMSE, MIni-Mental State Examination.
*,†,‡ Kruskal-Wallis test.
* P ⬍ .01 compared with controls.
† P ⬍ .05 compared with controls.
‡ P ⬍ 01 compared with FTD.

sor tractography, Leh et al2 demonstrated the extensive nature
of caudate nucleus connections with the prefrontal cortex, inferior and middle temporal gyrus, frontal eye fields, cerebellum, and thalamus.
Due to loss of afferent or efferent inputs from cortical atrophy, there may be resultant reduction in the volume of the
striatum and, in particular, the caudate nucleus. Frequent and
sometimes severe atrophy of the caudate was indeed noted
long ago in FTLD.4-6 However, the observations were made on
postmortem specimens from cases with, mostly, a long duration of illness. Measurements, when taken, were made on unrefined ordinal scales. Moreover, no attempt was made to correlate caudate atrophy with patterns of cortical atrophy. Given
that subtypes of FTLD have different patterns of cortical atrophy, we hypothesized that there may be differential reduction
in the volume of the caudate nucleus across the different subtypes of FTLD.
We aimed to use manual tracing of the caudate nucleus, the
gold standard for volumetric measurement, by using a published reliable and valid protocol, to conduct robust betweengroup comparisons of caudate nucleus volume with reference
to intracranial volume.7,8
Materials and Methods
Participants
Participants were recruited retrospectively from the Memory Clinic at
the Karolinska University Hospital, Huddinge, Stockholm, Sweden.
Routine dementia assessment was conducted in all participants. The
study was approved by the local ethics committee.
The 80 subjects who participated were the following: 34 patients
with FTLD (12 with FTD, 13 with SD, 9 with PNFA), 19 with AD, and
27 in a control group (Table 1).
AD diagnoses were based on clinical criteria including the Diagnostic and Statistical Manual of Mental Disorders-IV-TR (text
revision) and the International Classification of Diseases and Related Health Problems-10.9,10 Subjects with FTLD were diagnosed
according to consensus diagnostic criteria for FTLD syndromes
presented by Neary et al.11 Medical notes on all subjects included
in this study were reviewed by an experienced neurologist (C.A.)
to prevent inclusion of any wrongly diagnosed patient.
All subjects included in the studies went through the standard
investigation procedure for patients referred to the memory clinic.
The clinical diagnosis was determined at a multidisciplinary consensus conference with physicians, neuropsychologists, speech-language
pathologists, and nurses.
The medical examination included information about history
from a close informant, as well as assessment of somatic, neurologic,
and psychiatric status. Laboratory investigation of blood, CSF, and
1538
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urine (including vitamin B12 and folic acid levels and thyroid gland
function) was performed. Neuroradiologic examination consisted of
MR imaging of the brain and single-photon emission CT imaging of
cerebral blood flow. Routine electroencephalography registration and
neuropsychologic and speech-language examinations were performed.
The standard psychometric battery at the Memory Clinic included
the following: Mini-Mental State Examination (MMSE)12; tests of
immediate and delayed recall (Auditory-Verbal Learning Test,
196413; Complex Figure Test retention14,15; logical memory, Wechsler Memory Scale16; working memory, Wechsler Adult Intelligence
Scale [WAIS] [WAIS Digit Span]17; visuomotor tracking and attention [Trail Making Test A and B; WAIS Digit Symbol])17,18; 2D and
3D figure reproduction15,19; 2D construction (WAIS Block Design)17;
mental calculation19; general knowledge (WAIS Information)17; and
conceptualization (WAIS Similarities).17
The speech-language assessment targeted motor speech function
(sequential speech motion rate),20 picture naming (Boston Naming
Test21 plus 10 “famous faces”), repetition,22 verb (action) fluency,23
noun (animal) fluency,24 and automatic-versus-controlled word sequence production (months forward and backward). Single-word
reading was assessed to target alexia, whereas spelling to dictation and
2 cross-case transcription tasks were performed to assess agraphia.25
The Pyramid and Palm Trees Test was administered to check for
associative agnosia.26 Spontaneous speech fluency was rated on the
ordinal scale of the Western Aphasia Battery.27

FTLD
Clinical criteria for the subtypes of FTLD were based on international
consensus criteria.11 The subtypes included the following: FTD, SD,
and PNFA. Only patients with a primary degenerative cerebral process were selected, excluding patients with signs of cerebrovascular or
systemic disorders. Patients with FTLD at different stages of the disease were included.

AD
Participants with AD displayed the development of multiple cognitive
deficits, including memory impairment and 1 or more of aphasia,
apraxia, or agnosia, plus disturbance in executive functioning. This
presented as an illness of gradual onset, with continuing decline from
previous levels of functioning. These symptoms were not due to another dementing process or psychiatric disorder.

Controls
The control group comprised individuals who were found, after careful assessment, not to fulfill criteria for FTLD, AD, or any other
cognitive disorder but were sometimes forgetful in everyday life. Objective impairment was ruled out through comprehensive neuropsychologic assessment; impairment was defined as performance ⱖ1.5

Fig 1. Views of the traced caudate nucleus and 3D reconstruction. Images from top left, clockwise: axial view, sagittal view, coronal view, and 3D reconstruction of the caudate.

SD units below the mean on any cognitive test. Accordingly, controls
had no objective cognitive impairment by definition. To further minimize the risk of including participants with neurodegenerative disease in very early stages, we included only those participants who did
not deteriorate over a minimum of 2 years of follow-up.

Imaging
Image Acquisition. T1-weighted MR imaging scans were acquired on a 1.5T Magnetom Vision Plus scanner (Siemens Medical
Systems, Erlangen, Germany). A 3D magnetization-prepared rapid
acquisition of gradient echo pulse sequence (TR, 11.4 ms; TE, 4.4 ms;
TI, 300 ms; flip angle, 10°; NEX, 1) was used to obtain 72 contiguous
coronal 2.5-mm sections with a 512 ⫻ 144 matrix and 230-mm FOV.
Image Analysis. Volumetric analysis was performed by using
HERMES (Nuclear Diagnostics, Stockholm, Sweden). Preprocessing
of imaging data was performed by interpolation of the images to
render them orthogonal in orientation (cubic voxels), followed by
alignment via automated rigid-body registration28 to a customized
local reference brain (in anterior/posterior commissure orientation),
for ease of tracing in the same orientation and format.
Using custom-designed software, Morphy-Display Scaled (designed by LS), 1 experienced tracer (J.C.L.L.) analyzed all brain MR
imaging scans blinded to all clinical information (including diagnosis) as follows: On the basis of reference images, a standardized manual tracing protocol was used to trace and quantify the volume of the
caudate via tracing its axial outline serially through successive images.
All portions of the caudate nucleus were included until the tail curved
ventrally to border the lateral atrium of the lateral ventricles; here it
was excluded from measurements (Fig 1).7
Volumes obtained were assessed for covariance or normalized in
reference to total intracranial volume (see below). Total intracranial
volume (ICV) was measured as follows: ICV was traced on coronal

sections by a stereologic point-counting technique manually tracing
the intracranial volume. Every fourth section was traced. The starting
point was randomly chosen between 1 and 4, the first sections at the
most anterior end of the brain. The landmarks for delineation and
protocol were based on those used by Eritaia et al.8
Reliability of image analysis was assessed by using intraclass correlations performed via Statistica (Statsoft Scandinavia, Uppsala,
Sweden). The intrarater class correlation (ICC) 1-way single-measure
reliability, was evaluated by repeating right and left caudate measurements on 10 scans (20 comparisons) and was 0.98.29 Inter-rater mean
class correlation on 10 scans (20 comparisons) with another experienced tracer ICC (1,k) 1-way single-measure reliability, was 0.95.29

Statistical Analysis
Statistical analysis was performed by using the Statistical Package for
the Social Sciences 15.0 (SPSS, Chicago, Ill). Paired t tests were used to
assess hemispheric differences in caudate volume within subject
groups with the significance level set at ⬍.05. Partial correlation was
used to explore the relationship between caudate nucleus volume and
MMSE scores across all groups, while controlling for age and ICV.
Four subjects had missing MMSE values and were excluded from
analysis. Preliminary analyses were performed to ensure no violation
of the assumptions of normality, linearity, and homoscedasticity.
Multivariate analysis of covariance (MANCOVA) was used to test
statistical significance between the subject groups (AD, FTD, SD,
PNFA, and controls) as independent variables and raw right and left
caudate volumes at the within-subject level. Using SPSS, we satisfied
checks of assumption of normality, linearity, homogeneity of variances and regression slopes, and reliable measurements of covariates
for the data, as a prerequisite for MANCOVA. Covariates used in the
MANCOVA were age and intracranial volume. However, MMSE
score was not included as a covariate in the MANCOVA because the
AJNR Am J Neuroradiol 29:1537– 43 兩 Sep 2008 兩 www.ajnr.org
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Table 2: Within-group comparisons of hemispheric caudate nucleus volume*
Groups

Caudate Volume

C (n ⫽ 27)
AD (n ⫽ 19)
FTD (n ⫽ 12)
SD (n ⫽ 13)
PNFA (n ⫽ 9)

R (SD)
3.976 (0.435)
3.674 (0.595)
3.055 (0.811)
3.698 (0.565)
3.323 (0.601)

R (SEM)
0.083
0.137
0.234
0.157
0.200

L (SD)
3.772 (0.426)
3.551 (0.487)
2.819 (0.524)
3.503 (0.598)
2.695 (0.539)

L (SEM)
0.082
0.112
0.151
0.166
0.179

t-Value
4.527
1.219
1.200
1.572
4.282

df
26
18
11
12
8

Sig
.000†
.239
.255
.142
.003†

Eta-Squared
.441

.668

Note:—C indicates control; R, right; L, left; SD (header), standard deviation; df, degrees of freedom; Sig, significance (2-tailed); SD (column 1), semantic dementia; SEM, standard error
of the mean; AD, Alzheimer disease; FTD, frontotemporal dementia; PNFA, progressive nonfluent aphasia; Eta-Squared, the sum of squares between groups divided by total sum of squares.
* All volumes are in cubic centimeters.
† Significant at P ⬍ .05.

Table 3: Partial correlations between caudate volume and MMSE scores by subject group*
Volume
R Caudate
r
Sig
L Caudate
r
Sig

Control (n ⫽ 27)

AD (n ⫽ 19)

FTD (n ⫽ 12)

SD (n ⫽ 12)

PNFA (n ⫽ 6)

ALL (n ⫽ 76)

0.018
0.930

0.193
0.457

⫺0.574
0.083

⫺0.067
0.855

⫺0.904
0.096

0.163
0.165

0.251
0.227

0.136
0.602

0.062
0.865

0.412
0.236

0.319
0.861

0.393
0.001†

Note:—ALL indicates across all groups: control, AD, FTD, SD, PNFA; R, right; L, left; r, partial correlation value; Sig, 2-tailed significance for partial correlation value; AD, Alzheimer disease;
FTD, frontotemporal dementia; SD, semantic dementia; PNFA, progressive nonfluent aphasia.
* Partial correlation controlled for age and ICV.
† Partial correlations significant at P ⬍ .05.

number of missing values significantly reduced the sample of the
PNFA (from 9 to 6) and SD (from 13 to 12) groups for the MANCOVA. The significance level was set at ⬍.05.

Results
Demographic Data
Although not specifically age-matched, the groups did not differ significantly in mean age (Table 1). Similarly, MMSE scores
were significantly different from those of controls, but not
across the dementia diagnoses. Illness duration was significantly different for the SD group versus the FTD group.
Within-Group Comparisons of Hemispheric Caudate
Volume
The results of the paired t tests within group comparisons,
with strength of the significance measured as P and power
measured as eta-squared, are summarized in Table 2. Within
controls, there was hemispheric asymmetry of caudate nucleus
volume with the right caudate nucleus volume significantly
larger than the left at P ⫽ .000, eta-squared (the sum of squares
between groups divided by total sum of squares) 0.441. Within
the PNFA group, there was hemispheric asymmetry of caudate
nucleus volume, with the right caudate nucleus volume significantly larger than the left at P ⫽ .003, eta-squared 0.668.
Within the other groups of AD, FTD, and SD, no hemispheric
asymmetry was found.
Partial Correlations of MMSE Scores with Caudate
Nucleus Volume across Groups
Across all diagnostic groups and controls combined, there was
a medium positive partial correlation between left caudate nucleus volume and MMSE scores (r ⫽ 0.393, n ⫽ 76, P ⫽ .001),
with higher left caudate volumes associated with higher
MMSE scores. Inspection of the zero-order correlation (r ⫽
0.395) showed that controlling for age and ICV had little effect
on the strength of the relationship between the variables. The
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coefficient of determination was 0.154, with MMSE scores explaining 15% of the variance of left caudate volume. Across all
diagnostic groups and controls combined, there was a nonsignificant small positive partial correlation between right caudate nucleus volume and MMSE scores (r ⫽ 0.163, n ⫽ 76, P ⫽
.165). The partial correlations by groups are summarized in
Table 3.
Between-Group Comparisons of Caudate Nucleus Volume
MANCOVA was conducted to assess the volume of the caudate nucleus (right and left) in relation to the diagnostic subject groups (n ⫽ 80) (Table 1). The results of the repeatedmeasures MANCOVA comparisons are summarized in
Table 4.
AD Comparisons with FTLD Subgroups
There was a significant difference in raw left caudate nucleus
volume between subjects with AD compared with controls:
F(3,45) ⫽ 3.893, P ⫽ .015 (P ⬍ .05), partial eta-squared ⫽
0.218. Right caudate nucleus volume approached a significant
difference between AD and controls: F(3,45) ⫽ 2.824, P ⫽
.050, eta-squared ⫽ 0.168. There was a significant difference in
raw left caudate nucleus volume between subjects with AD
compared with FTD: F(3,30) ⫽ 5.516, P ⫽ .004 (P ⬍ .05),
eta-squared ⫽ 0.380. There was a significant difference in raw
left caudate nucleus volume between subjects with AD compared with PNFA: F(3,27) ⫽ 7.246, P ⫽ .001 (P ⬍ .05), etasquared ⫽ 0.475.
FTLD Comparisons between Subgroups and with Controls
There was a significant difference in raw right caudate nucleus
volume between subjects with FTD compared with controls:
F(3,38) ⫽ 9.787, P ⫽ .000 (P ⬍ .05), eta-squared ⫽ 0.455. Left
caudate nucleus volume was significantly different between
FTD and controls F(3,38) ⫽ 14.492, P ⫽ .000, eta-squared ⫽
0.554. Right caudate nucleus volume was significantly differ-

Table 4: AD comparison of MANCOVA results
Corr. Model
AD Comparison
Vs C

Group No.

df

F

Sig.

Partial EtaSquared

Observed
Power

R
L
R
L
R
L
R
L

3
3
3
3
3
3
3
3

2.824
3.893
2.104
5.516
1.588
1.173
1.109
7.246

.050
.015
.123
.004
.214
.338
.365
.001

.168
.218
.189
.380
.145
.112
.122
.475

0.637
0.789
0.478
0.903
0.371
0.280
0.261
0.980

R
L
R
L
R
L
R
L
R
L
R
L

3
3
3
3
3
3
3
3
3
3
3
3

9.787
14.492
2.301
3.146
0.664
0.741
3.436
2.834
1.970
4.040
9.479
18.153

.000
.000
.107
.047
.586
.542
.027
.052
.155
.023
.000
.000

.455
.554
.247
.310
.105
.116
.223
.191
.247
.402
.471
.630

0.478
0.903
0.499
0.644
0.160
0.175
0.724
0.631
0.422
0.279
0.993
1.000

AD ⫽ 19, C ⫽ 27

Vs FTD

AD ⫽ 19, FTD ⫽ 12

Vs SD

AD ⫽ 19, SD ⫽ 13

Vs PNFA

AD ⫽ 19, PNFA ⫽ 9

FTLD Comparisons
FTD vs C

Depend

FTD ⫽ 12, C ⫽ 27

FTD vs SD

FTD ⫽ 12, SD ⫽ 13

FTD vs PNFA

FTD ⫽ 12, PNFA ⫽ 9

SD vs Control

FTD ⫽ 13, C ⫽ 27

SD vs PNFA

SD ⫽ 13, PNFA ⫽ 9

PNFA vs C

C ⫽ 27, PNFA ⫽ 9

Covariates
Age: 61.38 yr, ICV: 1401.93
Age: 60.86 yr, ICV: 1416.58
Age: 62.57 yr, ICV: 1424.31
Age: 62.77 yr, ICV: 1400.43

Age: 60.61 yr, ICV: 1402.59
Age: 61.70 yr, ICV: 1431.60
Age: 61.79 yr, ICV: 1401.14
Age: 61.98 yr, ICV: 1409.12
Age: 64.24 yr, ICV: 1413.09
Age: 62.07 yr, ICV: 1388.86

Note:—Corr. Model indicates corrected model; Depend, dependent variable; df, degrees of freedom; F, F-statistic; Sig, significance; C, controls; R, right; L, left; FTD, frontotemporal
dementia; SD, semantic dementia; PNFA, progressive nonfluent aphasia; ICV, total intracranial volume; Eta-Squared, the sum of squares between groups divided by total sum of squares.

Table 5: Group MANCOVA*
Corr.
Model
Group

Group No.
AD ⫽ 19, C ⫽ 27, FTD ⫽ 12,
PNFA ⫽ 9, SD ⫽ 13

Depend
R

df
6

F
5.229

Sig.
.000

Partial EtaSquared
.301

Observed
Power
0.992

L

6

10.159

.000

.464

1.000

Covariates
Age: 61.88 yr, ICV: 1408.00

Note:—Corr. Model indicates corrected model; Depend, dependent variable; R, right; L, left; C, control; df, degrees of freedom; F, F-statistic; Sig, significance; AD, Alzheimer disease; FTD,
frontotemporal dementia; PNFA, progressive nonfluent aphasia; SD, semantic dementia; ICV, total intracranial volume; Eta-Squared, the sum of squares between groups divided by total
sum of squares.
* Dependent factors: R and L caudate volume; independent factors: group: AD, control, FTD, PNFA, SD.

ent between SD and controls: F(3,39) ⫽ 2.834, P ⫽ .027, etasquared ⫽ 0.223. There was a significant difference in raw
right caudate nucleus volume between subjects with PNFA
compared with controls: F(3,35) ⫽ 9.479, P ⫽ .000 (P ⬍ .05),
eta-squared ⫽ 0.471. Left caudate nucleus volume was significantly different between PNFA and controls F(3,35) ⫽
18.153, P ⫽ .000, eta-squared ⫽ 0.630. There was a significant
difference in raw left caudate nucleus volume between subjects
with FTD compared with SD: F(3,24) ⫽ 3.146, P ⫽ .047 (P ⬍
.05), with a moderate-effect-sized eta-squared ⫽ 0.310. There
was a significant difference in raw left caudate nucleus volume
between subjects with PNFA compared with SD: F(3,21) ⫽
4.040, P ⫽ .023 (P ⬍ .05), eta-squared ⫽ 0.420.
Comparison of Corrected Mean Caudate Volumes
The results of the group MANCOVA and mean caudate volumes for each group are displayed in Tables 5 and 6. Across the
5 diagnostic groups, both right and left caudate volumes were
significantly different. There was a significant difference in
raw right caudate nucleus volume between subjects by diagnosis (AD, control, FTD, PNFA, and SD): F(6,79) ⫽ 5.229,
P ⫽ .000 (P ⬍ .05), eta-squared ⫽ 0.301. Left caudate nucleus
volume was also significantly different between diagnostic
groups: F(6,79) ⫽ 10.159, P ⫽ .000, eta-squared ⫽ 0.464.
MANCOVA corrected mean raw caudate volumes in the

various clinical groups are displayed as a percentage of control
caudate volumes in Table 6. The AD group was largest in mean
volume of the diagnostic groups (93% of control volume),
followed by the SD group (92%), the PNFA group (79%), and
finally, the FTD group (75%).
Discussion
We have demonstrated that volume of the head and body of
the caudate nucleus differs significantly and substantially
(ranging from 93% to 75% of control caudate volumes) in
subtypes of FTLD. We also found that caudate nucleus volume
was correlated with cognition measured via MMSE score, with
lower volume correlating with poorer cognition. This finding
complements previous meta-analyses showing functional and
structural change in the caudate within subtypes of FTLD as
well as in cortical regions.1
Krishnamoorthy30 has postulated that increase in volume
of brain structures associated with emotion, such as the amygdala, may reflect either a predilection for emotional reactivity
or plasticity and growth of the structure due to hyperactivity.
The corollary is that neurodegenerative processes may result
in atrophy and underactivity of the structure. Therefore, the
caudate may be reduced in volume due to underactivity
and/or degeneration as part of the FTLD process. That smaller
caudate nucleus volume was correlated with lower cognitive
AJNR Am J Neuroradiol 29:1537– 43 兩 Sep 2008 兩 www.ajnr.org
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Table 6: Estimated marginal means (from MANCOVA, Table 5)
Dependent Variable:
Caudate Volume
Right (cm3)

95% Confidence Intervals

Group

Mean

Percentage
Control

C
AD
SD
PNFA
FTD

3.982
3.666
3.685
3.402
3.007

100
92
92
85
76

0.109
0.130
0.159
0.193
0.166

3.764
3.407
3.369
3.019
2.677

4.200
3.925
4.002
3.786
3.338

C
AD
SD
PNFA
FTD

3.785
3.544
3.476
2.754
2.788

100
94
92
73
74

0.093
0.110
0.135
0.164
0.141

3.599
3.324
3.207
2.428
2.507

3.970
3.764
3.745
3.080
3.069

Std Error

Lower Bound

Upper Bound

Left (cm3)

Note:—Std Error indicates standard error of mean; Percentage Control, percentage of control volume; C, control; AD, Alzheimer disease; SD, semantic dementia; PNFA, progressive
nonfluent aphasia; FTD, frontotemporal dementia.

scores across the entire sample supports the possibility that
cognitive dysfunction in FTLD may be based on such structural change.
Frontotemporal dementia is characterized by emotional
and behavioral disturbances considered to arise from neuropathology involving frontal cognitive dysfunction, which may
involve frontostriatal circuits.31-33 Frontostriatal circuits are
crucial in human behavior and cognition, constituting significant neurodevelopmentally distinct pathways.34-36 These 5
circuits share commonalities in cytoarchitecture, with 3 circuits primarily arising from the prefrontal cortex serving roles
in executive cognitive function and emotional and behavior
regulation.35 The architecture of the 3 prefrontal circuits comprises the following: origin from the relevant prefrontal region, via the caudate or nucleus accumbens, via the globus
pallidus, via the thalamus, and, thence, feedback to the prefrontal cortex. In summary, these are fronto-striato-pallidothalamo-cortical circuits.
The dorsolateral prefrontal circuit (DLPFC) mediates
problem solving, verbal/nonverbal fluency, and retrieval from
memory and is linked to the limbic memory system. Clinical
syndromes associated with DLPFC dysfunction are described
as executive dysfunction and involve such higher order cognition. The orbitofrontal circuit (OFC) mediates inhibition and
impulse control. Clinical syndromes associated with OFC dysfunction are described as emotional and social dysfunction
and are characterized by deficits in social judgment and impulse control. The anterior cingulate (or ventromedial prefrontal) circuit (ACC) mediates motivation and initiation of
behavior. Clinical syndromes associated with ACC dysfunction are described as apathy and loss of motivation, including
akinetic mutism, and are characterized by a lack of motivation.35-37 Such clinical syndromes are seen in FTLD and may
be due to atrophy in the relevant cortical regions as well as
circuit dysfunction.31-33
Differential volumetrics of the caudate in subtypes of
FTLD may be based on the degree of involvement of the caudate in the neuropathophysiology of the subtype. The key is
the crucial role played by the caudate as a relay in all frontostriatal circuits associated with human behavior.34-36 Dysfunction in such circuits may be due to, or the result of, disruptions
of connections or structures, including atrophy of afferents or
efferents.35,38 Thus dysfunction can be reflected in, or due to,
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structural change in the circuit. Volumetric loss or atrophy in
the caudate may result in, or be due to, emotional or cognitive
dysfunction based on cortical inputs found in FTLD and its
subtypes. As the degree of emotional or cognitive dysfunction
due to frontostriatal pathology differs in subtypes, so may the
volume of structures involved in the circuits vary, especially
the caudate.
Frontostriatal dysfunction was not prominent in AD and
was not present in controls. Accordingly, there was no significant difference in the volume of the caudate between these
groups; and overall, these volumes should be the largest due to
lack of involvement of the caudate in putative neuropathophysiology. The distinction between the FTLD subgroups is
based on the relative degree of frontostriatal dysfunction,
hence involvement of the caudate as a relay within frontostriatal circuits. The FTD group should have the greatest dysfunction due to greater involvement of frontostriatal pathology32;
and it has, overall, the smallest caudate volume (75% of controls). Intermediate between these extremes are interposed the
SD and PNFA groups. SD may involve less frontostriatal dysfunction because it clinically resembles AD and thus is not
significantly different from AD (93% of controls) with respect
to caudate volume (92% of controls). PNFA may display more
frontostriatal dysfunction and more involvement of the caudate and thus is not significantly different from FTD with respect to caudate volume (79% of controls).
Previous studies have found that the right caudate nucleus
is larger than the left in healthy controls, as was found in this
study.39-41 However, hemispheric asymmetry was not present
in any of the disease groups (AD, FTD, SD), except for the
PNFA group. Absence of asymmetry may be due to the small
size of the disease groups relative to the hemispheric comparisons within groups. The presence of between-group differences in only the left caudate nucleus volume, with the exception of comparisons with controls, suggests a possible
lateralized neuropathologic process within the FTLD
subtypes.
One limitation of this study is the use of a subjective-memory-complaint cohort as the controls. As a counterpoint, this
group was comprehensively assessed for objective cognitive
dysfunction, and those with objective changes were excluded.
Given the exigencies to recruit subtypes of FTLD, AD, and
controls, age and sex matching were not possible; however,

apart from duration of illness and MMSE scores, there were no
other significant differences between groups. There was also a
preponderance of women in all groups studied. Adjustments
were made via the MANCOVA for the covariates age and ICV,
but not for MMSE, due to missing values for this variable. The
reliability and validity of our manual tracing protocol has been
independently peer-reviewed and published.7 Although we
acknowledge that automated tracing protocols may have
greater reliability, greater validity is achieved with expert observer tracing.7 Morphologic (shape)-related changes may be
significant and are the subject of other related work in this
sample.
The clinical implications of our findings relate to the neuropathophysiology of FTLD and the functional significance of
the caudate nucleus. Decreased caudate volume is associated
with poorer cognition and may serve as an indicator for dysfunction in associated structures, including frontostriatal circuits. The caudate nucleus shows a gradient of atrophy in
FTLD correlating with the relative degree of frontostriatal dysfunction. Given this finding, further exploration of the structural and functional integrity of frontostriatal circuits as a substrate for cognitive and behavioral change is warranted.
Conclusion
We have found that the volume of the head and body of the
caudate nucleus (excluding the tail) is significantly different
across subtypes of FTLD. This may be due to relative differences in frontostriatal circuit dysfunction in the subtypes of
FTLD, being reflected in structural change in a key relay in the
circuits, the caudate nucleus. Caudate nucleus volume is correlated with cognition as assessed by MMSE scores across AD,
FTLD, and controls, further supporting a role for the caudate
in cognition.
Further studies on cortical regions in the same sample are
in preparation. It will be interesting to explore the interrelationship of the caudate volume to cortical regions in subtypes
of FTLD, morphologic changes via shape analysis, and correlations with neuropsychologic and behavioral features.
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Chapter 5:
Putaminal volume in frontotemporal lobar degeneration and
Alzheimer’s Disease – differential volumes in subtypes of FTLD, AD,
and controls.

Reproduced from American Journal of Neuroradiology with permission
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P. Östberg
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Putaminal Volume in Frontotemporal Lobar
Degeneration and Alzheimer Disease: Differential
Volumes in Dementia Subtypes and Controls
BACKGROUND AND PURPOSE: Frontostriatal (including the putamen) circuit⫺mediated cognitive dysfunction has been implicated in frontotemporal lobar degeneration (FTLD), but not in Alzheimer disease
(AD) or healthy aging. We sought to assess putaminal volume as a measure of the structural basis of
relative frontostriatal dysfunction in these groups.
MATERIALS AND METHODS: We measured putaminal volume in FTLD subtypes: frontotemporal de-

mentia (FTD, n ⫽ 12), semantic dementia (SD, n ⫽ 13), and progressive nonfluent aphasia (PNFA, n ⫽
9) in comparison with healthy controls (n ⫽ 25) and patients with AD (n ⫽ 18). Diagnoses were based
on accepted clinical criteria. We conducted manual volume measurement of the putamen blinded to
the diagnosis on T1 brain MR imaging by using a standardized protocol.
RESULTS: Paired t tests (P ⬍ .05) showed that the left putaminal volume was significantly larger than
the right in all groups combined. Multivariate analysis of covariance with a Bonferroni correction was
used to assess statistical significance among the subject groups (AD, FTD, SD, PNFA, and controls) as
independent variables and right/left putaminal volumes as dependent variables (covariates, age and
intracranial volume; P ⬍ .05). The right putamen in FTD was significantly smaller than in AD and
controls; whereas in SD, it was smaller compared with controls with a trend toward being smaller than
in AD. There was also a trend toward the putamen in the PNFA being smaller than that in controls and
in patients with AD. Across the groups, there was a positive partial correlation between putaminal
volume and Mini-Mental State Examination (MMSE).
CONCLUSIONS: Right putaminal volume was significantly smaller in FTD, the FTLD subtype with the

greatest expected frontostriatal dysfunction; whereas in SD and PNFA, it showed a trend towards
being smaller, consistent with expectation, compared to controls and AD; and in SD, compared with
AD and controls. Putaminal volume weakly correlated with MMSE.

F

rontotemporal lobar degeneration (FTLD) consists of 3
clinical subtypes: frontotemporal dementia (FTD), semantic dementia (SD), and progressive nonfluent aphasia (PNFA),
conceptualized as a result of specific neuropathologic processes that may be visualized, in vivo, via MR imaging.1,2
The neuropathophysiology of FTLD involves frontostriatal
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neural circuits, which comprise the following: the origin from
a prefrontal region, via the caudate, putamen, or nucleus accumbens, via the globus pallidus, via the thalamus, and thence,
with feedback to the prefrontal cortex.1,3 Frontostriatal circuits serve several domains of cognitive function affected in
FTLD.4,5 Differential cognitive dysfunction mediated via frontostriatal circuits in FTLD may be reflected in structural
changes in components of that circuitry.
The striatum (nucleus accumbens, caudate nucleus, and
putamen) serves as an entry point for afferent information
from the periphery, as well as for afferents and efferents for
functionally segregated regions of the cortex.2 Due to loss of
afferent or efferent inputs from cortical atrophy, there may be
neuroplastic reduction in the volume of the striatum. Severe
atrophy of the caudate was noted long ago in FTLD.6-9 We
previously demonstrated that volumetric differences in the
caudate were consistent with the putative frontostriatal dysfunction in the respective subtype of FTLD.1
The putamen is functionally and structurally affected in
FTLD. With positron-emission tomography, the putamen has
been found to be hypometabolic in patients with FTLD with
urinary incontinence, implying a role in the frontally mediated motor control of micturition in FTLD.10 Relative to
healthy controls, left putaminal hypometabolism has been
found in FTD.11 Hypometabolism may reflect reduced afferent/efferent activity—impaired activity in neural circuits traversing the putamen, such as the frontostriatal circuits—and,
thus, result in atrophy. In neuropathologically confirmed
FTLD, ante-mortem MR imaging⫺measured putaminal

Table 1: Demographic features of patients and controls*
No.
Sex (M/F)
Age (yr)
MMSE
Disease duration (yr)

Control
27
7:20
61.1 (53–78)
28.7 (25–30)
–

FTD
12
3:10
59.45 (42–72)
20.83 (10–30)†‡
1.65 (0.25–3.4)

SD
13
5:9
63.77 (52–77)
22.92 (5–29)†‡
3.90 (1.3–7.7)†¶

PNFA
9
3:6
64.9 (57–78)
22.5 (15–28)†§
3.56 (0.06–8.13)

AD
19
7:12
61.8 (56–75)
23.1 (7–29)†‡
2.87 (0–4.97)

Note:— – indicates not applicable; FTD, frontotemporal dementia; SD, semantic dementia; PNFA, progressive nonfluent aphasia; AD, Alzheimer disease; MMSE, Mini-Mental State
Examination.
* Numbers in parentheses indicate the range of values for age, MMSE, and disease duration, respectively.
† Kruskal-Wallis test.
‡ P ⬍ .01 compared with controls.
§ P ⬍ .05 compared with controls.
¶ P ⬍ .01 compared with FTD.

Participants
Participants were recruited retrospectively from the Memory Clinic at
the Karolinska University Hospital, Huddinge, Stockholm, Sweden,
and have been described in our previous article on the caudate in
FTLD.1 Routine dementia assessment was conducted in all participants. The study was approved by the local ethics committee.
Eighty subjects participated in the previous study: 34 patients with
FTLD (12 FTD, 13 SD, 9 PNFA), 19 with AD, and 27 in a control
group (Table 1).1 Three subjects, 2 controls and 1 patient with AD,
had strokes in the putamen and were excluded from this and subsequent studies, yielding 77 subjects for this study (thus we had 18 with
AD and 25 controls, with the other groups as mentioned above).
AD diagnoses were based on clinical criteria including the Diagnostic and Statistical Manual of Mental Disorders, 4th text revision

FTLD
Clinical criteria for the subtypes of FTLD were based on international
consensus criteria.17 The subtypes included were FTD, SD, and
PNFA. Only patients with a primary degenerative cerebral process
were selected, excluding patients with signs of cerebrovascular or systemic disorders. Patients with FTLD at different stages of the disease
were included.

AD
The diagnosis of AD was based on DSM-IV and ICD-10 criteria.15,16
Participants with AD displayed the development of multiple cognitive
deficits including memory impairment and ⱖ1 of aphasia, apraxia, or
agnosia, plus disturbance in executive functioning. These presented
as an illness of gradual onset, with continuing decline from previous
levels of functioning. These symptoms were not due to another dementing process or psychiatric disorder.

Controls
Controls comprised individuals who were found, after careful assessment, not to fulfill the criteria for FTLD, AD, or any other cognitive
disorder, but to sometimes feel forgetful in everyday life. Objective
impairment was ruled out through comprehensive neuropsychological assessment; impairment was defined as performance ⱖ1.5 SDs
below the mean on any cognitive test. Accordingly, controls had no
AJNR Am J Neuroradiol 30:1552– 60 兩 Sep 2009 兩 www.ajnr.org
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Materials and Methods

(DSM-IV-TR) and the International Statistical Classification of Diseases and Related Health Problems, 10th Revision (ICD-10).15,16 Patients with FTLD were diagnosed according to consensus diagnostic
criteria for FTLD syndromes presented by Neary et al.17 Diagnoses on
all subjects included in this study were reviewed by an experienced
neurologist.
All subjects in the studies underwent the standard investigation
procedure for patients in the memory clinic. The clinical diagnosis
was determined at a multidisciplinary consensus conference with
physicians, neuropsychologists, speech-language pathologists, and
nurses.
The medical examination included a history from a close informant, as well as assessment of physical, neurologic, and psychiatric
status. Laboratory investigation of blood, CSF, and urine (including
vitamin B12 and folic acid levels and thyroid function) was performed.
Neuroradiologic examination consisted of MR imaging of the brain
and single-photon emission CT imaging of cerebral blood flow. Detailed electroencephalographic, neuropsychological, and speech-language examinations were performed (described in our previous article1), including the global cognition assessment, Mini-Mental State
Examination (MMSE).18

BRAIN

volumetric loss, in comparison with that in healthy controls,
has been found in those with tau-predominant and ubiquitinpredominant intracellular inclusions.12 Such putaminal atrophy was associated with parkinsonism.
We used manual tracing of the putamen, with a standardized protocol based on our previous studies of the caudate, to
measure putaminal volume.13,14 We sought to compare FTLD
with a neurodegenerative dementia in which frontostriatal
dysfunction is not a major feature, Alzheimer disease (AD),
and with healthy controls, in whom there should be no neurodegeneration or cognitive dysfunction. On the basis of the
clinical features, the different subtypes of FTLD may display
differing degrees of frontostriatal circuit⫺mediated cognitive
dysfunction. FTD, the behavioral variant with predominant
frontal-executive cognitive dysfunction, would be expected to
show the most involvement of frontostriatal circuit structures,
such as the putamen. PNFA and SD show lesser levels of such
frontal-executive cognitive dysfunction and may be expected
to show less involvement of the putamen. We hypothesized
the following:
1) There would be hemispheric asymmetry of putaminal
volume.
2) The group average volume of the putamen would differ
among groups of AD, FTLD (and subgroups), and healthy
controls on the basis of the theoretic degree of frontostriatal
circuit dysfunction (controls ⬎ AD ⬎ SD ⬎ PNFA ⬎ FTD).
3) Putaminal volume would correlate with a global measure of cognition, as an exploratory investigation to assess the
feasibility of correlating putaminal volume with more detailed
neuropsychological testing in each group.

Fig 1. Gray-scale axial reference images for tracing the
putamen. A, The first section shows the most inferior point of
the putamen, bounded by the anterior limb of the internal
capsule anteriorly, the external capsule laterally, the internal
capsule medially, and the posterior limb of the internal
capsule posteriorly. B, The inferior section shows delineation
from the claustrum, which appears as a thin gray matter band
lateral to the external capsule. C, The midlevel section shows
the clear demarcation from the external and internal capsules. D, The last section shows the last identifiable gray
matter body interposed between the large white matter
tracts.

objective cognitive impairment by definition. To further minimize
the risk of including participants with neurodegenerative disease in
very early stages, we included only those participants whose condition
did not deteriorate over a minimum of 2-years’ follow-up.

Imaging
Image Acquisition. T1-weighted MR images were acquired on a
1.5T Magnetom Vision Plus scanner (Siemens Medical Systems, Erlangen, Germany). A 3D magnetization-prepared rapid acquisition of
gradient echo pulse sequence (TR, 11.4 ms; TE, 4.4 ms; TI, 300 ms;
FA, 10 °; NEX, 1) was used to obtain 72 contiguous coronal 2.5-mm
sections with a 512 ⫻ 144 matrix and 230-mm FOV.
Image Analysis. Volumetric analysis was performed by using
HERMES (Nuclear Diagnostics, Stockholm, Sweden). Preprocessing
of imaging data was performed by interpolation of the images to
render them orthogonal and isometric in orientation (cubic voxels ⫽
1 ⫻ 1 ⫻ 1 mm), followed by alignment via automated rigid-body
registration19 to a customized local reference brain (in the anterior/
posterior commissure orientation) for ease of tracing in the same
orientation and format. Images were adjusted by histogram signalintensity-analysis assist in outlining brain structures.
All preprocessing was performed via the Brain Map (BMAP) Morphy-Display Scaled software and associated modules designed by L.S.
Using this custom-designed software, 1 experienced tracer (J.C.L.L.)
analyzed all brain MR images blinded to clinical information (including diagnosis). On the basis of reference images, a standardized manual tracing protocol was used to trace and quantify the volume of the
putamen in the axial plane by using reconstructed images (each
voxel ⫽ 1 mm3) as follows:
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1) For the inferior boundary, we selected the first section in which
the putamen is distinct from the head of the caudate, separated by the
white matter of the internal capsule and separated from the globus
pallidus by a thin lamina of white matter (Fig 1).
2) Reference images for representative sections were used, including the point of differentiation from the nucleus accumbens and caudate (Fig 1).
3) The anterior boundary was defined by separation from the
caudate head by the anterior limb of the internal capsule.
4) The lateral border of the putamen was traced by following the
margin along the white matter of the external capsule.
5) Small blood vessels representing cribriform change were included in the region of interest.
6) The medial border of the putamen was traced along the anterior
limb of the internal capsule and then following the margin along the
lamina of white matter separating it from the globus pallidus through
to the genu of the internal capsule. In tracing this medial border, we
used the most distinct boundary between the body of the putamen
and the lamina of white matter separating it from the globus pallidus.
7) The superior boundary was the last section in which the putamen was visible (Fig 1).
8) We used symmetry of the right and left hemispheres, noting
that the left putamen was somewhat larger than the right, to judge
where the outline should be traced. Judgments as to the borders of the
putamen were made by consulting the reference images.
9) We preferred tracing distinct boundaries to achieve reliability. We also consulted other detailed protocols, modifying as
required.12,20,21
Volumes obtained were assessed for covariance or normalized in

Table 2: Within-group comparisons of hemispheric putaminal volume*

Overall (n ⫽ 77)
C (n ⫽ 25)
AD (n ⫽ 18)
FTD (n ⫽ 12)
SD (n ⫽ 13)
PNFA (n ⫽ 9)

R Put Vol
3.505
3.771
3.746
3.151
3.277
3.084

R Put Vol
(SEM)
0.069
0.092
0.110
0.161
0.192
0.219

L Put Vol
3.676
3.753
3.915
3.646
3.480
3.310

L Put Vol
(SEM)
0.069
0.111
0.123
0.167
0.210
0.197

t Value
⫺3.428
0.242
⫺1.647
⫺3.052
⫺1.458
⫺1.870

df
76
24
17
11
12
8

Significance
(2-tailed)
.002†
.811
.118
.011†
.170
.098

2
0.134

0.456

Note:—C indicates control; R Put, right putamen; L Put, left putamen; Overall, all groups included; Vol, volume.
* All volumes in cubic centimeters.
† Significant at P ⬍ .05.

reference to total intracranial volume (ICV) (see below). Total ICV
was measured as follows: ICV was traced on coronal sections by a
stereologic point-counting technique manually tracing the intracranial volume. Every fourth section was traced. The starting point was
randomly chosen from one of the first to fourth sections at the anterior end of the brain. The landmarks for delineation and protocol
were based on those used by Eritaia et al.14
Reliability of image analysis was assessed by using intraclass correlations performed via the Statistical Package for the Social Sciences
(SPSS, Chicago, Ill). The intrarater class correlation was evaluated by
repeating right and left putaminal measurements on 13 scans (26
comparisons) and was 0.93.22

Statistical Analysis
Volumetric Analysis. Statistical analysis was performed by using
SPSS 15.0:
1) Paired t tests were used to assess hemispheric differences in
putaminal volume within subject groups with a significance level set
at ⬍.05. (Three subjects, 2 controls and 1 patient with AD, had strokes
in the putamen and were excluded from this and subsequent studies.)
2) We used partial correlation to explore the relationship between
putaminal volume and MMSE scores across all groups, while controlling for age and ICV. Four subjects had missing MMSE values and
were excluded from the MMSE partial-correlation analysis. Preliminary analyses were performed to ensure no violation of the assumptions of normality, linearity, and homoscedasticity.
3) Multivariate analysis of covariance (MANCOVA) was used to
test statistical significance among the subject groups (AD, FTD, SD,
PNFA, and controls) as the independent variable and between raw
right and left putaminal volumes as the independent variable at the
within-subject level. With SPSS, checks of assumption of normality,
linearity, homogeneity of variances and regression slopes, and reliable
measurements of covariates for the data were satisfied as a prerequisite for MANCOVA. Covariates used in the MANCOVA were age and
intracranial volume. Pairwise comparison of marginal means was
conducted, with a Bonferroni correction for multiple comparisons.
MMSE was not used as a covariate in the MANCOVA because the
number of missing values would have significantly reduced the sample of PNFA (from 9 to 6) and SD (from 13 to 12) groups for the
MANCOVA, and those without MMSE were retained in the MANCOVA. The significance level was set at ⬍.05.

Results
Demographic Data
Although not specifically age-matched, the groups did not differ significantly in mean age. Similarly, MMSE scores were
significantly different from those of controls but not across the

dementia diagnoses. Illness duration was significantly different for the SD group versus the FTD group (Table 1).
Group Comparisons of Right and Left Putaminal Volume
for Hemispheric Asymmetry
All Groups Combined. The results for these comparisons
are summarized in Table 2. Across all groups combined (AD,
FTD, SD, PNFA, and controls), there was hemispheric asymmetry of putaminal volume, with the left putaminal volume
significantly larger than the right at P ⫽ .002, eta-squared ⫽
0.134.
By Disease or Control Group. Within the FTD group, the
left putaminal volume was significantly larger than the right at
P ⫽ .011, eta-squared ⫽ 0.458. Within the other groups of
controls, AD, PNFA, and SD, no hemispheric asymmetry was
found. Thus, most of the combined group effect of hemispheric asymmetry was contributed by the FTD group
asymmetry.
Partial Correlations of MMSE with Putaminal Volume
across Groups to Investigate Associations with Cognition
Combining all diagnostic groups (AD, FTD, SD, PNFA, and
controls), we found a weak (r ⬍ 0.4) positive partial correlation (P ⬍ .05) between bilateral putaminal volumes and
MMSE. Higher putaminal volumes were associated with
higher MMSE scores. Inspection of the zero-order correlations for left (r ⫽ 0.258) and for right (r ⫽ 0.356) showed that
controlling for age and ICV had little effect on the strength of
the relationship between the variables.
The coefficient of determination was 0.061 for the left putamen, with MMSE explaining 6% of the variance of left putaminal volume. The coefficient of determination was 0.127
on the right, explaining 13% of the variance.
The partial correlations by groups are summarized in
Table 3.
Combining All Group (AD, FTLD, SD, PNFA) and
Control MANCOVAs to Assess Relative Volumes of
Disease Groups (AD, FTLD, SD, PNFA) in Comparison
with Controls
The results of the MANCOVA, combining all groups in the
model (AD, FTLD, SD, PNFA, and controls), are displayed in
Table 4. A scatterplot of right-versus-left putaminal volume
across all groups is displayed in Fig 2, and boxplots of putaminal volume by group, in Figs 3 and 4.
In the combined group model (AD, FTLD, SD, PNFA, and
controls), bilateral putaminal volumes were significantly different. There was a significant difference in right putaminal
AJNR Am J Neuroradiol 30:1552– 60 兩 Sep 2009 兩 www.ajnr.org
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Table 3: Partial correlations between putaminal volume and MMSE
by subject group*
Control
AD
FTD
SD
PNFA
All
Volume (n ⫽ 25) (n ⫽ 18) (n ⫽ 12) (n ⫽ 12) (n ⫽ 6) (n ⫽ 73)
R Put
R
⫺0.326
0.434
⫺0.119
0.380
0.979
0.351
Sig
0.129
0.093
0.743
0.278
0.021†
0.003†
L Put
R
⫺0.224
0.370
0.332
0.567
0.663
0.248
Sig
0.305
0.159
0.348
0.087
0.337
0.037†
Note:—R, partial correlation value; Sig, 2-tailed significance for partial correlation value;
All, across all groups: control, AD, FTD, SD, PNFA.
* Partial correlation controlled for age and ICV.
† Partial correlations significant at P ⬍ 05.

volume among subjects by diagnosis (AD, control, FTD,
PNFA, SD): F(6, 76) ⫽ 7.276, P ⫽ .000 (P ⬍ .05), eta ⫽ 0.374.
Left putaminal volume was also significantly different among
diagnostic groups F(6, 76) ⫽ 3.987, P ⫽ .002, (P ⬍ .05), eta ⫽
0.247.
Pairwise Comparisons of Putaminal Volume to Assess
Differences between Separate Diagnostic Groups (AD,
FTLD, SD, PNFA) and Controls
Univariate pair-wise comparison of marginal means of the
subject groups derived from the MANCOVA was conducted
(AD, FTD, SD, PNFA, and controls) (n ⫽ 77) with a Bonferroni correction for multiple comparisons. The results of the
pair-wise comparison of the estimated marginal means from
MANCOVA are summarized in Tables 5 and 6. Overall, there
was a significant difference in right putaminal volume in the
pair-wise comparisons of all diagnostic groups, F(4,73) ⫽
6.679, P ⫽ .000, eta ⫽ 0.277. There was no significant difference in left putaminal volume via pair-wise comparison of all
diagnostic groups.
Pair-Wise AD Comparisons with FTLD Subgroups
Right putaminal volume was significantly greater in AD compared with FTD: mean difference (MD) ⫽ 0.698 cm3, standard
error of mean (SEM) ⫽ 0.186, P ⫽ .003. For the right putamen, there were weak trends toward AD putaminal volume
being larger compared with SD (MD ⫽ 0.512 cm3, P ⫽ .061)
and PNFA (MD ⫽ 0.576 cm3, P ⫽ .065).
There were no significant differences in right putaminal
volume between AD and controls. There were no significant
differences in left putaminal volume among AD, controls, and
FTLD subgroups
Pair-Wise Comparisons among FTLD Subgroups and
with Controls
Right putaminal volume was significantly larger in controls
than in FTD: MD ⫽ 0.689 cm3, SEM ⫽ 0.175, P ⫽ .002. Right
putaminal volume was not significantly different among subjects with FTD compared with those with PNFA and SD. Right
putaminal volume was weakly significantly smaller in SD
compared with controls: MD ⫽ ⫺0.503 cm3, SEM ⫽ 0.171,
P ⫽ .045. There was a trend toward a significant difference in
right putaminal volume in subjects with PNFA compared with
controls: MD ⫽ ⫺0.567 cm3, SEM ⫽ 0.196, P ⫽ .051. Left
putaminal volume was not significantly different in FTD compared with AD, controls, PNFA, and SD. Bilaterally, there was
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no significant difference in putaminal volume among subtypes of FTLD.
Mean Putaminal Volumes for Each Disease Group (AD,
FTD, SD, PNFA) as a Percentage of Control Volume
The combined group model MANCOVA estimated marginal
mean putaminal volumes across the all groups; the grand
mean is displayed in Table 7. The estimated marginal means in
each diagnostic group are displayed as a percentage of control
putaminal volumes in Table 8 and graphically in Figs 3 and 4.
The AD group was the largest in mean bilateral volume of the
diagnostic groups (101% of control volume), followed by the
FTD group (89%), SD group (89%), and PNFA group (87%).
Discussion
We found that the left putamen is generally greater in volume
than the right in all disease groups (AD and FTLD) but is
symmetric in healthy controls. Previous studies on healthy
persons have found that left caudate and putaminal volumes
were greater than those on the right.23-26 In the AD and FTLD
groups, hemispheric asymmetry may be enhanced by disease
processes, whereas less pronounced asymmetry in controls
may require larger groups to show a significant asymmetry.
For the group MANCOVA, there was evidence of a significant difference in putaminal volume bilaterally across all AD,
FTLD subgroups, and controls combined.
The estimated marginal mean volumes from the MANCOVA for the right putamen showed AD ⫽ controls ⬎ SD ⬎
PNFA ⬎ FTD. However, in the right putamen, the pair-wise
comparisons of the FTLD subtypes showed no significant difference, only trends, among subtypes. The right putamen in
FTD was significantly smaller in volume than that in AD and
controls. The right putamen in SD was significantly smaller
than that in controls.
The estimated marginal mean volumes for the left putamen
showed AD ⫽ controls ⬎ FTD ⬎ SD ⬎ PNFA, with no significant pair-wise differences among any diagnostic groups. For
the left putamen, there were no significant differences among
FTLD subgroups.
In general, the differences in putaminal volume are rightsided with weak-to-moderate effect size. The lateralized nature of differences in putaminal volume to the right hemisphere is puzzling and cannot easily be explained, other than
to conclude that the left putamen is relatively preserved, being
larger than the right in AD and FTLD, because in the control
group putaminal volumes are symmetric. This conclusion is
supported in part by the finding in the combined group MANCOVA that left putaminal volume is significantly different
across all groups with a weak-to-moderate eta-squared. The
use of small subtype groups and a manual tracing method may
have been insufficient to detect smaller left-sided volumetric
losses. Small subtype groups of FTLD are common in most
imaging studies due to the difficulties in characterizing and
recruiting subjects; whereas our manual tracing method
shows reasonable intrarater reliability.
Hypertrophy of brain structures associated with emotion
may reflect growth of the structure due to hyperactivity.27 As a
corollary, neurodegenerative processes, such as in FTLD, may
result in atrophy and underactivity of the putamen. FTLD
is characterized by emotional and behavioral disturbances

Table 4: Group MANCOVA: tests of between-subjects’ effects*
Dependent Variable, Corrected Model
Group (No.)
R Put
AD ⫽ 18
C ⫽ 25
FTD ⫽ 12
PNFA ⫽ 9
SD ⫽ 13
L Put

df

F-Statistic

Significance

Partial 2

Observed Power

Covariates

6

7.276

.000*

0.374

1.000

Age: 61.982 yr
ICV: 1411.77

6

3.987

.002*

0.247

0.960

Note:—Estimated marginal means from MANCOVA; Group MANCOVA: model, full factorial, sum of squares type III; dependent factor, R & L Put Vol; independent factors, Group (all groups):
AD, control, FTD, PNFA, SD; compare main effects via pair-wise comparison for estimated marginal means.
* Multivariate analysis of covariance significant at P ⬍ .05.

Fig 4. Left putaminal volume by group boxplot. The median line in the box is white; circles
show outliers. L Put Vol indicates left putaminal volume (in cubic centimeters).

Fig 2. Scatterplot of right versus left putaminal volume. R Put Vol indicates right putaminal
volume (in cubic centimeters); L Put Vol, left putaminal volume (in cubic centimeters); R Sq
Linear, linear fit line regression value.

Fig 3. Right putaminal volume by group boxplot. The median line in the box is white. R Put
Vol indicates right putaminal volume (in cubic centimeters).

considered to arise from neuropathology involving frontal
cognitive dysfunction, structurally implicating frontostriatal
circuits in each subtype of FTLD.3,4,28-32 Differences in putaminal volume in subtypes of FTLD may reflect the relative
frontostriatal dysfunction of the subtype. Dysfunction in such
circuits may be due to, or the result of, disconnections or
structural change.29,31 Differences in frontostriatal putaminal
dysfunction in FTLD may, therefore, manifest structurally as
differential putaminal volumes among FTLD subtypes.1

Frontostriatal dysfunction is not prominent in AD and is
not present in controls. Accordingly, we would expect no significant differences in volume of the putamen between AD
and controls; and overall, these volumes should be the largest
due to lack of involvement of the putamen in the theoretic
neuropathophysiology. This expectation is consistent with
our findings for the right putamen alone.
Examining the FTLD subtypes, we found the degree of atrophy was, in the right putamen alone, partially consistent
with the expected theoretic frontostriatal dysfunction in each
subtype.
The right putamen in AD was 100% of the volume of controls, whereas in SD (87%), PNFA (85%), and FTD (82%), it
was respectively smaller. The FTD group would be expected
to have the greatest dysfunction due to greater involvement
of frontostriatal pathology33; and on the right, this pattern
was consistent with the expected frontostriatal dysfunction. In
contrast, left putaminal volume in FTD was 95% of that of
controls.
SD is believed to involve less frontostriatal dysfunction,
and bilateral putaminal volume (90% of that in controls)
showed a trend toward being smaller than that in AD and was
(weakly) significantly different from control putaminal volume on the right.
Patients with PNFA also displayed frontostriatal dysfunction, and those with this subtype had the smallest bilateral
putaminal volume (89% of controls), showing a trend toward
a difference on the right from AD and controls. Language dysfunction in PNFA may include a motor or cognitive processing component secondary to putaminal atrophy. A previous
AJNR Am J Neuroradiol 30:1552– 60 兩 Sep 2009 兩 www.ajnr.org

1557

Table 5: Univariate tests
Dependent Variable
R Put Vol
Contrast
Error
L Put Vol
Contrast
Error

Sum of Squares

df

Mean Square

F-Test*

Significance

Partial 2

Power (␣)†

6.977
18.244

4
73

1.744
.250

6.979

.000

.277

.992

2.647
22.314

4
73

.662
.306

2.165

.081

.106

.612

* The F-test tests the effect of group. This test is based on the linearly independent pair-wise comparisons among the estimated marginal means.
† ␣ computed using ␣ ⫽ .05.

Table 6: Pair-wise comparisons*
Groups and Dependent
Variables
(I) Group
R Put Vol (cm3)
AD

Control

FTD

PNFA

SD

L Put Vol (cm3)
AD

Control

FTD

PNFA

SD

95% Confidence Interval for
Difference (␣)

Mean Difference
(I-J)

Standard
Error

Significance
(a)†

Upper Bound

Lower Bound

Controls
FTD
PNFA
SD
AD
FTD
PNFA
SD
AD
Control
PNFA
SD
AD
Control
FTD
SD
AD
Control
FTD
PNFA

.009
.698†
.576
.512
⫺.009
.689‡
.567
.503‡
⫺.698‡
⫺.689‡
⫺.123
⫺.186
⫺.576
⫺.567
.123
⫺.064
⫺.512
⫺.503‡
.186
.064

.150
.186
.206
.181
.150
.175
.196
.171
.186
.175
.228
.204
.206
.196
.228
.219
.181
.171
.204
.219

1.000
.003
.065
.061
1.000
.002
.051
.045
.003
.002
1.000
1.000
.065
.051
1.000
1.000
.061
.045
1.000
1.000

⫺.425
.161
⫺.019
⫺.012
⫺.444
.183
⫺.001
.006
⫺1.236
⫺1.195
⫺.783
⫺.778
⫺1.171
⫺1.134
⫺.538
⫺.699
⫺1.037
⫺.999
⫺.405
⫺.571

.444
1.236
1.171
1.037
.425
1.195
1.134
.999
⫺.161
⫺.183
.538
.405
.019
.001
.783
.571
.012
⫺.006
.778
.699

Control
FTD
PNFA
SD
AD
FTD
PNFA
SD
AD
control
PNFA
SD
AD
control
FTD
SD
AD
control
FTD
PNFA

.058
.231
.482
.438
⫺.058
.173
.424
.379
⫺.231
⫺.173
.251
.206
⫺.482
⫺.424
⫺.251
⫺.045
⫺.438
⫺.379
⫺.206
.045

.166
.205
.227
.200
.166
.193
.217
.190
.205
.193
.252
.226
.227
.217
.252
.243
.200
.190
.226
.243

1.000
1.000
.374
.322
1.000
1.000
.546
.492
1.000
1.000
1.000
1.000
.374
.546
1.000
1.000
.322
.492
1.000
1.000

⫺.422
⫺.363
⫺.176
⫺.143
⫺.539
⫺.386
⫺.204
⫺.170
⫺.826
⫺.733
⫺.480
⫺.448
⫺1.140
⫺1.052
⫺.981
⫺.747
⫺1.018
⫺.928
⫺.860
⫺.658

.539
.826
1.140
1.018
.422
.733
1.052
.928
.363
.386
.981
.860
.176
.204
.480
.658
.143
.170
.448
.747

(J) Group

* Based on estimated marginal means.
† Adjustment for multiple comparisons: Bonferroni.
‡ The mean difference is significant at the .05 level.

study of subcortical cerebrovascular lesions showed that anterior striatal lesions did not affect speech but that posterior
striatal or extensive putaminal infarction did.34
We also found that putaminal volume was weakly, but significantly, correlated with a basic global measure of cognition
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measured via MMSE, with lower volume correlating with
poorer cognition. Further studies will be required to assess
whether cognition related to frontostriatal circuit⫺mediated
cognition may be correlated with relative putaminal volume
differences.

Table 7: Estimated marginal means: grand mean*
Dependent
Variable
R Put Vol ( cm3)
L Put Vol (cm3)

95% Confidence Interval

Mean

Standard
Error

Lower Bound

Upper Bound

3.418
3.612

.060
.067

3.299
3.479

3.538
3.744

* Covariates appearing in the model are evaluated at the following values: age ⫽ 61.88
yr, ICV ⫽ 1408.0000.

In postmortem examination– confirmed cases of FTLD,
those with tau-positive neuropathology had greater reduction
in gray matter volume in the region of the bilateral putamen
compared with those with ubiquitin-positive neuropathology
(FTLD-U).12 There was a significant reduction of frontal
white matter in the FTLD-U group, representing possible disconnection of neural pathways to the putamen. Differences
in tau- or ubiquitin-based neuropathology among clinical
subtypes may have contributed to the putaminal volume loss
that we have noted, with a greater preponderance of taupositive pathology in those with the smallest volumes. The
consequences of putaminal atrophy on motor function are
intriguing and could independently contribute to neuropsychological dysfunctions in FTLD subtypes. We hope to perform similar clinical neuropathologic correlation studies in
the future.
One limitation of this study is the use of a subjective
memory⫺complaint cohort as the control. However, this
group was comprehensively assessed for objective cognitive
dysfunction, and those with objective changes were excluded.
Given the exigencies of recruiting people with subtypes of
FTLD, AD, and controls, age and sex matching was not possible. However, apart from female preponderance, duration of
illness, and MMSE scores, there were no other significant differences among groups. Adjustments were made via the
MANCOVA for the covariates age and total intracranial volume, but not for MMSE, due to significant missing values for
this variable and concerns that language dysfunction in FTLD
subtypes may artificially reduce MMSE scores in SD and
PNFA. Although we acknowledge that automated tracing protocols may have greater reliability, greater validity is achieved
with expert observer tracing.13 Automated algorithmic methods for segmentation and quantification of the putamen are
not necessarily superior. Automated algorithms are validated
by comparison with manual tracing by experienced tracers.

Thus manual tracing remains the gold standard for in vivo
measurement of putaminal volume.
Clinically, our findings contribute to the understanding of
the neuropathophysiology of FTLD and the functional significance of the putamen. The right putaminal volume is significantly different among FTD, AD, and controls and between
SD and controls. There are trends toward putaminal-atrophy
differences between SD and AD and among PNFA, AD, and
controls. However, there are no significant differences in the
left putaminal volume in any diagnostic subgroup (FTLD or
other). Putaminal atrophy on MR imaging may be potentially
useful in clinical subtyping of FTLD, in combination with patterns of atrophy in other cortical and subcortical regions.1,35
These results contrast with our previous study of bilateral
caudate volume in FTLD, in which a clear gradient of atrophy,
with volumes of controls ⫽ AD ⬎ SD ⬎ PNFA ⬎ FTD, was
consistent with the expected frontostriatal dysfunction in each
subtype of FTLD and for AD and controls. Thus, the putamen
seems less clearly implicated as a substrate in frontostriatal
circuit dysfunction in FTLD. Decreased putaminal volume is
weakly associated with poorer cognition across all groups, suggesting that further exploration of the correlation of neuropsychological function and putaminal volume may be worthwhile. Associations of putaminal volume with motor function
and parkinsonism should also be explored. Further exploration of the structural and functional integrity of frontostriatal
circuits as a substrate for cognitive and behavioral change is
warranted. Larger samples are likely to clarify whether such
anatomic differences hold true.
Conclusions
In relation to hypothesis 1, we have shown that there is an
overall group hemispheric asymmetry of the putamen, but this
may be due to selective atrophy on the right in the disease
groups. For hypothesis 2, there was no clear gradient of putaminal atrophy among subtypes of FTLD, consistent with the
expected frontostriatal dysfunction, but there remained interesting results. AD subjects, with theoretically minimal frontostriatal circuit dysfunction, had larger right putaminal volumes— equivalent healthy controls—than those in all FTLD
subtypes. The volume of the right putamen was significantly
smaller in comparison with that in AD and controls in the
FTD subtype of FTLD, the subtype considered to have the

Table 8: Marginal mean estimates*
Groups and Dependent Variables
Group
R Put Vol (cm3)
AD
Control
FTD
PNFA
SD
L Put Vol (cm3)
AD
Control
FTD
PNFA
SD

95% Confidence Interval
Mean

Standard Error

Lower Bound

Upper Bound

% Control Volume

3.778
3.768
3.079
3.202
3.266

.115
.097
.146
.170
.140

3.549
3.576
2.787
2.863
2.986

4.006
3.961
3.371
3.541
3.545

100
100
82
85
87

3.854
3.795
3.622
3.371
3.416

.127
.107
.162
.188
.155

3.601
3.582
3.300
2.996
3.107

4.106
4.008
3.945
3.746
3.725

102
100
95
89
90

Note:—% Control vol indicates putaminal volume as a percentage of control volume (in cubic centimeters).
* Covariates appearing in the model are evaluated at the following values: age ⫽ 61.88 yr, ICV ⫽ 1408.0000.
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greatest degree of frontostriatal cognitive dysfunction. The
right putaminal volume in SD was significantly smaller compared with that in controls, with a trend to a difference from
AD. There was a trend toward difference for the right putamen
in PNFA being smaller compared with that in AD and controls. Thus, all FTLD subtypes showed evidence of right putaminal atrophy compared with controls and AD, but no evidence of pair-wise differences among the subtypes themselves.
There are no corresponding significant differences in the
left putamen. Perhaps the putaminal atrophic process in
FTLD is lateralized to the right; thus, the putamen is less
clearly implicated as a substrate in frontostriatal circuit dysfunction in FTLD than the caudate.1 That the changes are
confined to the right putamen is puzzling, recalling by analogy, Socrates’ comment on Heraclitus’ philosophy: “The part I
understand is excellent, and so too is, I dare say, the part I do not
understand.”36 Finally, for hypothesis 3, putaminal volume is
weakly correlated with global cognition as assessed by MMSE
across AD, FTLD, and controls, indicating that further investigation of correlations with cognition may be warranted.
We plan to explore the striatal volume in larger samples via
studying interrelationships with cortical regions in subtypes of
FTLD, morphologic changes via further shape analysis, and
correlations with neuropsychological and behavioral features.
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a b s t r a c t
We aimed to assess the volume of the nucleus caudatus as a neuroanatomical substrate of fronto-subcortical
circuits, in stroke patients with/without dementia, and the relationship to potential determinants of neural
circuit integrity such as white matter hyperintensities (WMH) and stroke volume. Stroke only (Stroke)
(n = 19) and stroke with Vascular Dementia (VaD) (n = 16) and healthy control (n = 20) subjects, matched on
demographic variables, underwent extensive neuropsychiatric assessments and manual MRI-based volumetric
measurements for intracranial area (ICA), stroke volume, and bilateral caudate volume. WMH on MRI were
quantiﬁed using an automated algorithm. Multivariate analysis of covariance (controlling for age and ICA),
revealed that across the three groups, caudate volumes were signiﬁcantly different. There was a signiﬁcant
difference in bilateral caudate nucleus volume between subjects by diagnosis (Stroke, VaD, control). The
control group was largest in overall mean volume of the diagnostic groups, followed by the Stroke group
(86% of controls), and ﬁnally, the VaD group (72%). There was a partial correlation between total caudate
volume and the total volume of deep WMH including periventricular regions and brainstem, controlling for
ICA; and for total stroke volume. Stroke patients with VaD have smaller caudate nuclei compared to those
without dementia and healthy controls, with the stroke-only patients being intermediate in their caudate
volume status. There was preliminary evidence of negative correlation of caudate volume with volume
of deep WMH and total stroke volume, suggesting cerebrovascular disease contributes to caudate atrophy,
which, in turn may disrupt fronto-subcortical circuits.
© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Vascular Dementia (VaD) is considered to be the second leading
cause of dementia (Sachdev et al., 1999). Interest has focused on
neuropathology that underpins the development of vascular dementia.
The caudate nucleus, in the basal ganglia, is a candidate region which
is potentially vulnerable to ischemia and disconnection via damage to
white matter (WM) due to cerebrovascular disease. The basal ganglia
are part of the extrapyramidal motor pathways (Allen and Tsukahara,
1974). Functional magnetic resonance imaging (fMRI) conﬁrms the roles
that the caudate plays in cognition (Middleton and Strick, 1994; Seger
and Cincotta, 2005), as have lesion studies of neuropsychiatric
manifestations of basal ganglia disorders (Bhatia and Marsden, 1994;
Ring and Serra-Mestres, 2002; Nishio et al., 2003). For example,

⁎ Corresponding author. Tel.: +61 2 6244-3500; fax: +61 2 6244 4964.
E-mail address: jeffrey.looi@anu.edu.au (J.C.L. Looi).
0925-4927/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.pscychresns.2009.04.002

subacute strokes in the caudate nucleus have been associated with
perseveration independent of hemi-neglect (Nys et al., 2006).
The caudate nucleus has relevance as a neuroanatomical substrate
of dysfunction in relation to frontal-subcortical circuits in stroke and
vascular dementia. We previously suggested frontal-subcortical circuit
dysfunction as the substrate of executive dysfunction in stroke,
vascular cognitive impairment and post-stroke apathy (Looi and
Sachdev, 2000; Brodaty et al., 2005). The caudate plays a crucial role in
relaying inputs from the prefrontal cortex in animals and thus may be
involved in processing higher executive cognitive functions associated
with these regions (Alexander et al., 1986; Sachdev et al., 2004;
Hannestad et al., 2006). Anatomical studies have shown the existence
of functionally segregated projections from prefrontal and parietal
association cortices to, primarily, the caudate nucleus (Parent and
Hazrati, 1995). The ventral striatum, especially the caudate, is
implicated in cognition (Clark et al., 2005). The extensive interconnections of the human caudate nucleus with the prefrontal cortex,
temporal gyri, frontal eye ﬁelds, cerebellum and thalami have been
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demonstrated using diffusion tensor imaging (Lehericy et al., 2004;
Leh et al., 2007). Damage to such circuits may potentially disconnect
and degrade cognition subserved by such circuits (Looi and Sachdev,
2000). WM comprises a likely site in which such disconnection may
occur. Damage to ﬁbres in circuits connecting to the caudate, may, via
denervation, cause atrophy (Hannestad et al., 2006). Similarly, caudate
atrophy occurs post-cingulotomy (Rauch et al., 2000). Therefore,
functionally salient WM ischemic lesions may be reﬂected in reduced
caudate volumes in stroke, vascular cognitive impairment, and late life
depression (Hannestad et al., 2006). Similarly, any compromise of
blood supply to the caudate, including that from perinatal and
developmental causes, may thus result in reduced caudate volume
(Looi et al., 2009). There is evidence of the salience of the caudate in
cognition and evidence of associated neuropathology which may have
a role in etiopathogenesis of cognitive changes in stroke and VaD.
The cognitive manifestations of VaD may be partly due to reduced
striatal activity, and because the caudate nucleus relays input from
frontal regions attributed to cognition, it may be a key structure
affected. The frontal executive features that have speciﬁcally been
implicated in VaD include declines in working memory, abstraction,
reasoning, mental ﬂexibility and ﬂuency (Looi and Sachdev, 1999). We
hypothesized that if the caudate is involved in the pathological
process of VaD, it could be demonstrated quantitatively by a reduction
in caudate volumes in comparison to matched controls, and that the
volumes of caudate nuclei in stroke subjects without VaD should then
be intermediate between these groups. Hemispheric differences will
be analyzed, based upon previous studies that had found lateralized
effects for caudate volume (Looi et al., 2008b, 2009).
We also hypothesized that WM lesions in regions adjacent to, or
potentially connected to, the caudate may cause disconnection of the
caudate from afferent or efferent tracts. We hypothesized that the
volume of WM lesions in such regions may have a negative correlation
with caudate volume.
Strokes may also cause disconnection, via damage to cortical or
subcortical structures, including WM. Thus, another measure of the
severity of cerebrovascular disease is stroke volume. In those with
cerebrovascular disease, we hypothesized that stroke volume would
be negatively correlated with caudate nucleus volume.
2. Methods

2.1.1. Assessment
Stroke subjects had a baseline assessment within 1 week of
admission to hospital, which included a detailed medical history and
examination, history of risk factors for cerebrovascular disease and
dementia, a functional assessment, and the Mini-Mental State
Examination (MMSE) (Folstein et al., 1975). Between 3 and 6 months
after the index stroke, a detailed neuropsychological assessment and
medical and psychiatric examination were performed, and subjects
had a brain MRI scan. The control group had a similar assessment
performed in one stage.
2.1.2. Neuropsychological assessment
The battery comprised the following tests pertaining to various
cognitive domains: verbal memory (Logical Memory [LM] I and II
subtests from Wechsler Memory Scale-Revised [WMS-R]) (Wechsler,
1987); visual memory (Visual Reproduction [VR] I & II from WMS-R)
(Wechsler, 1987); working memory (Digit Span backwards, Arithmetic from Wechsler Adult Intelligence Scale Revised [WAIS-R])
(Wechsler, 1981); attention (Digit Span forwards [WAIS-R]) (Wechsler, 1981); mental control (WMS-R) (Wechsler, 1987); language (15item Boston Naming Test) (Mack et al., 1992); information processing
speed (Trail Making Test Part A, Reitan and Wolfson, 1985, Symbol
Digit Modalities Test [SDMT], Smith, 1991); visuoconstruction (Block
Design [WAIS-R], Wechsler, 1981 and copying simple ﬁgures); praxisgnosis (Western Aphasia Battery ideomotor apraxia subtest items,
Kertesz, 1983, ﬁnger gnosis and stereognosis, Benton et al., 1983; Strub
and Black, 1985); abstract reasoning (Similarities, Picture Completion
[WAIS-R]) (Wechsler, 1981); mental ﬂexibility (Color Form Sorting
Text, Weigl, 1941, Trail Making Test Part B, Reitan and Wolfson, 1985);
verbal ﬂuency (phonemic [FAS], Benton and Hamsher, 1978, and
semantic [animals], Morris et al., 1989). Mental ﬂexibility and verbal
ﬂuency were together characterized as executive function. Premorbid
ability was estimated using the National Adult Reading Test-Revised
(NART-R) (Nelson and Willison, 1982). Trained clinical psychologists performed assessments. Subjects were given breaks where
appropriate to minimize the effects of fatigue on performance.
Subjects judged to be clinically depressed were not tested until their
depression had been satisfactorily treated as judged by a total score
on the Global Depression Scale of 5, a reduction in self-reported
symptoms of depression, informant report, or further psychiatric
assessment (Sachdev et al., 2004).

2.1. Sample
Subjects were randomly selected from the Sydney Stroke study cohort
based upon availability of MRI at baseline and image quality for tracing,
excluding those with a stroke in the caudate (Sachdev et al., 2004).
Subjects were recruited between May 1997 and June 2000.
Subjects were aged 58–85 years, did not have a diagnosis of dementia
or other neurologic disorder prior to the stroke, did not have severe
aphasia as a signiﬁcant limiting factor for assessment (a score of b3 on
the Aphasia Severity Rating Scale of the Boston Diagnostic Aphasia
Examination) (Goodglass and Kaplan, 1983), and were well enough to
consent to participate. Subjects had a decline of b5 points on the 16item IQCODE (Jorm and Jacomb, 1989) over the 5 years preceding the
stroke, as rated by an informant who had a minimum of once weekly
contact with the subject in this period. Healthy control subjects were
unpaid volunteers, recruited from the same neighborhood as the
stroke subjects, matched for age, and who had no history of stroke, or
other neurologic or psychiatric disorder. An attempt was made to
match the subjects on sex and years of education.
Fifty-ﬁve participants (36 male and 19 female) were categorized
into three groups. The ﬁrst group (n = 16) comprised patients who
had suffered a stroke and were diagnosed with VaD (VaD); the second
group (n = 19) included individuals who had a stroke (Stroke) but
were without cognitive impairment; and the third group (n = 20)
comprised healthy controls.

2.1.3. Medical and psychiatric assessment
Medical and psychiatric assessment comprised the following:
medical history; functional assessment (Social and Occupational
Functioning Scale [SOFAS], American Psychiatric Association, 1994),
Activities of Daily Living [ADL] (Katz et al., 1963), and Instrumental
ADL [IADL]) (Lawton and Brody, 1969); a standard neurologic
examination (European Stroke Scale) (Hanston et al., 1994); and
detailed psychiatric assessment (past psychiatric history, Structured
Clinical Interview for Diagnostic and Statistical Manual of Mental
Disorders-IV (First et al., 1997), 28-item General Health Questionnaire
(Goldberg and Hillier, 1979), 15-item Geriatric Depression Scale
(Sheikh and Yesavage, 1986), Hamilton Depression Rating Scale
(Hamilton, 1960), and Neuropsychiatric Inventory (Cummings et al.,
1994).
2.1.4. Stroke subjects and dementia diagnosis
The stroke subjects were part of a group of 10–20% of consecutive
patients admitted to two large teaching hospitals afﬁliated with the
University of New South Wales who had recently had an ischemic
stroke as diagnosed by two neurologists independently. Exclusions
were for various reasons e.g. prior dementia, too sick, non-English
speaking etc. and refusal (Sachdev et al., 2004). An ischemic stroke
was deﬁned as “rapidly developing clinical signs of focal (or global)
disturbance of cerebral function, with symptoms lasting 24 h or
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longer, with no apparent cause other than of vascular origin” in which
a brain CT or MRI scan did not show intracranial hemorrhage.
The diagnosis was assigned to each subject in a case conference at
which all medical, psychiatric, neuropsychological, and neuroimaging
data were presented, and a consensus was reached. A neuropsychiatrist,
a psychogeriatrician, a neurologist, and one or more research psychologists attended the meeting. Guidelines were drawn up for a diagnosis
of dementia, VaD, and vascular cognitive impairment (VCI) (Sachdev
et al., 2004).
For dementia (VaD) diagnosis, a subject must have deﬁnite impairment in two or more cognitive domains (impairment in memory was
not necessary), demonstrate evidence of functional decline because of
the cognitive deﬁcits, and have evidence of cerebrovascular disease on
MRI or CT scan judged to be sufﬁcient to account for cognitive impairment. Deﬁnite cognitive impairment was deﬁned as performance below
the 5th percentile relative to age-adjusted published normative data,
and functional decline was a decline in SOFAS score of 20 from the
premorbid estimate or failure on one item of ADL or two items of IADL
due to cognitive deﬁcits as judged by consensus.
For a diagnosis of VCI, the subject must have deﬁnite impairment
in one domain or marginal impairment in two domains or, if there was
impairment in more domains, the functional decline criterion for VaD
was not met. Marginal impairment was performance at 5th to 10th
percentiles of age-matched normative data.
Those subjects had suffered a stroke, but no demonstrable impairment which would be included in the VaD or VCI categories, were
classiﬁed as stroke only (Stroke) subjects.
2.1.5. Controls
Healthy control subjects were unpaid volunteers, recruited from
the same neighborhood as the stroke subjects, matched for age, and
who had no history of stroke, or other neurologic or psychiatric
disorder. An attempt was made to match the subjects on sex and years
of education.
2.2. MRI scans
MRI was performed on a 1.5 T Sigma GE scanner (GE Systems,
Milwaukee, WI) using the following protocol: a scout midsagittal cut
(two-dimensional, repetition time [TR] 300 ms, echo time [TE] 14 ms,
5 mm thick, number of excitations 1.5); 1.5-mm-thick T1-weighted
contiguous coronal sections through whole brain using a FSPGR
sequence and three-dimensional acquisition (TR 14.3 ms, TE 5.4 ms);
4-mm-thick (0 skip) T2-weighted ﬂuid-attenuated inversion recovery
(T2-FLAIR) coronal slices through whole brain (TR 8900, TE 145,
inversion time 2200, ﬁeld of view 25, 256 × 192).
2.3. Image analysis
2.3.1. Caudate volume measurements
All ratings were carried out on a workstation using ANALYZE 6.0
(Mayo Foundation, Rochester, MI) software. The caudate nucleus was
manually traced bilaterally in the axial plane in every slice that it
appeared using a protocol described in a previous paper (Looi et al.,
2008a). Images with strokes within the caudate were excluded and
another scan randomly selected. Tracings were cross referenced in
both coronal and sagittal planes to increase accuracy with reference to
standard images (Duvernoy, 1999; Haines, 2000). T2 Flair MRI images
were examined to ensure the exclusion of WM hyperintensities. All
portions of the caudate nucleus were included until the tail curved
ventrally to border the lateral atrium of the lateral ventricles; here it
was excluded from measurements. The intracranial area (ICA) was
used as a covariate in within and between group comparisons as a
means of adjusting caudate volume in relation to brain volume. The
intracranial area (ICA) was obtained by location of the midsagittal
section by using anatomical landmarks in a hierarchical order adapted
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from MRI anatomy text (Duvernoy, 1999; Haines, 2000). (These
landmarks were, ﬁrstly, no or only minimal WM in the cortical mantle
surrounding the cerebral cortex, secondly, the interthalamic adhesion,
and thirdly, the transparent septum and the cerebral aqueduct.) MRI
measurements were performed blind to the subjects' diagnosis status.
(See Fig. 1–Online publication).
All tracings were carried out by a single trained rater (VT) with
good inter-rater reliability. The intra-class correlations were performed using SPSS 15.0 (SPSS Inc, Chicago, Illinois, USA). VT obtained
an intra-rater class correlation ICC (1,1), one-way single measure
reliability (Shrout and Fleiss, 1979), of 0.90 on ﬁve scans (involving 10
comparisons e.g. right and left caudate). Inter-rater mean class
correlation ICC (1,k), one-way model single and average measure,
was 0.99 on ﬁve scans (again involving 10 comparisons) with EM.
2.3.2. Measurement of stroke volume
Stroke volume was measured by an experienced rater (JCLL) using
ANALYZE 5.0 (Mayo Foundation, Rochester, MI) to manually outline
strokes identiﬁed with reference to T1-weighted and FLAIR images. The
slice-by-slice manually delineated strokes were summated to produce a
volume by adjustment for slice thickness. Very small, lacunar infarctions
were measured measuring the greatest diameter and then calculating
volume based upon a sphere with the traced diameter. Intra-rater
reliability on various measures was 0.8–0.92 on 20 scans.
2.3.3. Automated image analysis for WMH
The automated image analysis method for WMH has been
previously described (Wen and Sachdev, 2004).
The ﬁrst stage was the automated detection, delineation, severity
rating, and volumetric measurement of WMHs from FLAIR images. In
summary, we constructed an age-speciﬁc FLAIR template in Montreal
Neurological Institute (MNI)-space (Evans et al., 1993; Wen and
Sachdev, 2004). Spatial normalization of the co-registered FLAIR and
T1-weighted MRI was then performed using FLAIR template as the
target. Then detection and grading of WMH from each normalized
FLAIR image with T1-weighted image as reference were carried out.
We visually inspected each WMH map generated by the computer
algorithm and manually removed false classiﬁcation of WMH from
the map.
WMH maps thus generated were binary images, the voxel values of
which indicated either the presence or absence of WMH on that
location. Linear and nonlinear transforms were applied onto each
individual MRI in warping them into MNI-space. The WMH thus
measured is the relative WMH lesion load rather than the absolute
volume. Removal of stroke infarcts that appeared to have similar
signal intensities with WMH in FLAIR scans was done manually on the
WMH map by referencing it to its corresponding 3D T1-weighted
anatomical image to conﬁrm the stroke infarct site.
The second main component was region of interest (ROI) and
voxel-wise analysis of WMH brain maps reported in a previous paper
(Wen and Sachdev, 2004). In the previous study, quantitative ROI
analysis was used in investigating the WMH volume differences
between the stroke and control groups in anatomical regions and
arterial territorial partitions (Wen and Sachdev, 2004). A subset of the
WMH data from the previous study (Wen and Sachdev, 2004): WMH
volumes for the subjects included in this study, was used for our
analyses for correlation with caudate volume.
Voxel-wise analysis was performed to generate statistical parametric maps in detecting WM anatomical structures with signiﬁcant
differences between two groups. To prepare the images, we applied a
Gaussian smoothing kernel (full width at half maximum, 10 mm) on
the individual WMH map to increase the signal-to-noise ratio. The
resulting blurred WMH map may be considered an estimate of the
probability that the subject has a WMH at that location.
As the abnormal WM signal varied in intensity, we categorized it
into “low” and “high” intensity lesions (Wen and Sachdev, 2004). The
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Fig. 1. (A) Control patient (B) Stroke patient (C) VaD patient. Images in each panel, clockwise, from left: Image 1. ROI rendered in ANALYZE, superimposed on 3D brain. Image 2. 3D
rendered caudate nuclei. Image 3. Overlay of ROI on axial section. Image 4. Overlay of ROI on sagittal section. Note: Green = Left caudate; Red = Right caudate nuclei.

former usually appears as a milky fuzziness, whereas the latter as a
white opacity to the naked eye. Since the neuropathological validity of
this distinction has not been demonstrated, we present the total
hyperintense lesions for most analyses and additionally present the
analysis for high-intensity lesions for the whole brain only. The
number of non-contiguous discrete WMHs was calculated automatically by a computer program that also estimated the diameter of each
WMH, assuming it to be a sphere. Since FLAIR slice thickness was
4 mm, small WMHs may not appear bright enough to be detected by
our algorithm. We found that small hyperintensities, such as those in
the brain stem, were underestimated.
2.3.4. Mapping the location of WMHs
This process was also automated (Wen and Sachdev, 2004). In
summary, using a standard atlas (Duvernoy, 1999), we traced lobar and
artery territorial partitions by adopting the methods of mapping arterial
territories on CT (Berman et al., 1980, 1981, 1984) and MRI (Tatu et al.,

1998) on the standard single brain included in SPM99 software. The
extent of the periventricular region was decided empirically. The width
of the rims and caps, as measured manually, were plotted and the width
that included 95% of the sample was deﬁned as the periventricular width
for the rims, anterior and posterior caps.
2.4. Statistical analysis
Statistical analysis was performed using SPSS 15.0 (Chicago, Ill., USA).
Three protocols for statistical analysis were used. (1) Paired t-tests were
used to assess hemispheric differences in caudate volume within subject
groups with signiﬁcance level set at b0.05. (2) Multivariate analysis of
covariance (MANCOVA) was used to test statistical signiﬁcance between
the subject groups (VaD, Stroke, Controls) as independent variables and
raw right and left caudate volumes at the within subject level. Covariates
used in the MANCOVA were age and ICA. The signiﬁcance level was set at
b0.05. Preliminary checks were conducted to ensure there was no
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Table 1
Demographics within each subgroup.
Subjects
Characteristics

Control

Number
Age (years)
Education
MMSE
MMSE range
ADL: total score
ADL range

Stroke

VaD

Males

Females

Males

Females

Males

Females

10
68.6 (5.34)
14.1 (4.75)
28.67 (1.32)
3
5.89 (0.33)
1

10
71.2 (6.22)
11.55 (4.40)
28.5 (1.72)
6
5.9 (0.32)
1

15
68.73 (7.52)
10.93 (3.56)
28.93 (1.16)
4
5.87 (0.52)
2

4
69.50 (4.20)
10.25 (2.50)
29.5 (1.00)
2
6 (0.00)
0

11
73.82 (6.08)
10.64 (3.33)
27.09 (2.17)
7
4.45 (1.44)
5

5
60.20 (29.04)
7.2 (3.11)
21.20 (9.96)⁎
22
6.25 (4.19)
10

Values for age-years, years of education, and MMSE (Mini Mental Status Examination) are means; parenthesized values represent ± S.D.s, note ⁎p b 0.05.

violation of assumptions of normality, linearity, homogeneity of
variances, homogeneity of regression slopes, and reliable measurement
of the covariate. (3) Partial correlation was performed to assess the
relationship between total (right and left) caudate nucleus volume,
manually measured total stroke volume and automatically quantiﬁed
total brain WM hyperintensity volumes, controlling for ICA, with
signiﬁcance set at b0.05. Preliminary analyses were performed to ensure
no violation of assumptions of normality, linearity and homoscedasticity.
3. Results
3.1. Subject characteristics
Demographic results for each study group are summarized in
Table 1. All subjects were comparable for age and educational level.
There were no signiﬁcant differences between and within groups in
mini-mental status examination (MMSE) scores. The trend was
toward lowest MMSE scores in the VaD group, followed by the Stroke
group with the controls performing within normal limits. There were
no signiﬁcant differences in activities of daily living (ADL) functional
assessments between and within groups. There were more male
patients within the Stroke and VaD groups, however, variation in
characteristics between sexes was minimal.
3.2. Intracranial areas
A comparison of ICAs, a proxy for pre-morbid brain size, used to
normalize brain volumes showed no signiﬁcant difference within or
between groups.
3.3. Caudate volumes
3.3.1. Within-group comparisons of hemispheric caudate volume
The results for these comparisons are summarized in Table 2.
Within controls there was a trend (P = 0.052) towards hemispheric
asymmetry of caudate nucleus volume with the right caudate nucleus

volume signiﬁcantly larger than the left. Within the Stroke group and
the VaD group no hemispheric asymmetry was found.
3.3.2. Between-group comparisons of caudate nucleus volume
Repeated multivariate analysis of covariance (MANCOVA) was
conducted to assess the volume of the caudate nucleus (right and left)
in relation to the diagnostic subject groups (n = 54) (See Table 1). The
independent variables were the diagnostic groupings (VaD, Stroke,
and controls). The dependent variables were raw caudate nucleus
volumes for right and left hemispheres. Covariates included in the
model to control for individual differences in brain size were age and
ICA.
Checks of assumption of normality, linearity, homogeneity of
variances/regression slopes and reliable measurements of covariates
were performed prior to MANCOVA.
The results of the repeated measures MANCOVA comparisons are
summarized in Table 3.
3.3.3. Group comparisons
After adjusting for the covariates, there was a signiﬁcant difference
in raw right caudate nucleus volume between subjects with Stroke
compared to controls: F(3,37) = 5.655, P = 0.003, with a moderate
effect size (partial eta-squared hereafter as eta-squared = 0.333). Left
caudate nucleus volume was signiﬁcantly different F(3,37) = 5.269,
P = 0.004) between Stroke and controls, with a moderate effect size
(eta-squared = 0.317).
After adjusting for the covariates, there was a signiﬁcant difference in
mean raw right caudate nucleus volume between subjects with VaD
compared to controls: F(3,34) = 23.237, P = 0.000, with a large effect
size (eta-squared = 0.692). Left caudate nucleus volume was signiﬁcantly different between VaD and controls F(3,34) = 20.427, P = 0.000,
with a large effect size (eta-squared= 0.664).
After adjusting for the covariates, there was a signiﬁcant difference
in mean raw right caudate nucleus volume between subjects with
Stroke compared to VaD: F(3,34) = 5.620, P = 0.003, with a moderate
effect size (eta-squared = 0.352). Left caudate nucleus volume was

Table 2
Within group comparisons of hemispheric caudate nucleus volume (cm3).

Controls (n = 20)
Stroke (n = 19)
VaD (n = 16)

R caud vol (S.D.)

R caud vol SEM

L caud vol (S.D.)

L caud vol SEM

t

df

Sig (2-tailed)

Eta-squared

3.733 (0.514)
3.200 (0.769)
2.614 (0.379)

0.115
0.177
0.095

3.637 (0.483)
3.203 (0.439)
2.618 (0.316)

0.108
0.101
0.079

2.071
− 0.025
−0.029

19
18
15

0.052
0.000
0.000

0.184
0.980
0.977

R Caud: right caudate nucleus.
L Caud: left caudate nucleus.
S.D.: standard deviation.
SEM: standard error of mean.
t: t-value.
df: degrees of freedom.
Sig: signiﬁcance.
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Table 3
Between groups MANCOVA.

Table 5
Estimated marginal means (from MANCOVA Table 4).

Comparisons

95% Conﬁdence interval

Comparison: Group n
corr. model

Dependent df F
variable

Stroke vs
control

R caudate

Stroke = 19

3

P

Eta

Power Covar

5.655 0.003 0.333 0.919

Control = 19

VaD vs
control

VaD = 16

L caudate
R caudate

3
3

5.269 0.004 0.317 0.898
23.237 0.000 0.692 1.000

L caudate
R caudate

3
3

20.427 0.000 0.664 1.000
5.620 0.003 0.352 0.914

Control = 19

Stroke vs
VaD

Stroke = 19
VaD = 16

L caudate

3

Age:
69.21
ICA:
1513.62
Age:
71.34
ICA:
1519.91
Age:
71.00
ICA:
1503.94

10.026 0.000 0.492 0.995

df: degrees of freedom.
F: F statistic.
P: Signiﬁcance.
Eta: partial eta-squared.
Power: observed power.
Covar: covariates for model.
Note one of the controls was missing age data, hence n = 19 for the MANCOVA with
covariates age and ICA.

signiﬁcantly different between VaD and controls F(3,34) = 10.026,
P = 0.000, with a large effect size (eta-squared = 0.492).
3.3.4. Comparison of corrected mean caudate volumes
The results of the group MANCOVA and mean caudate volumes
for each group are displayed in Tables 4 and 5. Across the three
groups, both right and left caudate volumes were signiﬁcantly
different. After adjusting for the covariates of age and ICA, there was
a signiﬁcant difference in raw right caudate nucleus volume
between subjects by diagnosis (Stroke, VaD, control): F(4,53) =
12.067, P = 0.000, with a large effect size (eta-squared = 0.496). Left
caudate nucleus volume was signiﬁcantly different between diagnostic groups (F(4,53) = 16.051, P = 0.000) with a large effect size
(eta-squared = 0.567).
MANCOVA corrected mean raw caudate volumes in the various
clinical groups are displayed as a percentage of control caudate volumes
in Table 6. The control group was largest in mean volume of the
diagnostic groups, followed by the Stroke group (86% of control caudate
volumes), and ﬁnally, the VaD group (72% of control caudate volumes).

Table 4
All groups MANCOVA.
Comparison: Group n
corr. model

Dependent df F

Group

R caudate

4

12.067 0.000 0.496 1.000

L caudate

4

16.051 0.000 0.567 1.000

Stroke = 19

P

Eta

Power Covar

VaD = 19
Control = 19
Model.
Dependent factors: R & L caud vol.
Independent factors: Group: VaD, stroke, control, FTD.
df: degrees of freedom.
F: F statistic.
P: Signiﬁcance.
Eta: partial eta-squared.
Power: observed power.
Covar: covariates for model.

Age:
70.48
ICA:
1512.23

Dependent variable

Group

Mean

Std error

Lower bound

Upper bound

R caud vol (cm3)

Control
Stroke
VaD
Control
Stroke
VaD

3.724
3.202
2.658
3.650
3.193
2.656

0.126
0.127
0.141
0.093
0.094
0.105

3.470
2.946
2.374
3.599
3.004
2.446

3.976
3.457
2.942
3.970
3.383
2.868

L caud vol (cm3)

Table 6
Mean caudate volumes as a percentage of control volume.

Control
Stroke
VaD

R caudate vol

L caudate vol

Total vol

100
85
71

100
87
72

100
86
72

3.4. Partial correlations of total caudate volume, stroke and
hyperintensity volumes
Partial correlation was used to explore the relationship between
total caudate nucleus volume (right and left combined) and
automatically quantiﬁed volumes of WMH, whilst controlling for
ICA across the entire sample, including controls, Stroke and VaD
groups. The volume of the WMH is effectively corrected for twice by
using the ICA as the WMH volumes were already normalized,
however, all our reported zero-order calculations for correlation
show controlling for ICA had little effect upon the relationship
between the variables. Some subjects were missing from the analysis
due to inability to be processed for WMH volume (1 control, 2 VaD
subjects, and 5 stroke subjects); whilst others had missing stroke
volume measurements (3 controls, 1 VaD subject, and 3 stroke
subjects). Application of Bonferroni correction would have rendered
these exploratory analyses insigniﬁcant. The results are summarized
in Table 7.

Table 7
Partial correlations for total caudate volume with WMH and stroke volumes
(controlling for intracranial area).
Region

n

df

r

P

Deep WMH
Frontal
Temporal
Parietal
Occipital
Cerebellum
All deep WMH combined

47
47
47
47
47
47

44
44
44
44
44
44

− 0.335
− 0.327
−0.331
0.133
− 0.085
− 0.320

0.018⁎
0.022⁎
0.020⁎
0.361
0.563
0.025⁎

Periventricular WMH
Anterior horn
Posterior horn
Body
All periventricular WMH combined
All WMH Combined
Total stroke volume

47
47
47
47
47
48

44
44
44
44
44
45

−0.028
− 0.111
−0.229
− 0.146
− 0.307
− 0.293

0.846
0.446
0.113
0.317
0.032⁎
0.046⁎

WMH analyses n = 47 includes: 19 controls, 17 stroke, 14 VaD.
Stroke analyses n = 48 includes: 17 controls, 16 stroke, 15 VaD.
WMH: automated measure of white matter hyperintensity volume.
Total stroke volume: manual measure of total stroke volume.
n: number of subjects.
df: degrees of freedom.
r: partial correlation, adjusting for intracranial area.
P: signiﬁcance value.
⁎p b 0.05.
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3.4.1. Deep WMH volume
There was a moderate, negative, partial correlation between total
caudate volume and the total volume of deep WMH (excluding
periventricular regions), controlling for ICA (r = − 0.320, n = 50,
P = 0.025). Inspection of the zero order correlation (r = − 0.304),
suggested that controlling for ICA had little effect upon the strength of
the relationship between the variables.
Subgroup analyses by region of deep WMH (excluding periventricular regions) and controlling for ICA showed signiﬁcant correlations for
frontal (r = −0.335, n = 50, P = 0.018), temporal (r = −0.327, n = 50,
P = 0.022), and parietal (r = −0.331, n = 50, P = 0.020) regions, but
not for occipital or cerebellar regions.
3.4.2. Periventricular WMH volume
There was no signiﬁcant correlation between total caudate volume
and the total volume of WMH within periventricular regions,
controlling for ICA, or within subgroups of periventricular WMH.
3.4.3. Total WMH volume
There was a moderate negative partial correlation between total
caudate volume and the total volume of deep WMH including
periventricular regions and brainstem, controlling for ICA (r =
−0.320, n = 50, P = 0.032). Inspection of the zero order correlation
(r = −0.297), suggested that controlling for ICA had little effect upon
the strength of the relationship between the variables.
3.4.4. Total stroke volume
There was a small negative partial correlation between total
caudate volume and the total stroke volume, controlling for ICA (r =
−0.293, n = 48, P = 0.046). Inspection of the zero order correlation
(r = − 0.322) suggested once again that controlling for ICA had little
effect upon the strength of the relationship between the variables.
4. Discussion
This study revealed signiﬁcant differences in the volume of the head
and body of the caudate nucleus between diagnostic groups. Smaller
caudate nucleus volumes were found in association with increasing
severity of cognitive deﬁcit. Healthy control subjects had the largest
mean caudate nucleus volumes. The Stroke group had a signiﬁcantly
smaller mean caudate volume than the control group. Thus, the
cerebrovascular disease (Stroke) group is intermediate in caudate
nucleus volume. Those with VaD had the smallest mean bilateral
caudate nucleus volume. The relative differences in caudate nucleus
volumes may be due to a number of factors, such as cerebrovascular
insufﬁciency, WM disconnection and generalized atrophy.
Increasing cerebrovascular insufﬁciency or compromise is believed
to contribute to cerebrovascular disease and stroke (Astrup et al.,
1981; Baron, 1999). The volume of the caudate may vary across
control, VaD and Stroke groups due to differential cerebrovascular
insufﬁciency. An adequately perfused organ or structure, should, ceteris paribus, be normal in size and function. A poorly perfused
structure, lacking nutriments, would be dysmorphic and, therefore,
reduced in size and function. On the basis of blood supply, controls
should have an adequate blood supply to the caudate and thus have
the largest volume, whilst stroke subjects have demonstrated
cerebrovascular insufﬁciency which, in turn, may reduce the blood
supply of the caudate. Similarly, those with the greatest cerebrovascular insufﬁciency, the VaD group, would therefore be expected to
have the smallest volume of the caudate. Partial correlation of total
stroke volume, controlling for brain size, showed a small and negative
correlation with total caudate nucleus volume. Thus, increased
cerebrovascular disease, as measured as stroke volume, was signiﬁcantly correlated with decreased caudate nucleus volume, partially
supporting the hypothesis. However, the correlation coefﬁcients
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showed only 10% shared variance between total stroke volume and
caudate volume, hence, other factors may be important.
Loss of afferent or efferent WM connections might impact upon the
activity; and, via neuroplasticity, on caudate volume. Thus, WM
lesions adjacent to or impinging upon the caudate might be associated
with reduced caudate volume, as has been found in late life depression
associated cerebrovascular disease (Hannestad et al., 2006). Partial
correlation analysis revealed relatively weak negative correlation
between WMH volume and total caudate volume for frontal, temporal
and parietal regional deep WMH, as well as for total brain WMH, but
not for periventricular WMH (anterior horn, posterior horn or
periventricular body). That is, greater volumes of deep WMH in
regions relevant to the caudate were associated with decreased total
caudate volume, providing partial support for the hypothesis that
disconnection phenomena due to strategic WMH may impact on
caudate volume. However, the correlations are relatively weak, and
application of a Bonferroni correction would render them insignificant. Furthermore, correlation coefﬁcients show only 10–11% shared
variance between deep WMH volume and caudate volume, so other
factors may be important. Periventricular WMH have been postulated
to relate to involutional tissue signal intensity changes rather than
being speciﬁc cerebrovascular WMH, perhaps explaining the lack of
association of these lesions with caudate volume. We consider that
these relatively weak correlations suggest preliminary directions for
further research, with larger samples and longitudinally.
Afferent cortical inputs are relayed via the ventral caudate through to
the putamen, globus pallidus, thalamus and thence to frontal cortex,
comprising a cortico-striato-pallido-thalamic-cortical loop (Clark et al.,
2005). Generalized cerebral atrophy may thus also reduce the afferent
functional connectivity of the caudate, and, via neuroplasticity, affect the
volume of the caudate. VaD has the greatest compromise of cognition,
which, in turn may reduce inputs via the caudate causing reduction in
functional activity and result in neuroplasticity-mediated atrophy.
Similarly, white matter hyperintensities due to cerebrovascular insufﬁciency may disconnect the afferent and efferent pathways of the caudate
and lead to neuroplastic atrophy. However, we need longitudinal studies
to investigate whether white matter disease (leukoaraiosis) is associated with a decline in caudate volume and have conducted a pilot
study that supports this hypothesis (Looi et al., Unpublished). Therefore,
it is possible that interactive effects of: cerebrovascular insufﬁciency;
combined with disconnection phenomena due to leukoaraiosis; up and
downstream effects from caudate and cortical atrophy may all
contribute to the cognitive consequences of stroke.
Effects of such reductions in caudate nucleus volume are related to
the functions served by the fronto-subcortical circuits traversing the
caudate. One key function of the fronto-subcortical circuits is to
mediate higher order dorsolateral prefrontal-executive cognition,
including organizing, sequencing and anticipating future consequences (Tekin and Cummings, 2002). Frontal-executive cognitive
dysfunction has been demonstrated with stroke, such that frontosubcortical dysfunction may be the mechanism underlying vascular
dementia (Looi and Sachdev, 2000). Previously, we found volumetric
reduction of the caudate in a gradient according to the putative
involvement of fronto-subcortical dysfunction in frontotemporal lobar
degeneration (Looi et al., 2008b).
Volumetric reduction in the caudate with increasing cerebrovascular disease such as stroke, mediated by WMH and infarction,
interacting with leukoaraiosis, may contribute to disruption of the
integrity of fronto-subcortical circuits and hence, frontal-executive
cognitive dysfunction in stroke. Stroke-related interactions between
cortical atrophy, cerebrovascular insufﬁciency and disconnection
phenomena may both further contribute to caudate atrophy, causing
further decrements in frontal-executive cognitive function.
Strengths of this study include selection of subjects well matched for
age, education and past medical history including duration and severity
of condition; and a well characterized control group. The diagnostic
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process for VaD was thorough, encompassing clinical assessments,
neurological examination, neuropsychological testing as well as
consensus analysis of MRI (Sachdev et al., 2004). Volumetrics were
performed by a trained single rater, using a standardized peer-reviewed
protocol, blinded to diagnostic group with good inter and intra-rater
reliability (Looi et al., 2008a). Arguably, manual tracing remains the gold
standard for MRI volumetric quantiﬁcation for structures or volumes
that can be reliably manually delineated (Looi et al., 2008a). In contrast,
WMH, being diffuse and distributed throughout the brain, are more
reliably measured using automated methods, where manual tracing
would be time-consuming and impractical.
While a potential limitation of this study is the small number of
subjects in some groups, thereby reducing statistical power to
determine signiﬁcant differences, this renders our results more
conservative. There was also a gender bias, due to a signiﬁcantly
larger proportion of males in the study, but there was no signiﬁcant
effect of gender on caudate size adjusted for brain volume and the
proportion of males was similar in the Stroke and VaD groups.
Arguably, it would be preferable to normalize volumes using
intracranial volume instead of ICA; however, this was a covariate in
the MANCOVA and controlled for in the partial correlation, rather than
used as a ratio for normalization. Strokes located in proximity to the
caudate may signiﬁcantly impact upon caudate function, and consequently, volume. We therefore excluded subjects with infarction in the
caudate itself. Finally, we used a combination of manual and voxelbased morphometric methods (VBM) over a decade of work by
various members of the group, and acknowledge a more pure
methodological approach would have been to use entirely automated
or entirely manual methods. We could not use VBM at the time of
caudate tracing to quantify the caudate, and retain some reservations
about partial volume effects on such measures due to proximity to the
lateral ventricle. Similarly, we could not at the time quantify the stroke
volumes using VBM which were measured manually close to a decade
ago. We were therefore limited by different developmental timelines
for the methods and were unable to transform the manually traced
caudate (binaries for which were not saved at the time) into the same
MNI space as the VBM measures, which would have been ideal for
volumetrics.
5. Conclusions
We have shown that the caudate nucleus volume is signiﬁcantly
smaller in those with Stroke and VaD as compared to controls.
Furthermore, there is a gradient in caudate volume, with controls
having the largest volumes; those with Stroke having intermediate
volume; and those with VaD having the smallest volume. MRI
volumetric reduction of the caudate may be related to the severity
of cerebrovascular disease. Marked caudate atrophy in VaD suggests a
possible subcortical basis for dementia in cerebrovascular disease.
There are preliminary negative correlations of stroke and WMH
volumes, measures of cerebrovascular disease, with total caudate
volume, meriting further investigation. Resultant caudate volume loss
may disrupt fronto-subcortical circuits traversing the caudate and
thus, contribute to frontal-executive cognitive dysfunction found in
stroke.
Future research, involving larger samples, should also encompass
mapping and quantiﬁcation of WM disease to investigate the
relationship of WM to volume of the caudate in stroke. This may
also inform us of the salience of cerebrovascular insufﬁciency to the
volume of the caudate. Correlation of these ﬁndings with volumetrics
of afferent and efferents of the fronto-subcortical circuits may
elucidate the drivers of neuroplasticity-mediated volumetric change.
The impact of caudate volume loss should be investigated in
relation to neuropsychological and neuropsychiatric features of
stroke, to determine the implications for clinical presentation and
practice.
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Aims: To discuss the current methodological and conceptual difficulties inherent in
characterizing the emotional manifestations of neurodegenerative disease through critically
reviewing depression as a manifestation of idiopathic Parkinson’s disease (PD).
Methods: Selective literature review of the neurobiological, psychological, and physical basis
of depressive symptoms in PD from 1993–2003, with reference to key earlier articles.
Conclusions: There are difficulties in defining the syndromes of PD itself as well as depression
in PD. The use of more conceptually reductionistic definitions of emotion and behavior in
comprehensive longitudinal studies of the natural history of PD is recommended.
Keywords: Parkinson’s disease, depression, nosology
My propositions serve as elucidations in the following way: anyone who understands
me eventually recognizes them as nonsensical, when he has used them – as steps – to
climb up beyond them. (He must, so to speak, throw away the ladder after he has
climbed up it.)
WITTGENSTEIN 1974, p 89

Introduction
We wish to explore some of the epistemological and methodological issues regarding
the phenomenology, nosology, and ultimately, the investigation of neuropsychiatric
disorders. In particular, we will focus on the constraints of applying standardized
criteria for depression (WHO 1992; APA 2000), developed for the relatively
neurologically healthy, to emotional disorders such as depression in neurodegenerative
disease. As a prototypical neuropsychiatric disorder, Parkinson’s disease affects
cognition, emotion, autonomic, and motor aspects of the nervous system. In this
critical review, we seek to focus on the phenomenon of depression in Parkinson’s
disease, with a view to better appreciating the difficulties that face those seeking to
investigate the nature of emotional disorders in neurodegenerative disease. We
acknowledge that other syndromes within Parkinson’s disease, such as psychosis,
may also lend themselves to such exploration, as may other neuropsychiatric disorders
such as Alzheimer’s disease and vascular dementias. For brevity, and because the
arguments may be similarly applied to a lesser or greater degree in these other
conditions, we have focused on depression in Parkinson’s disease.
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Difficulties in characterizing the emotional
manifestations of Parkinson’s disease
Parkinson’s disease is an age-related neurodegenerative disorder characterized by
the physical manifestations of resting tremor, rigidity, bradykinesia, and postural
instability (Gelb et al 1999; Schrag et al 2002). Despite Parkinson’s original
observation of preservation of the mental faculties, it is now well recognized that
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there are cognitive and emotional manifestations of the
disease (Waters 1998). Depression has been described as
the major psychological complication, with a prevalence of
2%–70% in those suffering from PD (Hoogendijk et al 1998;
Becker et al 2002). Indeed, when matched for comparable
degrees of physical disability with disorders such as
osteoarthritis and diabetes, a higher prevalence of depressive
disorders were found in the PD group in a large Danish
cohort (Murray 1996; Nilsson et al 2001).
However, the characterization of the emotional and
cognitive consequences of cerebral neurodegenerative
disease remains fraught with misconceptions and
uncertainties. Heretofore, the delineation of the psychiatric
consequences of neurodegenerative disease has involved
surveying patients suffering from neurodegenerative disease
with standardized psychiatric diagnostic instruments to
characterize psychiatric syndromes described as depression,
mania, anxiety, and psychosis. Such an approach has
limitations, particularly in Parkinson’s disease (PD), due to
diagnostic uncertainties in differential diagnosis of
idiopathic PD (the major parkinsonian syndrome) from other
etiologically distinct parkinsonian syndromes;
manifestations of PD which may present as behavioral
mimics or phenocopies of depression (Berrios et al 1995)
such as apathy; issues of circular/self-referential
classification through application of diagnostic criteria for
depression in otherwise healthy persons to diagnose
depression in PD; and the ongoing debate as to whether a
distinct depression in idiopathic PD exists. Indeed, the
conceptual challenge of depression in PD has recently been
discussed from a semantic and epistemological viewpoint,
with reference to the pathophysiology (Leentjens and Verhey
2002). Our focus is somewhat different, and seeks to
specifically explore the conceptual and methodological
difficulties of defining depression in PD. In particular, we
seek to explore how the application of a predetermined
psychiatric paradigm of depression traps us in a conceptual
oubliette.

Diagnostic uncertainty in
parkinsonian syndromes
Parkinsonism itself is a protean entity and aside from
idiopathic Parkinson’s disease (PD) may result from
Parkinson’s-plus syndromes such as corticobasal ganglionic
degeneration, multiple systems atrophy, progressive
supranuclear palsy, or Lewy-Body dementia (Poewe and
Wenning 2002). Furthermore, Parkinsonism may be
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secondary to toxic insults, infections, cervical/cerebral
trauma (such as a component of dementia pugilistica), or
cerebrovascular disease. Finally, other unrelated movement
disorders may masquerade as Parkinson’s disease, such as
Huntington’s disease, Wilson’s disease, or familial
olivopontocerebellar atrophy.
In addition, a specific etiopathogenesis has not been
identified with putative causative factors including genetic
factors, toxins, oxidative stress, mitochondrial dysfunction,
glutamergic excitotoxicity, glial, neurotrophic, and apoptosis
being postulated (Olanow and Tatton 1999).
The relative paucity of in vivo, clinically valid, available,
and specific biomarkers for PD renders differential diagnosis
difficult, as does the absence of specific clinical features
that may differentiate idiopathic PD from other Parkinsonian
syndromes (Gelb et al 1999). Idiopathic Parkinson’s disease
may therefore be misdiagnosed at rates approaching
20%–30% (Poewe and Wenning 2002); and at autopsy,
characteristic neuropathological changes are only confirmed
in 75% of cases (Gelb et al 1999). Functional neuroimaging
techniques such as assessment of striatonigral dopaminergic
activity using I123 Beta-CIT or I123 FP-CIT single photon
emission computerized tomography (SPECT), a ligand for
the dopamine transporter in the caudate and putamen, have
utility in confirming the diagnosis of Parkinson’s disease
(Duchesne et al 2002; Piccini and Whone 2004). The ratio
of caudate to putamen activity shows a 50% reduction of
I123 Beta-CIT binding in the putamen by disease presentation
in PD, with a relatively poorly differentiating relative
reduction of binding in the caudate for atypical Parkinsonian
syndromes (Brucke et al 1997; Gerschlager et al 2002;
Piccini and Whone 2004). Positron emission tomography
(PET) has relatively less clinical utility due to the
requirement of a cyclotron for generation of the
radioisotopes used. Of the PET modalities, 18F-dopa PET
has the most utility, demonstrating loss of up to 50% of
normal 18F-dopa ( a marker of accumulation and metabolism
of levodopa) uptake in caudal putamen; however, again
differentiation from progressive supranuclear palsy, multiple
systems atrophy, or corticobasal degeneration remains
problematic (Antinoni et al 1997; Ghaemi et al 2002; Piccini
and Whone 2004).
Leentjens and Verhey (2002), assert that Parkinson’s
disease is a distinct disease entity in contradistinction to
psychiatric syndromal diagnosis such as depression. In
contrast, we assert that in clinical practice Parkinson’s
disease is a syndrome rather than a disease, given that we
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are unable to ascertain neurobiological data to confirm the
diagnosis. This is supported by the relative lack of valid,
specific biomarkers such as functional brain neuroimaging
and data on misdiagnosis cited above. Furthermore,
idiopathic PD is ipso facto of unknown etiopathogenesis,
and clinical features do not necessarily correlate with
classical neuropathology. We therefore argue that PD and
depression both represent syndromal constructions.
However, the core syndrome of idiopathic PD is associated
with characteristic neuropathological changes postmortem,
and there has been speculation on what neurophysiological,
neurochemical, and neuroanatomical alterations may serve
as the substrate for possible disturbances of cognition and
emotion in PD. Here we find ourselves dashed upon the
shores of psychiatric syndromal diagnosis, as depression
and other psychiatric complications of PD have been
heretofore defined using standardized criteria for psychiatric
diagnosis designed for neurologically intact and otherwise
healthy persons.

Self-referential or circular
definitions of depression in PD
In current psychiatric nosology, depression has been defined
by operationalized diagnostic criteria formulated by the
American Psychiatric Association (DSM-IV) (APA 2000)
and the World Health Organization (ICD-10) (WHO 1992)
classification of mental disorders. Thus, the diagnosis of
major depressive disorder is predicated on the presence of
five or more symptoms: low mood, anhedonia, sleep
disturbances, weight loss, psychomotor agitation, fatigue,
guilt, poor concentration, and suicidal ideation present for
more than two weeks (DSM-IV) (APA 2000). This
syndromal diagnosis has little reference to putative
etiopathogenesis or clinical course apart from a duration
specific qualifying period and mandatory exclusion factors
(Leentjens and Verhey 2002). The assessment of depression
in clinical research has been made by means of structured
clinical interviews and/or assessment via depression rating
scales based on these criteria.
These extant criteria and methods for assessing
depression have been applied for the diagnosis of
“depression” in PD, generating an inherent circularity. That
is, one can only characterize depression in PD within the
confines of the construct of DSM-IV/ICD-10 major
depression, thereby precluding us from identifying possibly
unique features of the emotional manifestations of PD.
Indeed, this type of circularity is not new in the
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neuropsychiatric literature and has been remarked upon with
the definition of vascular cognitive impairment upon a
paradigmatic definition derived from Alzheimer’s disease
(Looi and Sachdev 1999).

Incidence of parkinsonism in
persons with depression
Several studies have identified that depression often predates
a diagnosis of PD, providing increasing evidence for a
common etiology of the two disorders. There have been
several studies that have shown depression to be a risk factor
for the development of PD (Nilsson et al 2001; Schuurman
et al 2002), and several retrospective case control studies
showing that PD is preceded by a prodromal phase,
characterized by an increased incidence of mood disorders
(Gonera et al 1997; Shiba et al 2000). However, the most
substantial evidence has come from an epidemiological
study, where the lifetime incidence of depressive disorder
was calculated for patients, from a general practice based
register, until their diagnosis of PD and compared with that
of a matched control population from the same register
(Leentjens et al 2003). This study found that at the time of
their diagnosis of PD, 9.2% of the patients had a history of
depression, compared with 4% of the control population.
In addition, Nilsson et al (2002), via analysis of a Danish
register, found a significant increased risk for hospitalization
because of depression in patients with PD compared with
subjects with osteoarthritis or diabetes mellitus, providing
further support for the hypothesis that depression in patients
with PD is a consequence of a shared pathophysiological
basis.

Neurobiological basis of cognitive
and emotional symptoms
behaviorally equivalent to
depression in PD
The known neuropathology of PD comprises age-related
degeneration of dopaminergic neurons in the substantia nigra
pars compacta associated with intracytoplasmic aggregates
of alpha-synuclein known as Lewy bodies (Olanow and
Tatton 1999). These neurodegenerative changes and Lewy
bodies are also found in the locus coeruleus, nucleus basalis
of Meynert, hypothalamus, cerebral cortex, brainstem motor
nuclei, and autonomic nervous system (Berg et al 1999;
Olanow and Tatton 1999). As would be expected from such
widespread neuropathology, the PD process may potentially
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Table 1 Neurochemical changes in Parkinson’s disease (PD)
Results
Authors

Sample characteristics

Dopamine

Noradrenaline

Serotonin

Engelborgh et al 2003

Comparison of CSF biogenic
amines in PD vs aged
matched controls
PD(n) = 24
Controls (n) = 30

Dopamine metabolite
(DOPAC) significantly
lower in PD compared
with control

No statistically significant
change in CSF NA levels
between PD and controls

5HT was significantly higher
and 5HIAA was significantly
lower in PD group with
5HIAA/5HT ratio lower in PD
group reflecting decreased
5HT catabolism

Kuhn et al 1996

Comparison of de novo
depressed (PDd) and
non-depressed (PDn)
Parkinson’s disease patients
PDd (n) = 14
PDn (n) = 12

No significant difference
between CSF levels of
dopamine and its
metabolites between PDd
and the PD groups

No significant difference
between CSF levels of
noradrenaline and its
metabolites between the
PDd group and PD group

No significant difference of
5HIAA between the PDd group
and the PD group

Pacchetti et al 1990

Comparison between
depressed and
non-depressed PD patients
PD (n) = 52, of which 20 are
de novo patients

No significant difference in
5HIAA CSF between PDd
and PD

Kostic et al 1987

Significantly lower 5H1AA
levels in PD and more so in
PDd compared with controls

Turkka et al 1987

Mayeux et al 1986

Levels of CSF NA was
not significantly different
between PD and aged
matched controls
Comparison between
depressed and non-depressed
PD patients. 10-day
dopamine-free period
PD (n) = 49

Mayeux et al 1984

Levels of CSF 5HIAA was
lowest in PDd than in PD

Data found that CSF 5HIAA
content of PDd was lower
than PD

Abbreviations: CSF, cerebrospinal fluid; NA noradrenaline.

impact upon a number of structures, circuits, and
neurotransmitter function, yielding widespread effects on
cognition and emotion.
The role of neurochemical changes in PD in causing
depressive symptomatology remains largely speculative. It
is important to emphasize that the majority of data pertain
to neurochemical and neuropathological changes in
Parkinson’s disease per se, rather than in depressed
Parkinson’s disease patients. We have summarized the
relevant findings in Tables 1 and 2, with Table 1 describing
neurochemical changes and Table 2 describing neuropathological changes (Mann and Yates 1983; Cash et al
1984; Mayeux et al 1984, 1986; Kostic et al 1987; Turkka
et al 1987; Chan-Palay and Asan 1989; Pachetti et al 1990;
Paulus and Jellinger 1991; Kuhn et al 1996; Bertrand et al
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1997; Engelborgh et al 2003). There are conflicting data on
the serotonin metabolite 5-hydroxy-indoleacetic acid, with
some studies showing decreased levels in depressed PD
patients (Mayeux et al 1984, 1986; Kostic et al 1987) and
others equally showing no significant differences (Kuhn et
al 1996). The evidence for the effects of dopamine and
depression has been similarly lacking (Kuhn et al 1996). At
best the role of noradrenaline is speculative at present.
Putative neuroanatomical substrates have been based on
neuropsychological evidence of frontal system dysfunction
(Starkstein and Mayberg 1992; Murray 1996; Schrag et al
2001; Slaughter et al 2001), frontomesial pathology
(Starkstein and Petracca 1998), and frontal system
hypometabolism on SPECT and PET (Becker et al 2002).
Frontal-executive dysfunction is the most common
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Table 2 Neuropathological changes in Parkinson’s disease (PD)
Results
Authors

Design

Substantia nigra

Locus coeruleus (LC)

Mann and Yates 1983

PD (n) = 8. PD cases not
recruited for depression.

LC degeneration in PD
cases. Greater adrenergic
cell loss in those with
dementia relating to the
disease process.

Cash et al 1984

PD (n) = 20. Thirteen of
the PD patients had
dementia. Patients not
recruited for depression.
Unable to establish
diagnosis of depression
in any of the cases.

Increased adrenergic
receptors in the prefrontal
cortex of parkinsonian
patients. Greater increases
in alpha1 adrenergic
receptors were noted in
PD patients with dementia.
Suggestion that the increase
in adrenergic receptors is
a compensatory mechanism
in relation to a drenergic
cell loss.

Chan-Palay et al 1989

PD (n) = 7. Post-mortem
study of heterogenous PD
group. Chronic elderly
PD patients, not specifically
recruited for depression.
Five of the PD patients had
rapidly progressive
dementia MMSE 0–5, two
of which were atypically
depressed and were not
L-dopa responsive.

LC neuronal degeneration and
cell loss. Decreased LC length.
Greater degeneration of LC
was noted in the PDd.

Paulus and Jellinger 1991 Post-mortem studies of
PD patients significant cell
elderly PD patients some loss compared with
with comorbid dementia, controls.
depression, and psychosis.
Diagnosis of depression and
psychosis was retrospective
based on clinical notes.

Reduced cell count in the
LC of PD compared with
controls.
PD (n) = 37
Controls (n) = 12
No difference in LC count
and density in between
depressed and
non-depressed PD.

Bertrand et al 1997

Significant loss of adrenergic
neurons in LC. LC neuronal
loss increases with disease
duration. Significantly
decreased LC neurons in the
patient with severe dementia.

Post-mortem study of 21
PD cases. One case was
known to have severe
dementia. Cases did not
differentiate between
depressed and
non-depressed patients.

Dorsal raphe nucleus (DRN)

Reduced cell count in PD
compared with controls.
PD (n) = 23
Controls (n) = 6
Density of neurons in the DRN
in PD depressed was lower.
PD (n) = 9
PDd (n) = 12

Abbreviations: MMSE, Mini-Mental State Examination.

neuropsychological deficit demonstrated in PD (Levy et al
2002; Cummings and Mega 2003) and its occurrence is
predictive of dementia (Mahieux et al 1998; Levy et al 2002).
The deficits described comprise problems with memory
retrieval, word-list generation, organization of complex
visual copying, and shifting of cognitive set (Mahieux et al
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1998; Cummings and Mega 2003). Dysfunction in these
systems could result in symptomatology consistent with
depression such as executive dysfunction and impaired
concentration. Furthermore, there is emerging evidence that
non-verbal emotional information processing is impaired
early in PD (Dujardin et al 2004) and that this may contribute
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to a presentation consistent with depression. The role of the
basal limbic system and associated brainstem nuclei
dysfunction in contributing to depressive symptoms remains
more speculative at this stage, but potentially could be
responsible for deficits in mood, behavior, and sleep (Berg
et al 1999; Becker and Berg 2001).
Disruptions of circuit connectivity in the brain have been
postulated as a possible mechanism for post-stroke
depression, in the absence of clear evidence of
neurotransmitter dysfunction (Herrmann et al 1995). The
pathways implicated traverse the basal ganglia and involve
the intricate white matter loops interconnecting the structures
known as the frontosubcortical circuits, with resultant
changes in cognition and emotion, and have been implicated
in major depression in otherwise healthy persons (Austin et
al 2001). In addition, dysfunction in autonomic circuitry,
as evinced by orthostasis and postural instability and its
association with depression, has been demonstrated (Berrios
et al 1995; Schrag et al 2001). Furthermore, disruption of
these frontosubcortical circuits results in frontal-executive
dysfunction, such as is found in vascular cognitive
impairment (Looi and Sachdev 2000) and which has been
noted in uncomplicated depression (Austin et al 2001). It is
possible, albeit speculative, that remote upstream or
downstream effects described as diaschisis may result from
neurodegeneration in the basal ganglia and associated
circuitry in PD, and thereby, may contribute to local or
distant changes in motor, cognitive, and affective functions
resembling depression. This would explain the occurrence
of frontal-executive dysfunction, associated depressive
symptomatology, and anxiety symptoms in PD. It therefore
follows that the core neurobiological changes of PD may
result in a neurobehavioral syndrome resembling depression
(Cummings and Mega 2003).

Manifestations of PD as behavioral
mimics or phenocopies of
depression
Behavioral manifestations of PD such as agitation, anxiety,
anhedonia, apathy, and psychosis may individually or
synergistically serve as phenocopies of depression (Berrios
et al 1995). Agitation, apathy, and anxiety have been
identified as being highly prevalent in epidemiological
surveys of persons with PD (Aarsland et al 1999). These
behavioral changes may be misidentified as depression due
to their resemblance to clinical manifestations of DSM-IV
major depression. Apathy refers to reduced interest and
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participation in normal purposeful behavior, lack of
initiative, and indifference with affective blunting (Pluck
and Brown 2002). Apathy has now been recognized as a
prominent and important manifestation of the emotional
consequences of PD, having been demonstrated to be more
prevalent in those with PD compared with equally disabled
patients with osteoarthritis in the absence of differences in
personality traits or cognition (Pluck and Brown 2002). Up
to 40% of patients with PD may experience significant
anxiety, a higher than expected level for age-matched
controls and that this may be clustered into panic disorder,
phobias, and generalized anxiety disorder (Starkstein et al
1993; Walsh and Bennett 2001). In particular, generalized
anxiety may closely resemble agitated depression via
restlessness (which can be interpreted as psychomotor
agitation), rumination on trivial concerns, and seeking of
reassurance. Furthermore, panic attacks may also mimic
agitated depression. Anhedonia itself has been identified as
a prominent neuropsychiatric symptom of PD, in the absence
of association with mood (Isella et al 2003) and representing
a deficit in novelty seeking behavior. Thus, anhedonia may
represent part of the core neuropsychiatric disturbance in
PD, secondary to deficits in the dopamine reward circuits,
and may masquerade as depression (Menza and Mark 1994).
In addition, psychosis may also occur frequently in PD and
may therefore mimic a psychotic depression.
The diagnostic confusion is further exacerbated by
cognitive and physical manifestations of PD which also
resemble features of depression, such as impaired
concentration, cognitive/psychomotor slowing, bradykinesia, reduced libido, fatigue, and sleep disturbance
(Happe et al 2001; Leentjens and Verhey 2002; Pluck and
Brown 2002; Schuurman et al 2002; Lieberman 2003). There
may be somatic preoccupations with genuine physical
complications such as dizziness, tinnitus, epigastric pain,
headaches, bladder, and bowel disturbances (Leentjens and
Verhey 2002).
The idea that the physical and behavioral manifestations
of PD may resemble depression and is a neurobiological
manifestation of the disorder is not new (Cummings and
Mega 2003). Indeed, Berrios and colleagues (1995)
concluded that anxiety and depression in a proportion of
PD patients was a behavioral phenocopy induced by
autonomic dysfunction (Lerner and Whitehouse 2002).
However, we would broaden this concept to include the
range of cognitive, emotional, and physical symptoms of
PD that may mimic the depressive syndrome.
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A specific syndrome of low mood
in PD?
It would seem self-evident that depression could be
conceptualized as an understandable reaction to the suffering
caused by PD. However, such an approach has been already
been identified as being overly simplistic and is contradicted
by the lack of association between disease factors and
progression with the degree of severity of depression
(Starkstein et al 1989; Troster et al 1995; Lerner and
Whitehouse 2002).
Much has been written about a distinct syndrome of low
mood or depression characteristic to PD, which is somehow
distinct from the conventional definition of “idiopathic” (for
want of a better term) depression (Cummings and
Masterman 1999; Stocchi and Brusa 2000; Myslobodsky et
al 2001; Slaughter et al 2001; Yamamoto 2001; Cummings
and Mega 2003). This distinction has proved difficult to
demonstrate, and we suggest that this is due to a priori
application of conventional criteria for depression to the
depressive syndrome of PD, thereby constraining the data
obtained as opposed to a more descriptive approach such as
using an inventory of psychiatric syndromes. Some authors
have identified that depressive cognitions are less prevalent
in PD than in idiopathic depression (Yamamoto 2001).
Others have identified a greater preponderance of somatic
symptoms (sleep disturbance, decreased appetite, and
anhedonia), dysphoria, suicidal ideation, and a qualitative
difference in the nature of the sadness (Slaughter et al 2001).
A majority have stated that anxiety symptoms are prominent,
there is a lack of mood-congruent psychosis and there are
low suicide rates despite a high frequency of suicidal ideation
(Cummings and Masterman 1999; Stocchi and Brusa 2000;
Myslobodsky et al 2001; Slaughter et al 2001; Yamamoto
2001). Is anxiety being misdiagnosed as depression? Does
the lack of suicidal behavior reflect a syndrome of apathy?
What are the comorbidity rates of apathy, anxiety, and
agitation in PD? Despite these questions, others maintain
that there are no characteristic differences between
depression in PD and idiopathic depression in older adults
(Erdal 2001).

Climbing up the ladder
We would therefore conclude that Parkinson’s disease is, in
a clinical setting, a syndrome of considerable heterogeneity.
Extant psychiatric diagnostic criteria for depression so
closely approximate the clinical cognitive, emotional, and
physical manifestations of the PD syndrome so as to render
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the syndromes indistinguishable in part or whole. How are
clinicians, especially in primary care, to struggle with the
vicissitudes of diagnosis of depression in PD? The putative
neurobiological basis of idiopathic PD may be expected to
result in emotional consequences consistent with major
depression as currently defined. Phenomenological and
clinical understanding of the cognitive and emotional
consequences of PD, such as depressive symptoms, can best
be advanced by careful integrated longitudinal study of the
physical, cognitive, and emotional consequences of PD
syndromes. Such longitudinal studies should use more
conceptually reductionistic diagnostic criteria for emotional
consequences such as apathy, specific anxiety syndromes,
anhedonia, insomnia, and psychosis as well as the broader
construct of “depression” to better characterize these core
phenomena without being constrained to an a priori
conceptualization of depression. However, it is not entirely
pragmatic to eschew the guideposts of description of
emotional distress provided by conventional psychiatric
nosology, as these provide at least a means of discourse
regarding emotional distress and because research to date
has utilized such diagnostic criteria to describe these
phenomena. Practically, therefore, we suggest inclusion of
descriptors of more discrete cognitive and emotional
phenomena as well as including classifications according
to standardized criteria for depression in longitudinal studies
of the natural evolution of Parkinson’s disease, a process
which has been possible in the analogous investigation of
the emotional and cognitive aspects of cerebrovascular
disease (Sachdev et al 2004).
We would propose such longitudinal studies of
depression in PD should:
1. Examine patients with early-stage PD;
2. Comprehensively characterize their physical, cognitive,
and emotional function using measures of motor
dysfunction, autonomic function, disability, anxiety,
apathy, anhedonia, and cognitive function;
3. In parallel, collect information on depression according
DSM-IV/ICD-10 psychiatric classifications;
4. Examine cognitive and emotional processing of anxious
and depressive thinking in PD;
5. Utilize structural and functional brain neuroimaging to
assist in identifying the neuroanatomical and
neurochemical bases of depressive symptoms in PD.
In this way, we may free ourselves from the conceptual
oubliette of a predetermined concept of depressive
symptomatology in describing the cognitive and emotional
manifestations of Parkinson’s disease.
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Objective: Authors investigated the nature of delayedonset posttraumatic stress disorder (PTSD) among
combat veterans. Methods: PTSD, along with cognitive and emotional functioning, was assessed in a
case series of elderly Australian war veterans. Results:
Fifteen elderly male subjects consecutively referred to
an outpatient psychiatric clinic were identified as having PTSD with significantly delayed onset. In most
cases, the onset of PTSD symptoms was associated
with unrelated medical complaints, psychosocial
stress, and/or mild cognitive impairment. Conclusion: Environmental stressors, coupled with age-related neurodegeneration, may potentially contribute
to the late-life recrudescence or emergence of PTSD
symptoms in veterans exposed to combat-related
trauma. (Am J Geriatr Psychiatry 2005; 13:424–427)

P

osttraumatic stress disorder (PTSD), as deﬁned by
the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV), develops after a person has been exposed to severe, life-threatening trauma to self or to
others, with an emotional response involving fear,
helplessness, or horror. Although well studied for a
younger population, there is a dearth of research as
to the long-term course of the disorder and its pre-

sentation in older people. It is thought that the prevalence of PTSD is high among aging trauma-exposed
veterans, including combat veterans of World War II
(WWII), Paciﬁc and Korean conﬂicts, and among former prisoners of war (POWs). The exact prevalence,
however, is unknown, and the manifestation of PTSD
in the aged population is not well understood.
Recent evidence has suggested that dementia or
other age-related illness may lead to the re-manifestation of PTSD in individuals with early-life trauma.
There have been various case series that document
the recrudescence of PTSD in association with various stressors, such as cognitive impairment due to
dementia,1 medical illness,2 and a range of other factors, such as retirement, loneliness, and comorbid
psychiatric illness.3 Averill and Beck’s review of
PTSD in older adults4 emphasizes the role of life
stressors, particularly those associated with normal
aging, in the development of delayed-onset PTSD.
Also, there is increasing evidence of a latency period
before the onset of PTSD symptoms. Krystal, in his
studies of Holocaust survivors,5 noted that survivors
had prolonged periods of freedom from symptoms
(or possibly had subsyndromal symptoms), with subsequent emergence of ﬂorid PTSD in the developmental transition from middle to late life.
The current putative neurobiological mechanisms
that mediate symptoms of PTSD are derived from research into neuroendocrine factors, such as the hypothalamic–pituitary axis involution with aging; and
neuroanatomical factors, such as amygdala–hippocampal interactions and hippocampal volume loss in
those suffering from PTSD, with associated neuropsychological decline. Functional changes have been
demonstrated in medial-frontal, medial-temporal,
and anterior-cingulate brain regions, with interactive
effects on amygdala and associated structures.6,7 It
may be that psychosocial stressors (manifested as
anxiety or depression) in old age, dementia, and other
physical illness, may diminish the adaptive inhibition
of traumatic memories and thereby account for the
delayed onset of PTSD symptoms. Also, the neurobiological effects of aging may affect the neurobiol-
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ogy of stored memories, contributing to the emergence of PTSD in late life. Thus, this delayed
presentation of PTSD might be expected to emerge
from the convergence of psychosocial stress and
physical illness, aging-related neurodegeneration,
and, of course, combat trauma exposure.

METHODS
Patients
Participants were consecutive referrals, between
June 2001 and December 2003, to an outpatient psychiatric clinic specializing in the assessment and
treatment of mental disorders in elderly patients. All
participants met DSM-IV criteria for PTSD, which
was conﬁrmed by administration of the Structured
Interview for PTSD (SIP).8 The Australian Commonwealth Department of Veteran Affairs referred 9 of
the 15 participants for psychiatric examination. The
remaining six participants were referred by their local
medical ofﬁcer for treatment of psychological distress. Participants with evidence of clinical anxiety,
“neurosis,” or other such diagnosis during combat or
middle-age were excluded. The determination of delayed onset was derived from the participants’ recall
of the absence of PTSD symptoms in the intervening
period from traumatic war exposure to the current
“late-life onset.” This delayed-onset aspect of the
TABLE 1.

clinical presentation was conﬁrmed by corroboration
from an informant, usually the spouse, other family
member, or local medical ofﬁcer.
Outcome Measures
The SIP was administered to conﬁrm diagnosis of
PTSD and was chosen because of its advantages compared to other DSM-IV–based instruments. A criterion severity score of 3 was used to conﬁrm the presence of a particular diagnostic criterion. Also, the
Mini-Mental State Exam (MMSE) and Beck Depression Inventory (BDI) were administered to all participants. An experienced physician administered all of
the above measures.

RESULTS
Fifteen male patients with PTSD were recruited, with
a mean age of 76.1 years (range: 68–86). The case series distributed evenly across all three military services (Army, Air Force, Navy) and the main localities
of active service attended by Australian armed forces
during the Second World War and Korean War. All
but one of the veterans were married, and none had
suffered bereavement, although one veteran’s wife
was ill at the time of presentation. The index trauma
varied from combat exposure to witnessing death of
comrades or allies in calamity (e.g., crash of an aircraft or failing to rescue comrades from drowning after a ship had been torpedoed). The majority of the
sample presented after an environmental stressor

DSM-IV Criteria for PTSD as Detected on the SIP

B Criteria: Re-Experiencing
of the Traumatic Event
B1: recurrent, intrusive
recollections
B2: recurrent distressing dreams
B3: acting and feeling as if event
were occurring
B4: intense distress at exposure to
cues reminiscent of event
B5: physiological reactivity on
exposure to cues symbolizing
the event

Point
Prevalence %

C Criteria:
Avoidance

Point
Prevalence %

D Criteria:
Arousal

Point
Prevalence %

93

C1: thoughts or emotions

78

D1: insomnia

80

86

C2: activities, place, or people
arousing recollections
C3: psychologic amnesia

78

D2: irritability

30

13

D3: impaired
concentration
D4: hypervigilance

53

86
93
93

C4: diminished interest in usual
activities
C5: feelings of detachment or
estrangement from others
C6: restricted range of affect
C7: sense of foreshortened future

33
86

D5: exaggerated startle
response

40
46

53
20

Note: SIP: Structured Interview for PTSD.8
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such as the development of a severe or life-threatening medical illness, surgery, or family problem. Nine
of these patients had medical conditions that may affect cognition (Parkinson disease, cardiac disease,
stroke, diabetes, elective surgery); environmental
stressors were seen in four patients (retirement, family problem, illness of spouse, and GI symptoms), and
two patients had dementia. MMSE scores varied from
24 to 30; the mean MMSE score was 27.86 (median:
28; standard deviation [SD]: 1.5). No subject’s BDI
score reﬂected the presence of clinically signiﬁcant
depression, as would be indicated by a score greater
than 20.
We assessed the phenomenology of this group by
examining the point prevalence of DSM-IV criteria
(Table 1).

DISCUSSION
This case series suggests some contribution from an
age-associated stressor (medical illness or psychosocial stress) and aging-related neurodegeneration in
the delayed onset of PTSD in veterans exposed to
combat-related trauma.
In the present sample, most of the group had presented for treatment in the context of an environmental stressor, such as medical illness, with ﬂorid PTSD
symptoms that recalled war-related trauma rather
than traumatic factors associated with the current
stressor. The remainder presented with unrelated
psychosocial stressors, which may reﬂect on psychological adjustment. In addition to the two cases of
dementia, most of the medical illnesses outlined in
the sample may potentially contribute to cognitive
decline; for example, Parkinson disease causes cognitive impairment; cardiac disease may be reﬂective
of vasculopathy and, hence, cerebrovascular disease;
stroke, diabetes, and surgery under general anesthesia may cause cognitive impairments. Psychosocial
stress (such as retirement, family illness, or other
problems), through adjustment reactions, could affect
psychological defense mechanisms and therefore potentially directly impair the suppression of PTSD-related memories.
The impact of age-related neurodegeneration is
also a likely contributor to the onset of PTSD in this
case series, given that normal aging alone has an im-
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pact upon neuroendocrine stress responses via the
hypothalamic-pituitary-adrenal (HPA) axis.9 We
would suggest that it is convergence of psychosocial
stress and/or age-associated neurodegeneration, superimposed on a substrate of traumatic experience(s)
in earlier life that may be responsible for onset of
PTSD symptoms in late life.
Cognitive decline per se would potentially also
lead to an unravelling of psychological defenses
against PTSD-related memories by weakening the
neurobiological infrastructure of defense. Another
case series has reported PTSD-like symptoms concurrent with incipient cognitive decline in those who
had experienced PTSD-like symptoms earlier in life.10
In our case series, it is possible that some of the veterans may have failed to recall previous occurrences
of PTSD, and therefore, they may also follow this pattern.
Furthermore, age-associated degeneration in
amygdala-hippocampal structures could potentially
unravel psychological and neurobiological defenses
to PTSD-related memories and experiences. Indeed,
the known neurobiology of PTSD involves progressive neuroendocrine changes; functional changes in
amygdala-hippocampal regions and associated structures; and hippocampal volume loss affecting areas
integral to episodic and emotional memory.6 Onset of
age- or medically-associated cognitive decline, pathology in the amygdala-hippocampal complex, and
an environmental stressor could therefore also lead
to presentation of delayed-onset PTSD.
Therefore, the combination of one or more of the
above factors (cognitive decline, psychosocial stress,
or age-related neurodegeneration) may be responsible for delayed onset of PTSD symptoms.
Our study is limited by several factors. First, the
sample size is small, compared with other population
studies, although given that this is a rare presentation, this would be a limiting factor in any study. A
larger-scale population study of veterans 75Ⳮ years
may be of more value. Second, the subjects were all
referred for treatment, and some were pursuing beneﬁts through the Australian Commonwealth Department of Veterans’ Affairs; hence there is a signiﬁcant
possibility of distortion of symptom reporting and
possible minimization of pre-existing symptoms or
previous psychiatric illness. However, the diagnosis
and clinical features were clariﬁed clinically and by
using a clinician-administered instrument, rather
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than merely self-report. Third, the exclusion of previous episodes of psychiatric illness is retrospective.
Although some degree of corroboration by another
informant (usually spouse) helps to legitimize the
“delayed-onset” aspect of the clinical presentation,
there are clearly limitations in this regard. Fourth, the
MMSE is not highly sensitive to early dementia, and
we therefore may not have captured the true extent
of cognitive impairment. In future research, we
would suggest utilization of a more sensitive measure
of early cognitive impairment, to strengthen the ability to determine the association of PTSD with ageassociated cognitive decline.
We would encourage further research in this area,
given the presence of a large cohort of middle-aged
veterans who are moving into late life and may develop similar patterns of presentation. The most in-

triguing ﬁnding is the possible association of a medical/psychosocial stressor, cognitive decline, and
late-life delayed onset of PTSD symptoms in those
exposed to combat-related trauma. There may also be
a salient contribution from the neurobiology of PTSD
and age-related neurodegeneration.
The question is raised whether pharmacological
treatment of early cognitive impairment with cholinesterase inhibitors or NMDA-glutamate antagonists
may, in part, ameliorate some of the cognitive and/
or emotional aspects of PTSD-like symptoms, given
this association. Furthermore, psychological strategies may be designed to forestall progression to delayed-onset PTSD. Surely, the veterans deserve a
more holistic and thoughtful approach to care.
Ethical approval was granted from the Mayo-Wesley
Centre’s Medical Advisory Committee.
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Cortical Morphometric Subclassification of
Frontotemporal Lobar Degeneration
BACKGROUND AND PURPOSE: Frontotemporal lobar degeneration (FTLD) is a primary neurodegenerative disease comprising 3 clinical subtypes: frontotemporal dementia (FTD), semantic dementia (SD),
and progressive nonfluent aphasia (PNFA). The subdivision is primarily based on the characteristic
clinical symptoms displayed by each subtype. We hypothesized that these symptoms would be
correlated to characteristic patterns of brain atrophy, which could be indentified and used for subclassification of subjects with FTLD.
MATERIALS AND METHODS: Volumes of 9 cortical regions were manually parcellated and measured on

both hemispheres on 27 controls, 12 patients with FTD, 9 patients with PNFA, and 13 patients with
SD. The volumetric data were analyzed by traditional t tests and by a multivariate discriminant analysis
(partial least squares discriminant analysis).
RESULTS: The ensemble or pattern of atrophy was a good discriminator in pair-wise comparison
between the subtypes: FTD compared with SD (sensitivity 100% [12/12], specificity 100% [13/13]);
FTD compared with PNFA (sensitivity 92% [11/12], specificity 89% [8/9]); and SD compared with PNFA
(sensitivity 86% [11/13], specificity 100% [9/9]). Temporal-versus-frontal atrophy was the most important pattern for discriminating SD from the other 2 subtypes. Right-sided versus left-sided atrophy was
the most important pattern for discriminating between subjects with FTD and PNFA.
CONCLUSIONS: FTLD subtypes generally display a characteristic pattern of atrophy, which may be

considered in diagnosing patients with FTLD.
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patients with FTD may develop features of PNFA, and those
with SD may share behavioral features with FTD. This overlap
is 1 argument for considering FTLD or Pick complex as a unitary consistent clinical entity.3
Although variability may be found within each FTLD subtype, the subtypes are generally considered to arise from distinct cortical basic regional patterns of atrophy (BRPA),
which, in turn, cause dysfunction in cognition, emotions, and
behavior associated with such regions.2 We have focused on
cortical BRPA. Few studies have directly compared the BRPA
in all FTLD subtypes.4-6 Using voxel-based morphometry,
Grossman et al4 found characteristic BRPA differences between all FTLD subtypes. Some differences were, however,
expressed as rather small subsections within an anatomically
defined area.
Kipps et al5 used an MR imaging⫺based visual rating
scale to compare a large sample of patients with FTLD (51
with FTD, 22 with PNFA, and 52 with SD). The assumption
that each FTLD subtype displays a BRPA was seriously challenged by their results, because only 53% of patients with
FTD and 71% of patients with PNFA showed any clear pathology on the scans. Moreover, a few patients with SD had
more frontal than temporal atrophy, and 2 patients with
PNFA had right-hemisphere-predominant atrophy. It has
been suggested that some individuals who meet the current criteria for FTD may not have a neurodegenerative disease at all.7
Due to the inconsistency in previous findings, the purpose
of this study was to further investigate the correlation between
symptoms and brain atrophy in FTLD subtypes and to test to
what extent patterns of atrophy could be defined and used for
subclassification of subjects with FTLD into subtypes. To
study this, we investigated MR imaging scans of FTLD cases
collected during approximately 10 years at the Memory Clinic,
Karolinska University Hospital Huddinge, Stockholm,
Sweden.

BRAIN

rontotemporal lobar degeneration (FTLD) remains a riddle 80 years after its conception.1 The international consensus criteria for FTLD describe 3 clinical subtypes: frontotemporal dementia (FTD), progressive nonfluent aphasia
(PNFA), and semantic dementia (SD), believed to result from
characteristic patterns of cortical atrophy.2 FTD is characterized by early changes in personality and comportment,
whereas aphasia is absent at onset. PNFA refers to progressive
deficits in speech production, including anomia and apraxia
of speech, phonologic paraphasias, or agrammatism, though
word comprehension and comportment are initially preserved. SD is defined by fluent speech, gradually progressive
anomia, and impaired word comprehension combined with
associative agnosia or prosopagnosia. In SD, surface alexia and
lexical agraphia can be demonstrated in patients who use alphabetic writing systems. Behavioral changes, such as obsessions and excessive thrift, also occur in SD.
Clinical syndromes overlap to some extent. For example,

Table 1: Demographic features of patients and controls
Control
FTD
SD
PNFA
No.
27
12
13
9
Sex (M/F)
7:20
3:10
5:9
3:6
Age (yr)
61.1 (53–78) 59.5 (42–72)
63.8 (52–77)
64.9 (57–78)
MMSE
28.7 (25–30) 20.8 (10–30)*† 22.9 (5–29)*†
22.5 (15–28)*‡
Disease
–
1.7 (0.3–3.4)
3.9 (1.3–7.7)*§ 3.6 (0.1–8.1)
duration (yr)
Note:—MMSE indicates Mini-Mental State Examination; –, no data; Disease duration,
duration between the appearance of the first symptom of the disease to scanning time;
FTD, frontotemporal dementia; SD, semantic dementia; PNFA, progressive nonfluent aphasia.
* Kruskal-Wallis test.
† P ⬍.01 compared with controls.
‡ P ⬍.05 compared with controls.
§ P ⬍ .01 compared with FTD.

Materials and Methods
Subjects
Participants were recruited retrospectively from the Memory Clinic at
the Karolinska University Hospital. All subjects went through the
standard investigation procedure for patients referred to the memory
clinic, which includes a medical examination and a standard psychometric test battery. The clinical diagnosis was determined at a multidisciplinary consensus conference with physicians, neuropsychologists, speech-language pathologists, and nurses. Table 1 summarizes
the demographic data of the included patients. Only patients with a
primary degenerative cerebral process were selected, excluding patients with signs of cerebrovascular or systemic disorders. Patients
with FTLD at different stages of the disease were included. Diagnoses
for dementia were based on criteria of the ICD-10 (International
Classification of Diseases, Tenth Revision), whereas the subtypes of
FTLD were based on international consensus criteria.2
The control group comprised individuals who had been referred
to the Memory Clinic because of mild subjective forgetfulness in everyday life. Objective impairment was ruled out through comprehensive neuropsychological assessment (impairment was defined as performance ⱖ1.5 SD unit below the mean on any cognitive test). To
further minimize the risk of including participants with neurodegenerative diseases in very early stages, we included only those participants whose performance did not deteriorate over a minimum of
2-years follow-up. Patients with dementia were also followed through
the progression of the disease.
There were a total of 61 subjects: 34 patients with FTLD (12 with
FTD, 13 with SD, 9 with PNFA), and 27 controls.

Image Acquisition
T1-weighted MR images were acquired on a 1.5T Magnetom Vision
Plus scanner (Siemens Medical Systems, Erlangen, Germany). A 3D
magnetization-prepared rapid gradient echo pulse sequence (TR,
11.4 ms; TE, 4.4 ms; TI, 300 ms; flip angle, 10°; NEX, 1) was used to
obtain 72 contiguous coronal 2.5-mm sections with a 512 ⫻ 144
matrix and a 230-mm FOV.

Cortical Parcellation and Volumetry
The software program MRIcro (Version 1.37; Rorden and Brett, 2000,
available at: http://www.sph.sc.edu/comd/rorden/mricro.html) was
used for parcellation of the cortex. With this software, an image can be
viewed in horizontal, sagittal, and coronal directions simultaneously
with a reconstruction of the surface of the brain.
Measurements were subsequently performed on the HERMES
MultiModality software package (Nuclear Diagnostics, Stockholm,
1234
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Fig 1. Cortical regions manually outlined on contiguous coronal sections. Note that only
gray matter is included in all regions except the TEMP and the HIPP, where both gray and
white matter is included.

Sweden) (Fig 1). Regions of interest were traced manually on contiguous coronal sections. The intracranial volume (ICV) was obtained
by using a stereologic point-counting technique comprising manual
tracing of the ICV on every fourth section, following the landmarks
proposed by Eritaia et al.8 The volumes of all structures were normalized by the ICV (volume of structure [VLS] / ICV).

Regions of Interest
Gray matter loss was analyzed in all regions except the temporal pole
(TEMP) and hippocampus (HIPP). In the TEMP and HIPP, we focused on the reduction of size in the whole region—that is, the total
volume (gray and white matter). We analyzed the following
structures:
1) Superior frontal gyrus (SFG) (Brodmann area [BA] 6, 8, 9, 32).
2) Middle frontal gyrus (MFG) (BA 46).
3) Inferior frontal gyrus (IFG) (BA 44, 45).
4) Orbitofrontal cortex (ORB) (BA 10, 11, 12, 47).
5) Insula (BA 13, 14).
6) Rostral anterior cingulate gyrus (RACC) (BA 24).
7) Dorsal anterior cingulate gyrus (DACC) (BA 24).
8) Temporal pole (TEMP) (BA 38).
9) Entorhinal cortex (EC) (BA 28, 34).
10) Hippocampus (HIPP).
Established protocols were used for parcellation of the cortical
regions as follows: prefrontal cortex and insula,9 TEMP,10 EC,11
HIPP,12 and anterior cingulate gyrus.13 For the posterior border of
the DACC, however, we followed Fornito et al14 and stopped tracing
1 section after the disappearance of the anterior commissure, moving
from anterior to posterior on coronal sections.

Volumetric data were obtained by 2 raters. Rater 1 (B.B.Z) analyzed the HIPP and the EC. Rater 2 (O.L.) analyzed the cortical and
mesocortical regions and the TEMP. Both raters were blind to clinical
data.
Reliability of the volumetric data was calculated by the intrarater
intraclass correlation coefficient (ICC). The ICC on 15 repeated measurements was 0.91 for the HIPP and 0.94 for the EC. ICC for prefrontal structures on 10 repeated measurements (at least 1 month
apart) ranged from 0.91 for the RACC to 0.97 for the SFG. An interrater correlation coefficient was not calculated; however, the delineation of each region on approximately 10 brains was scrutinized and
approved by an experienced neuroanatomist (N.B.).

Statistical Analysis
Discriminant Analysis. The pattern of atrophy was investigated
by partial least squares discriminant analysis (PLS-DA), which is a
supervised multivariate data analysis method that is part of the
SIMCA software (Umetrics AD, Umeå, Sweden). The results from the
PLS-DA analysis were visualized by plotting 2 principal components
of the model against each other in a scatterplot. This plot illustrates
the degree of separation accomplished by the components. Each point
in the scatterplot represents 1 patient. Each principal component receives a Q2 value, which describes the statistical significance and the
predictive power of that component. A Q2 value ⬎0.05 is considered
statistically significant. Sensitivity and specificity were calculated
from the predictions made by leave-one-out cross-validation. This
means that a number of parallel models are built. Each model leaves 1
individual out. The data from this individual are then introduced into
the model; this step results in a predictive value. The theoretically
correct predictive value of membership in group 1 is 1 and group 2 is
0. The cutoff value for the predictions is 0.5. This means that all
individuals with a predictive value ⬎0.5 are classified into group 1,
whereas individuals with a value ⬍0.5 are classified into group 2.
Sensitivity and specificity were then calculated as follows: Sensitivity is the number of true-positive predictions divided by the sum of
the number of true-positive predictions and the number of falsenegative predictions. Specificity is the number of true-negative predictions divided by the sum of the number of true-negative predictions and the number of false-positive predictions.
The PLS-DA allows us to plot the structures according to their
importance for separating the groups. Structures receive a variable of
importance (VIP) value. Values ⬎1 indicate that the structure is involved above average in the separation of groups.
The T Test with Bonferroni Correction for Multiple Comparisons. Significant differences between individual variables were also
identified by a t test. Results were corrected for multiple comparisons
by a Bonferroni correction (on Statistica, Version 7.1; Statsoft, Tulsa,
Okla). A P value ⬍ .05 was considered significant.
Every separate measurement of an individual structure was first
normalized for ICV by the following formula:
VLS/ICV.
In comparisons between the subtypes and the controls, this ratio is
plotted as a z-score. In the comparison between different subtypes, all
measured regions are plotted as a ratio of control mean value of VLS/
ICV. The control mean was, therefore, always set to 0%.
The relationship between the localization and rate of atrophy is
illustrated by connecting the volumes of anatomically adjacent regions by a horizontal line.
The RACC displayed more anatomic variability than any other

investigated region. Because this region was not a differentiating factor in any comparison between subtypes or between a single subtype
and controls, it was excluded in the plotting of structures.
Laterality. Hemispheric laterality was investigated by dividing the
left-sided structures by the same structures on the right side. We made
5 different calculations of laterality:
1) Frontal laterality: Left (SFG ⫹ MFG ⫹ IFG ⫹ ORB) / Right (SFG ⫹
MFG ⫹ IFG ⫹ ORB).
2) Temporal laterality: Left (TEMP ⫹ EC ⫹ HIPP) / Right (TEMP ⫹
EC ⫹ HIPP).
3) Laterality of the insular lobe: Left (insula) / Right (insula).
4) Total laterality: Left (all regions) / Right (all regions).
5) Laterality of a single region: Left (single region) / Right (single
region).
Statistical analysis of laterality was made by using the KruskalWallis test followed by Mann-Whitney U tests with a Bonferroni correction. Because patients with SD may display greater asymmetry either on the left or the right, this group was divided into 2 groups for
the laterality calculation: SD with more atrophy on the left and SD
with more atrophy on the right.

Results
The characteristics of the pattern of atrophy were investigated
by comparing each subtype with the control group.
Pair-Wise Comparisons between Each FTLD Subtype and
the Control Group
SD versus Controls. The t tests with Bonferroni correction
revealed that all temporal areas were significantly atrophic in
patients with SD (Fig 2A). Left and right TEMPs displayed
⬎50% volume loss compared with those in the control mean.
There was significant bilateral atrophy in the insula. There was
also a tendency to atrophy in the right ORB. Most patients
with SD displayed a hemispheric asymmetry of atrophy on
inspection. However, this could not be statistically confirmed
because patients with predominantly left-sided atrophy cancelled out the effect of laterality in patients with predominantly right-sided atrophy (Fig 3).
FTD versus Controls. Patients with FTD were compared
for atrophy with the control group. A t test with a Bonferroni
correction revealed bilateral atrophy in the ORB, SFG, and
insula. In the temporal lobe, we found bilateral atrophy in EC,
HIPP, and TEMP (Fig 2B). Most structures were affected more
on the right side.
PNFA versus Controls. Compared with controls, patients
with PNFA had significant atrophy in the following structures
in the left hemisphere: EC, HIPP, TEMP, insula, SFG, and
ORB. Fewer structures were atrophic on the right: EC and
ORB (Fig 2C). The PNFA group thus had more left-hemisphere atrophy. A significant difference between groups was
also found in the ratio of volume between the left and right
insula (left insula/right insula) (Fig 3). The left insula was
more atrophic than the right insula in PNFA.
All FTLD Subjects Pooled Together as One Group
Two regions displayed more anatomic variability than all the
others: 2 components of the anterior cingulate gyrus (RACC
and DACC) and the IFG. Because of large within-group variability, these regions could not be compared with those in
AJNR Am J Neuroradiol 30:1233–39 兩 Jun-Jul 2009 兩 www.ajnr.org
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Fig 3. Difference between left- and right-sided volume of interest (VOI) calculated in
percentages. FTD versus PNFA: total laterality, P ⫽ .015. Insula P ⬍ .01. PNFA versus
control insula, P ⫽ .025. Total indicates the total volume of all measured regions; temp,
the volume of all measured temporal regions; temp pole, the volume of temporal pole;
Insula, the volume of the insula; frontal, the volume of all frontal regions.

controls in single subtypes. The overall comparison between
all FTLD subtypes combined and controls revealed that the
RACC was bilaterally atrophic, whereas the DACC was atrophic only on the left (Table 2). No differences between FTLD
groups and controls were found in the IFG.
Pairwise Comparisons between the FTLD Subtypes
FTD versus PNFA: Discriminant Analysis. The results of
the discriminant analysis comparing FTD and PNFA are
shown in the PLS-DA scatterplot (Fig 4A). Eleven patients
with FTD (11/12) and 8 patients with PNFA (8/9) were correctly classified (sensitivity 92% and specificity 89%) (Table
3). Inspection of the VIP plot (Fig 5A) revealed that hemispheric laterality was a crucial factor in the discriminant analysis, because the 4 most important regions in the VIP plot were
all on the right. These were all more affected in the FTD group.
The next 4 most discriminant regions were all left-sided areas,
and except for the left ORB, they were more affected in PNFA
group.
FTD versus PNFA: Traditional t Test with Bonferroni
Correction. A traditional t test with a Bonferroni correction
for multiple comparisons revealed only 1 significant difference between groups: The right ORB was more atrophic in the
patients with FTD (Fig 6A).
FTD versus PNFA: Laterality. The laterality difference was
confirmed in the calculation of the proportion of the total
volume of the left and right side. This revealed a significant
difference in which patients with PNFA were more atrophic
on the left, whereas patients with FTD were more atrophic on
the right (Fig 3). There was also a significant difference in the
proportion between the right and left insula (left insula/right
insula) (Fig 3).
Table 2: FTLD subjects treated as one group compared with control
subjects*

Fig 2. Comparison between FTLD subtypes and controls. X-axis denotes volume of interest
(VOI). Y-axis denotes VOI divided by intracranial volume normalized as z-scores. To illustrate the
overall pattern of cortical atrophy, we connected the structures by a horizontal line. Vertical bars
denote the 95% confidence interval. Plus sign indicates P ⬍ .01; number sign, P ⬍ .05;
ampersand, P ⬍ .07 (close to significant); temp pole, temporal pole; L, left; R, Right.
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FTLD
RACC
DACC

Left Side
P ⫽ .047
P ⫽ .0115

Right Side
P ⬍ .01

Note:—FTLD indiates frontotemporal lobar degeneration; RACC, rostral anterior cingulate
gyrus; DACC, dorsal anterior cingulate gyrus.
* Compared by t test with Bonferroni correction for multiple comparisons.

Fig 4. Scatterplots of the PLS-DA models of the comparisons of FTLD subtypes. This plot
illustrates the degree of separation between groups. The horizontal scale refers to the first
component (t[1]), whereas the vertical scale refers to second component (t[2]). A, Comparison between FTD and PNFA. B, Comparison between FTD and SD. C, Comparison between
PNFA and SD.

Table 3: The classification results of the PLS-DA discriminant
analysis
Group 1
FTD
FTD
SD

Group 2

Q2*

PNFA
SD
PNFA

0.251
0.788
0.605

Sensitivity
92% (11/12)
100% (12/12)
86% (11/13)

Specificity
89% (8/9)
100% (13/13)
100% (9/9)

Note:—PLS-DA indicates partial least squares discriminant analysis.
* Q2 value ⬎0.05 is regarded as significant value for a principal component.

FTD versus SD: Discriminant Analysis. Discriminant
analysis comparing FTD and SD is shown in the PLS-DA scatterplot (Fig 4B). All patients were correctly classified in this
comparison (sensitivity 100% [12/12], specificity 100% [13/
13]) (Table 3). The VIP plot (Fig 5B) and the plotting of structures (Fig 6B) show that the most important discriminant factor was temporal-versus-frontal atrophy. Eight regions were
particularly important for discriminating groups. The 4 temporal regions were all more affected in SD, whereas the 4 frontal regions were all more affected in FTD.
FTD versus SD: Traditional t Test with Bonferroni Correction. A traditional t test with Bonferroni correction revealed that patients with SD displayed more bilateral atrophy
in the EC and TEMP and left insula, whereas patients with

Fig 5. The VIP plots denote the importance of each measured region for separation
between the compared subtypes. A variable with a VIP value ⬎1 (above the horizontal line)
is of above average importance for the separation of the investigated groups. The x-axis
denotes the regions included in the discriminant analysis. The y-axis denotes the VIP value.
Temp pol indicates temporal pole; L, left; R, right.

FTD were more atrophic in the bilateral SFG and ORB (Fig
6B).
FTD versus SD: Laterality. No differences in laterality
were found between FTD and SD groups.
SD versus PNFA: Discriminant Analysis. Finally, the discriminant analysis comparing SD and PNFA is shown in the
PLS-DA scatterplot (Fig 4C). Two patients with SD were classified as having PNFA in this comparison (sensitivity 86% [11/
13], specificity 100% [9/9]) (Table 3). The VIP plot (Fig 5C)
and the plotting of structures (Fig 6C) revealed that frontalversus-temporal atrophy again was the most important discriminant factor. Three temporal and 3 frontal regions proved
particularly important in the VIP plot. The 3 temporal regions
were more affected in SD, whereas the 3 frontal regions were
more affected in PNFA.
SD versus PNFA: Traditional t Test with Bonferroni Correction. A t test with a Bonferroni correction revealed the following significant differences: The right EC and left and right
TEMP were more affected in SD, whereas the left SFG was
more atrophied in PNFA (Fig 6C).
SD versus PNFA: Laterality. No differences in laterality
were found between the SD and PNFA groups.
AJNR Am J Neuroradiol 30:1233–39 兩 Jun-Jul 2009 兩 www.ajnr.org
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Fig 6. Comparison between FTLD subtypes. X-axis denotes the volume of interest. Y-axis
denotes the volume of interest (VOI)/ICV as a ratio of control mean value of VOI/ICV.
Control mean value is set to 0%. Vertical bars denote 95% confidence interval. To
emphasis the pattern of atrophy, we connected the structures by a horizontal line. Plus sign
indicates P ⬍ .01; number sign, P ⬍ .05; temp pole, temporal pole; L. left; R, right.

1238

Lindberg 兩 AJNR 30 兩 Jun-Jul 2009 兩 www.ajnr.org

Discussion
We investigated whether the 3 clinically defined FTLD subtypes had corresponding characteristic patterns of cortical atrophy. This was largely confirmed by discriminant analysis,
according to which a set of 9 cortical regions classified at least
90.5% of the patients correctly in any pair-wise comparison
between 2 FTLD subtypes.
Our results differ from those of Kipps et al,5 which were
based on a visual rating of MR images from a large case series.
Their series might have included cases of “benign behavioral
variant FTD” (see below). It is possible that the variability in
each subtype was better controlled in the larger sample. However, ordinal data from a visual rating are less sensitive than
continuous data derived from careful manual measurement,
and expert manual measurement of brain regions remains the
gold standard in volumetric studies. Expert manual measurement may thus disclose volumetric pathology in the large proportion of patients with FTD judged healthy on an ordinal
rating scale. Alternatively, the cases in Kipps et al5 may belong
to a subgroup characterized by normal MR imaging findings
and slow progression (“benign behavioral variant FTD”),
which, though prevalent in the Cambridge series, was not evident in our sample.15
Although our discriminant analysis relied on the combination of all measured cortical regions, some specific regions
were found to be particularly important for the discrimination
of each subtype. These regions could generally be linked to the
specific clinical features displayed by each subtype. The ORB
was thus the most vital structure in discriminating FTD from
other subtypes. This region has been implicated in behavioral
disturbances observed in FTD.16 In contrast, in SD, the most
effective discriminator was the TEMP. Whereas the left TEMP
has been associated with conceptual knowledge,17 the right
TEMP has been associated with semantic working memory.18
The relation between clinical features and brain regions was
less distinct in PNFA than in the other subtypes. The left insula
was atrophic, and this mesocortical region is involved in language production.19 However, because this area was also affected in other subtypes, its discriminative power is limited.
PNFA may be more closely correlated to atrophy of the pars
opercularis of the IFG.20 In future investigations, it may,
therefore, be more rewarding to divide the IFG into pars opercularis, pars triangularis, and pars orbitalis and to measure
these parts separately.
Regarding lobar and hemispheric atrophy, we found 2 dichotomies particularly significant: frontal-versus-temporal
atrophy and left- versus right-predominant atrophy. Combined, they produce the following diagnostic indices:
SD: atrophy in temporal but little (or no) atrophy in frontal
structures in comparison with FTD and PNFA;
PNFA: bilateral atrophy, with left-predominant frontal
and temporal atrophy in comparison with FTD.
FTD: bilateral atrophy, with right-predominant frontal
and temporal atrophy in comparison with PNFA.
Differing lateralization in FTD (right) and PNFA (left) is
consistent with the different clinical features of these disorders. Similarly, Miller et al21 observed that right frontal
atrophy is associated with the FTD features of disinhibition
and antisocial behavior, whereas the speech-language dis-

orders of PNFA are associated with lateral areas of the left
hemisphere.
Our discriminant models were based on a relatively small
number of subjects. In particular, the small number of patients
with PNFA (n ⫽ 9) might have led to unreliable estimates of
sensitivity and specificity, considering the within-group variability of the atrophic pattern in PNFA.
Finally, some methodologic concerns may be addressed.
First, a limitation with manual outlining of cortical regions is
that the condition of a cortical region may be confused with
the variability of that region. The volume of a cortical region
may thus be small simply because it is anatomically small, but
it may also be small because it is atrophied. The number of
subjects included in this investigation should be large enough
to rule out the problem of anatomic variability. Two regions,
however, displayed so much variability that no difference was
found between single subtypes (or between a subtype and controls): the IFG and the anterior cingulate gyrus. In controls
and in patients with FTD and SD, the left IFG was approximately 65% of the size of the MFG. In PNFA, the ratio of
IFG/MFG was approximately 75%. A likely explanation for
this is that the IFG on average is distributed over a larger area
of the brain in the PNFA group than in the other groups,
possibly at the expense of the MFG. Previous anatomic investigations of the IFG have also shown a considerable variability
in size and shape of this area.22 Nevertheless, despite the confounding factor of anatomic variability, this method has generally proved to be a reliable way of classifying subjects with
FTLD into subtypes.
The clinical significance of this study relates to the potential
use of the examination of patterns of cortical atrophy for clinical diagnosis, correlation of clinical subtypes with characteristic cortical atrophy relevant to the clinical features of each
subtype, and, indirectly, confirmation of the utility of the existing clinical subtypes of FTLD. Further studies are planned
to investigate the shape and complexity of the cortical regions,
correlations with subcortical structures, and correlations with
neuropsychological and behavioral measures.
Conclusions
We have found that cortical patterns of atrophy are characteristic within subtypes of FTLD. SD shows predominantly temporal atrophy. Although both FTD and PNFA show frontotemporal atrophy, there appear to be lateralized differences
with right-sided atrophy in FTD compared with left-sided atrophy in PNFA. Such regional atrophy corresponds to the expected structural basis of the clinical features. Consideration
of patterns of cortical morphometric atrophy may inform the
diagnosis of FTLD subtypes for future studies and, ultimately,

make it possible to contribute significantly to the clinical diagnosis on the basis of MR imaging.
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ABSTRACT
This chapter outlines brain and nervous system aging from structural, molecular,
neurochemical and functional viewpoints. There is evidence of generalised cerebral
atrophy with aging. At the microstructural level, there are changes in neuronal structure
and function. Neuronal loss increases with age, but neuronal plasticity is preserved.
Functional imaging of the brain demonstrates age-related declines in cerebral activation.
There are age-related declines in neurotransmitter levels, particularly in acetylcholine and
dopamine. There is considerable variation in the trajectory of cognitive performance with
aging. Whilst aging of the nervous system is inevitable, function is usually preserved.
Nonetheless, impact may be assessed via systematic history and examination.

INTRODUCTION
Inside every 75 year old is a 25 year old wondering what the hell happened!
Norwegian Proverb.
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The aging brain must be considered as a special case within the domain of aging. While
age-related changes in the brain in general parallel those of the body, there are some
important exceptions. It is not uncommon to see a very active mind in a frail body. Brain
diseases that are usually regarded as concomitants of old age, such as Alzheimer’s disease
(AD) and Parkinson’s disease, are sometimes seen in the young, and most elderly individuals
manage to evade them. The popular conceptualization is that of an elderly person as being
forgetful, incapable of change, and slow in thinking, but cognitive decline is not a uniform
occurrence with aging. Our examination of the aging brain must therefore occur in the
context of a neurobiological understanding and sound empirical evidence. In this chapter, we
review the major changes that occur in the brain with aging, and how these might impact on
the interpretation of clinical data, especially when a clinician attempts to distinguish agerelated brain disease from aging-related brain change. There are limitations to the data being
reviewed, which are highlighted in table 1.
Table 1: Limitations of the data on healthy brain ageing
•
•
•
•
•

Brain changes in the elderly are a combination of aging-related changes and agerelated diseases, and it is difficult to separate the two.
Cross-sectional comparisons of young and old individuals are compromised by
cohort differences (e.g. education, nutrition, cultural factors, socioeconomic status).
Even in longitudinal studies, arguably the best methodology, survivor effect results
in an over-representation of the very healthy.
Most samples have an ascertainment bias toward health, which is more marked when
demands on subjects are high, as in neuroimaging studies.
Assessments of change are bedevilled by methodological issues and limitations of
power.

It should be remembered that the definition of the elderly as being over 65 is an
administrative demarcation introduced by Otto Van Bismarck during the 19th Century
Prussian Empire. Demographically, there is a distinction between the younger old (60-75)
and the older old (75 years plus). This distinction has been variously defined [1], with some
studies characterizing a further category of ‘oldest old’ (age 84 and above). The latter may
represent a true cleavage point in survival, with only the young old commonly graduating to
the next category. They certainly represent different age cohorts and, by far the largest
increase in the developing world in the coming decades will be in the younger old from the
‘baby boomer’ generation (those born in the 1950s).

BRAIN MORPHOLOGICAL CHANGES WITH AGE
Gross Brain Structure
A clear understanding of structural brain changes associated with normal aging is of
importance as it allows the clinician the opportunity to evaluate a CT or MRI scan of a
patient’s brain in the context of their age. As age is a key risk factor for many
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neurodegenerative conditions, a fundamental issue for structural studies of normal brain
aging is whether to exclude those with or at risk of an age-related neurodegenerative
disorder. The study of ‘supernormals’ (ie those carefully screened for the absence of such
disorders) has the advantage of allowing an appreciation of changes distinct to the aging
process per se, but the ability of the data to inform regarding age-related changes
representative of the general population is diminished. In this section, we will examine both
pathological studies and structural neuroimaging studies, to ascertain key elements of
structural changes on the brain during the aging process.
Cerebral Atrophy
Postmortem pathological studies [2] reveal small but distinct declines in brain volume in
normal subjects with age. This decline is apparent for both cortical and white matter volumes,
but may be more pronounced in the latter. Cross-sectional CT and volumetric MRI studies
also provided support for a general reduction in brain volume and increase in CSF volume
with age [3,4]. Interpretation is complicated by methodological issues such as controlling for
cranial size, sociodemographic background and cohort effects. The demonstration of a
gradual increase in brain weight in the general population from the mid-19th to the 20th
century [5], is thought to be due to improved nutrition and general health status. This may
have contributed to an apparent reduction in brain size in some cross-sectional studies of
brain aging.
Longitudinal analysis allows each subject to act as his or her control, thus eliminating a
number of biases including the cohort effect. Longitudinal analysis of whole brain volume
has revealed an increase in lateral ventricular size (central atrophy) and an increase in sulcal
volume (cortical atrophy) that are relatively independent of one another [6]. The pathological
basis for these atrophic changes is the subject of a lively debate (see below). Significant
advances have been made in computational methods which allow the registering of serial
brain images from the same individual. This has allowed the longitudinal assessment of brain
volumes in a semiautomated fashion, together with estimates of percentage volume loss per
year. Although such longitudinal studies are invariably short and as yet span only a few
years, results do suggest that rates of generalised atrophy increase progressively with age,
even in healthy individuals. This volume loss appears steady in midlife, but is slightly
elevated in older individuals [7] at approximately 0.3-0.5% per year. This acceleration of
age-related volume loss appears most obvious in the subcortical regions [7].
Changes observed with normal aging appear quantitatively distinct from those observed
in early Alzheimer’s disease (AD) or its precursor, Mild Cognitive Impairment (MCI). For
example, subjects with AD demonstrate an accelerated annual global atrophy rate of 2 - 3%
compared with age matched controls [8]. Furthermore, accelerated global atrophy has been
identified in individuals at risk of later cognitive decline [8], and may be predictive of
transition from normal aging to cognitive decline.
Regional Brain Atrophy
The frontal lobes of normal individuals show preferential atrophy [9] at a rate of about
twice that found in the temporal or parietal neocortex [10]. This loss of volume may be
greater in the grey matter than white matter [4]. It has been proposed that a decrease in frontal
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white matter volume does not start until late life but that grey matter volume loss takes place
gradually over the full span of adult years [11]. The disproportionate loss of volume in the
frontal lobes supports a role for this area in cognitive aging.
Some studies show preferential age-related decline in volume of the dorsolateral [9] and
orbitofrontal cortex [9], whilst other studies demonstrate the greatest age-related decreases in
the anterior cingulate and dorsolateral prefrontal cortex and preservation of the orbitofrontal
cortex [12,13]. Discrepancies between results from the various studies are in part determined
by disparate methodology and image analysis. Longitudinal studies suggest that accelerated
temporal lobe volume decline is a better predictor of early AD than prefrontal atrophy
[14,15]. The dissociation between physiological brain shrinkage in the frontal lobe and
accelerated pathological change in the temporal lobe is likely to be a focus of study over the
next few years.
The temporal lobes also show definitive evidence of reduction in volume with age [16].
Age-related effects are apparent in the hippocampus [4], with some studies suggesting
preferential age-related atrophy in the head of the hippocampus [17]. The age-effects in the
hippocampus have been implicated in decline in declarative memory, new learning and
spatial navigation skills [18]. Accelerated hippocampal volume loss is a feature of transition
from MCI to AD [19] and from normal to cognitive decline [20]. The effect of APOE on the
status of hippocampal volume in normal older persons has been variable [21,22]. Volume
loss in the entorhinal cortex is an early feature in MCI [23] and AD [14], whereas studies of
normal aging show little if any change [24].
Age effects in other regions have received some attention. Structures such as locus
coeruleus and substantia nigra show marked sensitivity to age-related volume losses [25].
Age related reductions in volume are apparent in the caudate and putamen nuclei [26]
whereas globus pallidus and thalamus appear minimally affected [4]. Studies of the
cerebellum suggest a moderate decline in volume [4].
White Matter Changes
Periventricular hyperintensities and deep white matter hyperintensities become
increasingly common with advancing age [16]. The presence of deep white matter lesions
appears to correlate with presence of cerebrovascular risk factors and MRI infarction [16].
Furthermore, MRI infarction appears to correlate with reduction in brain volume in many
brain regions [16]. WMH are most often found in the subcortical frontal regions,
periventricular area and internal capsule. Changes in these regions are inversely correlated to
performance on tasks of executive function [27,28] and speed of information processing [28].
A summary of brain morphological changes as revealed on neuroimaging is presented in
table 2.
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Microscopic Brain Structure
Demylineation
Post-mortem analyses indicate a greater loss of white than grey matter [29]. Although
correlates of reduction in white matter of volume with age are not entirely clear, it is probably
associated with leukoariosis on CT scan, WMHs seen on MRI [30] and histological changes
such as myelin pallor, gliosis and axonal loss. Granular degeneration of myelinated axons is
observed with increasing frequency from midlife, and is a ubiquitous finding in brains of
older individuals [31]. The resultant reduction in axonal conductance may be a correlate of
motor and cognitive slowing that is a core component of age-related cognitive decline [32].
Table 2: Neuroimaging of Normal Aging (Looi & Sachdev, 2003)
Atrophy and ventricular enlargement
Both CT and MRI studies demonstrate ventricular enlargement with increasing age. This
process begins in the 30s in men and 40s in women.
Gross brain volumes
These decrease with age, with consistent findings of regional decreases in frontal and
temporo-parietal volumes.
Cortex
This area is advancing very rapidly but measurement/analytic error remains a problem.
Age-related decreases in the hippocampal and parahippocampal volumes have been
characterized at 5-10% per decade.
Subcortical & Deep White Matter Regions
White matter hyperintensities in the periventricular regions reach a prevalence of almost
100% in the elderly. Whilst mostly mild, there is evidence of lesion progression. In the
subcortical regions, the prevalence is of the order of 20%.
Cerebellum, Midline, Midbrain & Basal Ganglia
There is evidence of volume loss, but the inconsistency of findings and low numbers
make firm conclusions difficult.
Senile Plaques
Senile plaques (SPs) are heterogenous structures that contain a variety of components
including amyloid, degenerating neuronal components and reactive glial cells [31]. Several
types of plaques can be identified depending on the nature of the amyloid and neuronal
content within the plaques [31]. Their features may help to distinguish senile plaques of
aging from those associated with AD. There are two main competing theories regarding
formation of senile plaques. The first theory is that synaptic and axonal injury is primary and
followed by deposition of amyloid. The second theory is that deposition of amyloid is the
primary event, leading to neural cell death. Cell death is thought to arise from excitotoxic
activity mediated by immunological activation of microglia that also inhabit the SP region
[33].
Diffuse plaques are those with poorly circumscribed deposits of beta-amyloid with few
or no degenerating neural components and few or no reactive glial cells. Neuritic or classical
plaques are those containing a more compact core of beta-amyloid and contain prominent
degenerative neuronal components, surrounded by reactive microglia and astrocytes. Diffuse
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plaques can be abundant in older people showing no signs of dementia. Diffuse plaques are
thought to be generated by a separate biological process involving cleavage of amyloid
precursor protein into shorter amyloid subunits resulting in deposits that are less neurotoxic
than dense SPs [34]. When SPs do occur in the normal aged, they tend to accumulate in the
association cortices, are moderately dense in the visual and auditory cortex and seem to spare
the primary sensory and motor cortices [35]. Dense plaques in which neuronal processes or
neurites contain paired helical filaments and neurofibrillary tangles are characterised by tau
immunoreactivity and are characteristic of AD.
Neurofibrillary Tangles
Neurofibrillary tangles represent intraneuronal accumulation of fibrous protein
comprised of paired helical filaments consisting predominantly of phosphorylated tau, a
micro tubule associated protein. Tau promotes stabilisation of cellular microtubles, an ability
that decreases when it is phosphorylated. Hyperphosphorylated tau spontaneously self
assembles to form PHFs [36]. There is some contrast in the distribution of neurofibrillary
tangles in normal aging and in neurodegenerative conditions such as AD. Neurofibrillary
tangles are almost always found in the elderly brain but are generally restricted to a select few
brain regions [31], including the entorhinal cortex, basal nucleus of Meynert and locus
ceruleus. Hippocampal involvement is unpredictable [31]. In non-demented people, NFTs do
not progress to inhabit cortical neurons. By contrast, NFTs and abnormally phosphorylated
tau are widespread throughout almost all cortical areas in AD individuals [31]. At the cellular
level, NFTs are often found in the neural processes (neuropil threads) in AD but almost never
in the normal elderly [34].
Cerebrovascular Change
Changes in the cerebral vasculature with age are of importance, as the high energy
demands of the brain require delivery of blood, together with energy and nutrients to function
normally. Common changes occurring with age include reduced capillary density, increased
microvessel deformity, intimal thickening and amyloid angiography in cerebral arteries.
Capillary density is reduced in most parts of the brain with age [37]. Microvessel
abnormalities increase progressively from midlife [38], and appear to be more prevalent in
those with dementia than in age-matched controls [39]. Tortuosity of vessels is related to
increased basement membrane thickening in capillaries, which can leave vessels susceptible
to endothelial and luminal compression, brain-barrier leakage and endothelial-mitochondrial
depletion [40]. Such changes may lead to neuronal dysfunction as a result of disruption of
delivery of glucose and oxygen across the capillary wall [41]. Within larger vessels, change
begins mostly in the intima. In the fourth decade, about 50% of vessels show intimal
thickening and by the eighth decade it is seen in about 80% of all vessels studied [42]. The
distribution of these changes is not uniform, with the middle cerebral artery territories being
particularly affected and cerebellar and brainstem arteries relatively spared. These changes
are often the precursors to arteriosclerosis which increases vascular resistance and decreases
perfusion pressure, thereby ultimately compromising neurocognitive function. Amyloid is
found in small arteries and arterioles of approximately 30% of cognitively intact individuals,
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and is a more common finding in those with AD. The distribution is widespread in AD but in
healthy aging is most often encountered in the occipital lobes [43].
Does Neuronal Loss Occur with Age?
Reduction in neuronal number was long assumed to underlie age-related reduction in
brain volume. Furthermore, the presumption of neuronal loss provided a convenient
explanation for cognitive decline with age. Neuronal loss is also pivotal to theories of brain
aging that invoke neuronal apoptosis as a central causal mechanism [44]. However, the
results of studies examining neuronal loss with aging have varied depending on the region
being studied and the technique used to assess neuronal populations. Stereological methods
of neuron counting avoid biases inherent in earlier techniques [45,46] and suggest that these
assumptions may have been inaccurate [47]. It is probable that much of the apparent neuronal
loss previously reported can be attributable to a reduction in neuronal size with age rather
than actual reduction of cell number. For a detailed review of stereological studies, the reader
is referred to the publication by Long and colleagues [48]. An important finding from this
review is the lack of definitive evidence of widespread neuronal loss with age. However,
some regions within the hippocampus e.g. regions CA4 and the subiculum appear particularly
susceptible to neuronal loss [49] . While the studies of neuronal numbers are numerous, fewer
studies have examined the morphology and integrity of the aging neurons. There is
suggestion of reduced synaptic density [50] with age, but little is known about age effects on
axons [51] and glial cells [52]. The demonstration of neurogenesis in the mouse hippocampus
in response to cognitive stimulation in both young [53] and old [54] animals as well as the
demonstration of the capacity of hippocampal neurons to replicate in humans [55] has
challenged the long-held view that neurogenesis was absent in mature animals.
Changes in Neuronal Plasticity
There are small regionally discrete changes in neuronal dendritic branching and spine
density with aging, in contrast to previous observations of profound neuronal loss with aging
[56]. In particular, carefully controlled studies have demonstrated that increased dendritic
branching occurs in the dentate and parahippocampal gyri of aged individuals compared with
younger middle-aged individuals. Animal studies also show that modifications to the
neuronal ensemble subserving cognition occur with age, such as the ensemble characteristics
of dentate gyrus granule cells may, with loss of long-term potentiation, contribute to failures
of spatial representation networks [56]. In summary, most aging related behavioral
impairments result from regionally specific changes in cellular connectivity, calcium
dysregulation, gene expression and dendritic morphology, thus altering plasticity and the
network function of neural ensembles supporting cognition [56].
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Brain Function
Studies of Cerebral Blood Flow (CBF) and Metabolism in Healthy Aging
The work of Kety and Schmidt [57] formed the basis for early conclusions that cerebral
blood flow and oxygen consumption reduced progressively from puberty. These early studies
were, by today’s methodological standards, seriously flawed. Subsequent studies using the
xenon inhalation technique reinforced the idea of reduction in global CBF with age [58-60],
but this was by no means a universal finding [61]. Some of these studies noted an emphasis in
reduction in regional CBF (rCBF) in the anterior or middle cerebral artery territories with age
[58,60]. A subsequent flurry of single photon emission computed tomography (SPECT)
studies using technetium 99m hexamethylpropylamine oxime (99mTc-HMPAO) has
challenged the notion of age-dependent decline in global CBF somewhat, returning a number
of negative studies [62,63]. Using SPECT, some regionally specific reduction in rCBF is
noted with age particularly in frontal regions CBF [62], with a less dramatic effect being
apparent in the temporal regions [62,63].
A modest decline in global CBF has been observed in some positron emission
tomography (PET) studies [64,65], but not others [66]. A non-linear decline in CBF which
slows in later decades has been proposed [67]. A number of studies document a small global
decline in cerebral metabolic rate of oxygen (CMRO2) with age, ranging from 0.3% -0.6%
per annum [64,65]. Some studies demonstrate a discrepancy between age effects on global
CMRO2 and CBF [68,69], raising the possibility of an uncoupling between CBF and CMRO2
as a factor of age [69]. However, it remains unclear whether under this uncoupling is
artefactual [68]. Studies remain divided on whether there are changes in oxygen extraction
ratio (OER) with age [64,68], with overall results suggesting that the increase in OER may
simply be a reflection of reciprocal decreases in CBF.
A number of studies have attempted to evaluate the effects of aging on global cerebral
metabolic rate of glucose (CMRglu), with conflicting results [70-72]. Typically, studies
reporting decline in global CMRglu have produced rates of between 0.21% and 0.6% per
year [71,73,74], owing to a number of methodological limitations.
The disparate methodology of PET studies which evaluate regional changes in CMRO2
or CMRglu with age provides a challenge to the reviewer. However, regional specificity of
age-related changes in CMRO2 and CBF have been examined in a number of studies with the
most obvious finding being a discrepancy between white matter regions (largely unaffected
by age) and grey matter regions (showing modest reduction with age) [75,76]. Within cortical
grey matter there is some regional specificity to decline in CBF and CMRO2, with the most
common finding being a bilateral reduction in selected frontal and temporal regions [65,75]
although some studies have noted a left-sided [69,77] or right-sided emphasis [76] for
particular regions. Consistent with these effects are the regional patterns of reduction in
CMRglu observed with age. Findings have included frontal reduction [65,71] in CMRglu,
including the anterior cingulate [71,78], reductions in specific anterior, posterior and lateral
temporal regions [71] and in parietal cortex [74]. The effect of aging on CMRglu in the deep
grey matter nuclei is occasionally reported as a reduction, and in the study by Bentourkia et al
[65], this was maximal in the right striatum. The effect of aging on CMRglu in the
cerebellum, occipital cortex and white matter appears to be minimal.
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Effect of Cerebrovascular Risk Factors
Very early studies [79] failed to demonstrate an effect of hypertension alone on CBF or
CMRO2. More recent studies have suggested a significant impact of untreated hypertension
on cerebral parameters. Neurologically asymptomatic hypertensives have shown focal and
diffuse hypometabolism in a cross-sectional study [80]. The presence of hypertension may
specifically affect areas such as the perforating vessels and watershed regions. A significant
reduction in CMRglu was demonstrated in regions supplied by basal ganglia perforating
arteries and at the middle cerebral/anterior cerebral artery watershed [81] in elderly
hypertensives compared with non-hypertensive controls. The short-term beneficial effect of
treatment of hypertension on CBF was demonstrated using 133Xe inhalation in a 36-month
prospective study [82]. Overall, it appears that the presence of hypertension alone has a
modest but appreciable influence on CBF and CMRglu. The impact of the presence of other
risk factors for cerebrovascular disease and stroke is less clear. While early studies indicated
that CBF and CMRO2 declines in the presence of systemic arteriosclerosis or frank
cerebrovascular disease [79], the presence of risk factors per se may not substantially
influence CBF [83] or CMRglu [84]. The functional significance of white matter
hyperintensities appears related to their volume, with one PET study [85] showing that when
WMHs comprise >0.5% of intracranial volume, they are associated with cognitive deficits
and reduced frontal CBF. One study suggests that in the neurologically normal subjects there
is a stronger relationship between CMRglu and periventricular hyperintensities than for deep
white matter or basal ganglia hyperintensities [86].
Activation Studies in Aging
There is a growing literature is examining age-related differences in activation patterns in
response to a variety of tasks using fMRI, SPECT and PET. Activation procedures are of
interest as they may allow an unmasking of changes not appreciable at rest, may allow a
better understanding of the functional effect of the aging process, and provide a means by
which the functional integrity of brain networks in older individuals may be assessed. Such
an approach may allow a broader appreciation of the effect of the aging process on cognitive,
motor and sensory processing. Activation experiments of most relevance to the aging brain
can be divided into three key areas: motor and sensory, complex tasks and memory tasks.
Motor and Sensory Stimulation
A number of simple motor and visual stimulation studies have investigated the
relationship between the blood oxygen level-dependent (BOLD) haemodynamic response and
aging. While some studies have found a relative decrease in amplitude of the haemodynamic
response in the visual cortex in the elderly, others have found no difference compared with
young subjects. These somewhat contrasting results underscore the complexity the influences
on the BOLD signal [87]. In a simple reaction time task which compared to young and
elderly subjects, D’Esposito et al [88] found a reduced number of suprathreshold voxels and
lower signal-to-noise ratio (SNR) in the elderly, but no significant group differences in the
shape of the haemodynamic response. In a BOLD contrast fMRI experiment using photic
stimulation [89], mean BOLD signal response to photic stimulation in the visual cortex was
significantly reduced in aged compared with young subjects. Huettel et al, [90] used
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checkerboard stimuli and noted an earlier peak in the haemodynamic response, smaller
spatial extent of activation and lower SNR in the elderly compared with subjects. A
subsequent study [87] with a simple visual and motor task demonstrated similar peaks in the
HDR in elderly and young subjects but a more sustained bold response for the elderly, and a
higher percentage of a negative voxels in the elderly group in the visual region. A number of
possible explanations underlie changes in the BOLD signal and HDR with age. These include
alterations in responsiveness of the cerebral vasculature, local steal phenomena in the aged or
differences in unrestrained cognitive processing between elderly and younger groups within
the scanner. Pre-existing cerebrovascular disease may also influence the shape and reduced
the amplitude of the bold haemodynamic response [91].
More complex visual processing experiments seem to indicate that the elderly brain has a
less efficient way of processing sensory information. For example, in facial and spatial
matching 15O PET experiments Grady et al [92] demonstrated less distinct functional
separation of dorsal (occipitoparietal) versus ventral (occipitotemporal) pathways in aged
compared with young subjects. In addition the latter study demonstrated greater and more
bilateral activation by older adults in a number of regions, suggesting reduction in processing
efficiency and compensatory recruitment of additional networks. Similar results have also
been noted in tasks of selective and divided attention in elderly individuals [93]. In an
experiment in which subjects discriminated between pairs of vertical sinusoidal gratings of
differing spatial frequency [94], additional distinct regions were activated by older
individuals in a manner that correlated with task performance, suggesting that additional
recruitment of networks was important in maintenance of performance.
Complex Tasks
The effect of age on activation induced by complex cognitive tasks (for example card
sorting, progressive matricies, word identification) has been examined in a number of studies.
These studies suggest reduction in rCMRO2 activation effects with age [95,96]. In addition,
aged subjects activate areas which are normally suppressed in younger individuals. Reduced
activation in key areas normally subserving these more complex neuropsychological
functions appears linked with decrements on task performance. However, it remains unclear
whether enhanced activation in regions normally suppressed by younger individuals
represents use of alternative cognitive strategies or inefficiency networks subserving these
cognitive tasks [96].
Memory Tasks
The encoding of visual and verbal information has been the subject of a series of studies.
The often conflicting results must be understood in the context of major methodological
differences between the studies including the wide variety of tasks employed. Although some
studies have shown a reduced ability of aged subjects to activate typical networks involved in
encoding verbal or visual information [97,98] using 15O PET , other studies [99] have not
shown an age effect, or have shown the opposite effect [93]. The variability of these findings
raise the possibility that age related differences in rCBF during encoding may vary across
tasks rather than as a function of age per se. A number of studies have examined the effects
of age on functional imaging correlates of retrieval from verbal memory. Although the
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comparability of results is limited by the widely differing paradigms, there is some support
for loss of the normal retrieval asymmetry and activation of more extensive bilateral frontal
networks in aged subjects compared with younger controls [98,100].
In summary, there is evidence, from studies employing simple motor and sensory
paradigms, of an age-related decline in cerebral activation, an effect that may have its basis in
dysfunction in pathways subserving sensory and motor functions. For cognitive processes, a
unifying observation is that during many cognitive tasks, elderly subjects activate brain
networks that are similar to those activated by young subjects. However, the extent of this
activation is reduced in elderly subjects and for encoding and recall tasks, a more bilateral
pattern of prefrontal activation has generally been observed. Together with data suggesting
subtle reduction in frontal rCBF and CMRglu with age, the enhanced activation in response
to cognitive tasks could be viewed simplistically as an attempt to compensate for reduced
functionality of this brain region with age.

Brain Neurochemistry and Aging:
Acetylcholine
Foremost in the neurotransmitter theories of aging and neuropsychiatric disease is the
cholinergic hypothesis. The relevance of the cholinergic hypothesis to memory function has
been demonstrated by a series of animal and human experiments, in which administration of a
cholinergic antagonists such as atropine [101] or scopolamine [102] disrupted learning and
memory. Furthermore, the observation that young primates given scopolamine performed like
old monkeys on cognitive tasks [102] suggested a role for cholinergic dysfunction in age
related memory decline. The demonstration that aged rodents had reduced acetylcholine
synthesising capacity [103] and reduced responsiveness of their hippocampal pyramidal cells
to acetylcholine [104] provided more direct evidence of an age-related alteration of
cholinergic neurotransmission. The cholinergic hypothesis of human memory function has
played a pivotal role in understanding the early and preferential failure of episodic memory
function in AD and has been an important key in the development of treatments for AD.
Alterations to cholinergic neurotransmission observed in AD include a decrease in choline
acetyltransferase (CAT) [105]; reduced levels of acetyl cholinesterase [106] and reduced
capacity for acetylcholine synthesis [107]. Some post-mortem studies are at odds with the
above studies. For example, Davis et al found no evidence of reduction in
acetylcholinesterase activity or choline acetyltransferase in early AD [108]. In another study
[109], choline acetyltransferase activity was actually upregulated in MCI subjects. However,
as these enzymes are not rate limiting steps for cholinergic transmission, a negative finding
does not necessarily point to intact cholinergic function in these abnormal populations.
Of major importance is whether such alterations in cholinergic neurotransmission play a
role in normal aging. With age a number of alterations to cholinergic neurotransmission have
been documented including a minimal change in acetylcholine synthesis, minimal alteration
to acetylcholinesterase activity, modest reduction in choline acetyltransferase, reduced
acetylcholine release following neural stimulation and reduced sensitivity of autoreceptors
[110]. PET studies using muscarinic ligands have also indicated an age associated reduction
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in muscarinic receptors [111]. Overall, the modest alteration in cholinergic neurotransmission
observed with age stands in some contrast to the significant reduction in cholinergic integrity
seen in AD. In isolation, alterations to cholinergic function do not appear to adequately
explain loss of cognitive function in normal aging.
Dopamine
The changes that occur to the dopaminergic system with age have received considerable
attention. Reported alterations include the loss of dopaminergic cell bodies in the substantia
nigra, decrease in tyrosine hydroxylase activity, decrease in activity of dopamine
decarboxylase, reduction in the dopamine transporter and increase in monoamine oxidase B
enzyme activity [112]. Studies of dopamine receptor density suggest a possible but
inconsistent reduction in D1 receptor density in the striatum and a more consistent reduction
in D2 receptor density [112]. Dopaminergic changes have been suggested as the most reliable
age-related change in the human brain [113]. PET studies have pointed to significant
alteration in dopamine neurotransmission with age, including reduction in density of striatal
D2 receptors [114], decreased striatal D1 receptors [115] and reductions in striatal dopamine
transporters [116]. Reduction in D2 binding has been shown to correlate with age-related
decrements in motor tasks (e.g. finger tapping) and neuropsychological tests of frontal lobe
function [117]. Correlations with other neuropsychological domains have been less
impressive. A correlation has been demonstrated between the age-related reduction in striatal
D2 binding and reduction of metabolism in frontal and anterior cingulate regions [118].
Other Neurotransmitters
A number of other neurotransmitter abnormalities have been associated with the aging
process. A detailed review is beyond the scope of this chapter. However, a number of postmortem, PET and SPECT studies have indicated reduction in 5-HT2A binding sites in both
aging and AD [119]. Serotonin transporter binding is also reduced as a function of age, but
these reductions are less dramatic than reduction in dopamine transporter binding in the
striatum [120]. Reductions have been noted with age for 5HT1A receptor binding [121]. Agerelated changes in serotonergic function have been hypothesised to underlie a variety of
psychobiological changes including alterations in mood, sleep and eating [122].

Cognitive Changes with Aging
While there is debate about the specific types of changes in cognitive and intellectual
functioning with age, there is agreement that cognitive change is not unitary [123,124]. Three
distinctive patterns have been described:
Life-long Decline
Some cognitive abilities, often considered basics to cognitive processing, tend to decline
through the life span: information processing speed, working memory, and encoding of
information into episodic memory. Cross-sectional studies suggest that information
processing speed declines by about 20% at age 40 and by 40-60% at age 80 compared to a 20
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year old [125]. Longitudinal data, especially from the influential Seattle Longitudinal Study
[126], support this, with small changes between 20% and 60% but an accelerated decline
thereafter.
Late-life Decline
Well-practiced tasks and crystallized intelligence (vocabulary, information, similarities,
etc.) show little or no decline until very late in life. Short-term or working memory is
characterized by small declines through life but an increased decline after age 70 years.
Longitudinal studies suggest slight declines in vocabulary after age 60. There is an
acceleration of decline in information processing speed and working memory 3-6 years prior
to death, presumably related to neuropathology. Cognitive decline is therefore a predictor of
mortality even after accounting for demographic and health variables [127].
Life-long Stability
Abilities that appear to be stable into late life are autobiographical memory, semantic
memory, emotional processing and automatic memories. It may be the preservation of
autobiographical and semantic memories that account for the ‘wisdom’ generally attributed to
old age. It would appear that elderly individuals rely on preserved knowledge and
experiences whereas younger people rely on processing ability to perform tasks [124].
Inter- and Intra-Individual Differences
Most studies suggest that individual differences in speed and memory increase with age
[123]. Education, absence of Apolipoprotein E ε4, and good health protect against decline.
Older individuals also show greater intra-individual variability in test performance, and this
may be a marker of subtle neurological impairment [128].

MOLECULAR THEORIES OF BRAIN AGING
Oxidation, Free Radicals and Mitochondrial DNA
The free radical theory of aging proposes that reactive oxygen and nitrogen species cause
damage to critical lipid, protein and DNA components of cells. These highly reactive
molecules contain an unpaired electron which can react with cellular components, generating
further reactive oxygen species, resulting in a cumulative burden of oxidative damage with
age which leads to neuronal dysfunction and cell death. The production of reactive oxygen
species and is enhanced by the presence of transition metals such as Cu+ and Fe2+. Free
radicals are produced throughout life and there are endogenous antioxidant mechanisms in
place which assist in the maintenance of homoeostasis. The role and impact of reactive
oxygen and nitrogen species has been debated as under certain circumstances they may
themselves exert neuroprotective effects [129]. A number of observations support a role of
reactive oxygen and nitrogen species in the aging process and have been summarised in a
recent publication [130]. Briefly stated, the evidence includes observations that the rate of
reactive oxygen species production of mitochondria in post mitotic tissues is lower in long-
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lived than short-lived species and that the level of endogenous antioxidants correlate
inversely with longevity in vertebrates. Decline in mitochondrial function as a consequence
of oxidative damage has been proposed as a key factor in the aging process and neurological
disease [131]. Advancing age and reduction in the mitochondrial process of oxidative
phosphorylation are thought to promote mutations in the mitochondrial genome [132]. In
turn, mutations in mitochondrial DNA may result in depressed cell respiration, enhanced free
radical formation and increase susceptibility to apoptosis. This process is thought to result in
accelerated generation of reactive oxygen species, promoting further damage [132]. Results
from human studies of mitochondrial function in human brain are now being reported and
suggest that reduction in mitochondrial respiratory enzyme activity is associated with
increasing age [133]. For a detailed review of the impact of oxidative stress and age
mitochondrial function, the reader is referred to a recent publication by Harper et al [134].
There is accumulating evidence implicating the role of oxidative stress in the pathology of
diseases such as Alzheimer’s disease and other age related neuropsychiatric diseases such as
Parkinson’s disease [130].
A number of compounds with antioxidant activity have demonstrable neuroprotective
effects in vitro and in animal models, including vitamins [such as Vitamin E (alphatochopherol), Vitamin C (Ascorbic Acid), Beta Carotene], enzymes (e.g. superoxide
dismutase, glutathione peroxidase), hormones (e.g. melatonin) and other neuroprotective
agents (e.g. monoamine oxidase inhibitors). The possible neuroprotective and antiaging
effects of some of these antioxidants have been explored in a number of studies.
Administration of exogenous vitamin E has no demonstrable effect in Parkinson’s disease
[135], is of equivocal benefit in treatment of tardive dyskinesia [136], and has only limited
efficacy in AD [137]. Higher consumption of dietary and supplemental antioxidants in
community samples has not benefited cognitive function in middle age [138] or elderly
samples [139]. The monoamine oxidase inhibitor selegiline has shown some ability to slow
progression of AD [137], and may delay onset of disability in early Parkinson’s disease
[135]. Overall, administration of exogenous antioxidants has not been an effective strategy to
reduce aging or all age related neuropsychiatric disease. There remains a possibility however,
that exogenous antioxidants may have some role in protecting against increased oxidative
stress of an exogenous origin [130].

Ion Homoeostasis
A related theory of brain aging proposes that changes in ion homoeostasis with age lead
to sustained changes in intracellular ion levels which threaten cellular integrity. Although one
of the most prominent ions implicated is Ca2+, there is also considerable interest in the effect
of aging on other ion channels such as Na+ and K+ [129]. Alterations in calcium regulation
occur with age at a variety of levels [140]. These may include: changes in calcium influx via
membrane based calcium channels; dysregulation of intracellular stores via malfunction of
intracellular calcium channels in the endoplasmic reticulum and alteration in intracellular
cytosolic buffers; inefficiency of calcium clearance as a result of impaired extrusion into
extracellular space, and reduced reaccumulation into endoplasmic reticulum. Alterations to
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calcium homoeostasis may also have a bearing on mitochondrial function [129]. Key markers
of calcium dyshomoeostasis in brain aging include an increase in calcium dependent
afterhyperpolarisation in the hippocampus, an increase in specific subtypes of voltage gated
calcium channels in hippocampus CA1 region and the appearance of larger calcium transients
in response to stimuli including toxic challenge [141]. Although disturbance in calcium
homoeostasis produces significant alterations in neuronal physiology, synaptic function and
neuronal plasticity [142], its direct role in the aging process is a matter for continuing debate.
Thus, significant questions remain unanswered concerning the primacy of calcium
dysregulation in both healthy aging and pathological processes [140].

Gene Expression
The cloning of the human genome and the advent of microarray techniques has made it
feasible to study the effect of age on gene expression in animal and human brains with
relative ease. Preliminary evidence suggests a significant alteration to genetic expression with
age in both animals and humans. Such alteration may play an important role in modulating
vulnerability to oxidative stress, inflammatory response and regulation of DNA repair.
Illustrative work in mice indicates that with age, gene expression in the neocortex and
cerebellum is increased [143] for those genes involved in inflammatory and stress responses
and reduced for those genes linked to neuronal plasticity and central nervous system
development. In humans, age effects on RNA expression in prefrontal cortex show significant
reduction in expression in those genes the play a role in synaptic function and plasticity,
including some genes that mediate synaptic vesicle release and recycling [144]. RNA
expression was also reduced for signal transduction systems that mediate long-term
potentiation. Age-related increase in expression of RNA was seen in genes that mediate stress
response and repair. Such studies suggest that genetic expression will be significantly altered
as a function of age in a manner that has a direct bearing on synaptic plasticity and
vulnerability to oxidative stress.
Gene-diet interactions have become a recent focus of aging research. The ability of
caloric restriction to extend maximum lifespan of rats is well known. However, the molecular
mechanisms of this phenomenon are only just beginning to be understood. Recent microarray
analysis of aging rodents undergoing dietary restriction indicate significant modification of
expression of genes involved in stress and immune mediated responses as well as genes
involved in neural growth and plasticity [143]. It remains unclear to what extent these
alterations are responsible for the beneficial effects of dietary restriction. However, dietary
restriction in rats has been shown to increase the resistance of hippocampal neurons to toxic
insult [145], suggesting a direct protective effect. Of interest is whether a protective effect
against age-related neurodegenerative disease is observable in humans undertaking dietary
restriction. Preliminary studies suggest that low calorie and low-fat diets reduce relative risk
for Alzheimer’s disease and Parkinson’s disease [146,147].
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Table 3: What is the role of genes in brain ageing?

1. Multiple genes contribute to ageing. These genes may be particular to the individual
(‘Private’) or be shared across populations and species (‘public’).
2. Ageing results from an accumulation of somatic damage because of limited or
deficient maintenance and repair.
3. It is likely that the longevity genes influence the ability to repair DNA or provide
antioxidant defence.
4. There may additionally be some genes that exert an adverse effect at old age. These
genes either escape natural selection or trade beneficial effect at an early age with
harm later.
5. It is unlikely that specific genes exist that promote brain ageing with large effects.
Ref. Kirkwood TBL, Austad SN. Why do we age? Nature 2000; 408: 233-238.

Glucocorticoids
Converging evidence suggests that glucocorticoids have a bimodal effect on cognition,
with transient glucocorticoid increases improving performance in spatial memory tasks but
long-term elevations producing performance decrements [148]. In addition to the effect on
learning, glucocorticoids are implicated in aging. The hippocampus has been the central
focus of research on the effect of glucocorticoids on the brain. Hippocampal-dependent
learning and memory is mediated by a process of strengthening synaptic communications,
known as long-term potentiation (LTP). The effect of glucocorticoid has on this process is
represented by an inverted ‘U’, with glucocorticoid insufficiency and excess both inhibiting
LTP. Studies of the effects of glucocorticoids have indicated adverse effects on memory in
endogenous excess states [149] and with administered glucocorticoids [150]. Progressive
elevations of serum cortisol are observed with age and are associated with higher risk of
cognitive impairment [148]. Aging subjects with elevated and increasing basal cortisol levels
over a four year period have been shown to demonstrate reduction in hippocampal volumes
and memory deficits [151]. Another study that followed up elderly women with elevated
cortisol at baseline found that further increases in urinary cortisol secretion over a 2.5 year
follow-up were associated with declines in memory performance, whereas women with
decreases in urinary cortisol secretion demonstrated improvements in memory performance
[142]. Various cellular mechanisms have been proposed to explain the detrimental effect of
chronic elevations of cortisol on cognition [148]. Whilst short-term elevation of cortisol may
help protect hippocampal neurons against excitotoxic damage, long-term elevation of cortisol
is associated with increased vulnerability to excitotoxic damage. A variety of mechanisms
have been proposed including reduced neurogenesis, attenuation of glucose uptake,
accumulation of extracellular glutamate and elevation of Ca2+.
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Homocysteine
Elevated levels of the plasma based amino acid homocysteine have been shown to be a
risk factor for vascular disease and age associated neuropsychiatric diseases. A strong
association has been noted between elevated homocysteine levels and risk of stroke in large
prospective studies [153]. Precursors of stroke such as carotid artery stenosis, intimal
thickening and plaque formation [154] also appear to be increased in those with elevated
homocysteine levels. The results of the Framingham heart study suggest that people with
elevated homocysteine levels are at increased risk for Alzheimer’ s disease [155]. Studies of
cognition and homocysteine levels in the elderly suggest an association between elevated
homocysteine and reduced cognitive performance [156], but this finding is by no means a
universal one [157]. Early studies suggest a relationship between elevated homocysteine
levels and various neuroanatomical markers such as ventricular dilation in normal healthy
elderly [158]. As vitamins B12, B6 and folate are cofactors in homocysteine metabolic
pathways, their deficiency is associated with elevated levels of homocysteine [159]. Animal
models of diseases such as Alzheimer’s disease and Parkinson’s disease suggest that folate
deficiency and the resultant increase in homocysteine levels may increase the risk for these
disorders by rendering neurons vulnerable to age-related oxidative stress [160]. However, the
mechanisms by which elevated homocysteine mediates its effect on the aging brain requires
further evaluation.

NEUROLOGICAL EXAMINATION OF AN ELDERLY INDIVIDUAL
When the map differs from the terrain, believe the terrain
Norwegian Proverb

Interviewing Style
A more formal and patient interviewing style is often helpful in working with older
patients. As Sir William Osler observed, ‘Listen to the patient and he will tell you the
diagnosis’. This is not to be construed, however, as encouragement to be too directive.
Indeed, open-ended questioning and a polite preamble will help in building rapport. Often, a
patient’s spouse will be in attendance, and may serve as a useful source of information, as
may other family members, within the bounds of the patient’s wishes for confidentiality.
Whilst observing for unusual delays, some allowance must be made for the decreased
motor/cognitive-processing speed of elderly especially when asking them to participate in the
physical examination or provide a history. A further source of misunderstanding may be
deafness, or significant language difficulties (especially in the older generations of
immigrants from impoverished or countries lacking in basic educational infrastructure).
It is helpful to send out a letter or request that patients bring in relevant investigations
prior to an office consultation, such as brain scans, blood test results among other
investigations.
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History-Taking
Particularly with older people, a life-course history of illnesses is useful in determining
the context of symptoms, possible aetiological factors and precipitants. Indeed, the
contribution of stroke, diabetes, hypertension, ischaemic heart disease and cerebrovascular
disease among other systemic processes to age-related neurologic disease has been remarked
upon in the dementias [161].
A comprehensive accounting of all medication and herbal remedies prescribed and being
taken should be performed. This may necessitate a staff-member visiting the patient’s home,
with permission to locate all available medicaments. Similarly, a comprehensive overview of
the other physicians and services being consulted by the patient is mandatory to avoid
miscommunication and iatrogenic complications. Accurate information regarding alcohol and
other drug intake should be obtained, especially in the still-working young-old group.
Occupational commitments and voluntary work should be assessed, as should the impact of
any symptoms on such work. Social and instrumental supports should be ascertained. For
example, the level of contact with family members and, the community services (financial
support, meals etc.) accessed.

NEUROLOGICAL EXAMINATION
Considerations from Findings in Normal Aging
Disturbances of Gait & Balance
The development of an extraordinarily cautious gait characterised by slowed walking,
increased unsteadiness (secondary to extrapyramidal, frontal-lobe and postural control
disturbances) and fear of falling has been described [162]. It has been suggested that this may
be due to a disorder of frontal subcortical white matter. Furthermore, this disorder was
significantly associated with higher levels of depression (Geriatric Depression Scale [GDS]),
anxiety (Spielberger State-Trait Anxiety Inventory [STAI]) and lower scores on the MiniMental State Examination (MMSE). A large US epidemiological study assessed gait speed,
chair standing, standing balance, cognition with a modified MMSE and digit symbol
substitution test (DSST) [163]. A statistically significant association was found between
physical and cognitive function in otherwise healthy elderly. Their conclusion was that slow
gait speed can be an indicator of impaired executive cognitive function.
Similarly, previous research showed that membership of the oldest old subgroup was best
predicted by poor performance in clinical tests of balance (heel-toe walking and one-leg
balancing with eyes closed) [164]. Other studies have also demonstrated statistically
significant decline in gait disturbance with age [165].
Assessing Parkinsonism
Mild, clinically detectable tremor was found in 96% of a 103 normal control subjects 65
years and older [166]. Of these, 28% had a clearly oscillatory tremor of moderate amplitude
present during maintenance of posture or task performance [166]. Other studies have shown
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the prevalence of mild Parkinsonism (as defined by the presence of two or more of the signs
bradykinesia, gait disturbance, rigidity or tremor) to be 14.9% for those 65-74, 29.5% for
those 75 to 84 rising to 52.4% in the age range 85 and above [167]. Furthermore, the
presence of Parkinsonism, thus defined, was associated with a two-fold increased risk of
death. There is also evidence that those who meet criteria for essential tremor have a mildly
reduced body mass index, presumably due to the physiological effects of the tremor on
metabolism [168].
The Unified Parkinson’s Disease Rating Scale (UPDRS) has been demonstrated to
provide an empirical basis for summarizing the main components of Parkinsonism and is
used widely in clinical and research practice. Hoehn-Yahr staging is useful for assessing the
staging of the disease. Nonetheless, the differential diagnosis of Parkinson’s disease remains
difficult, with misdiagnosis rates approximating 25%, with the most common misdiagnoses
being progressive supranuclear palsy, corticobasal degeneration, or multiple system atrophy.
Unfortunately, diagnosis remains primarily a clinical process, with the cost-effectiveness and
availability of specialised tests such as SPECT, PET and specialised MRI still to be
determined [169].
The Peripheral Nervous System
A recent study of chronic idiopathic axonal polyneuropathy conducted by Vrancken et al.
[170] has informed us about the aging of the peripheral nervous system [171]. Whilst defined
as a successfully aging group, the controls were primarily characterized by the absence of
neurological or other diseases. Vrancken et al. [170] found that 65% of the 108 controls had
sensory signs such as reduced light touch or vibration sense, and absent tendon reflexes.
Controls 65 years and older had significantly lower sensory score of the legs. Other studies
have also demonstrated age-related decreases in vibration sense [171]. A larger populationbased study of women showed that perceived vibration threshold declined most, with the
lowest decrement in light touch discrimination [172]. However, all domains assessed, muscle
strength, balance, gait, somatosensory discrimination and reaction time declined with
increasing age [172]. Another population-based study showed rare absence of deep tendon
reflexes and impaired proprioceptive sensation [173].
Nerve conduction studies show an age-related decline in normal aging [171]. In the
absence of other electrodiagnostic abnormalities, the consensus has been to discount a
finding of the absence of a sural response [171]. In electrodiagnostically confirmed peripheral
neuropathy for persons aged 50-80, two of three signs: Achilles’ reflex (absent despite
facilitation), vibration (128 Hz tuning fork for <10 s) and position sense (<8/10 1-cm trials),
identified peripheral neuropathy [174]. Re-emergence of primitive reflexes may also be
associated with increased age [165].
Intra-epidermal nerve fiber density has been described as the most sensitive test for
detecting small fiber neuropathy, but the results have been conflicting as to whether there is a
trend for change with aging. Sural biopsy is a rather invasive and uncomfortable procedure
[171].
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Central Nervous System
Cranial Nerve Function
The oldest old subgroup (those greater than 84 years) perform poorly relative to young
old (65-74 years) cohorts on tests of smell and visual pursuit [164]. Limitation of upward
gaze and convergence have also been described as being common, especially with advanced
age [173].
Cognitive Assessment
Whilst a decline in cognitive performance occurs with aging, there is now evidence of
considerable variability in the degree and rate of decline. There is evidence, that within the
healthy elderly without major illness aged 65-94, cognition is relatively stable over short
epochs such as four years, albeit in a highly select group as the authors admitted [1].
How a clinician should screen for cognitive decline is somewhat controversial as most of
the short screening scales are incomplete and not intended for assessing normal aging. The
Folstein MMSE has been translated into several languages (including ideographic languages
such as Chinese) and has the advantage of being relatively quick to administer. It also
correlates well with other cognitive assessment batteries [175].
The Folstein MMSE has been shown to have effectiveness in separating those with mild
Alzheimer’s disease from healthy elderly, mild cognitive impairment and depression [175].
However, the separation of the other categories from each other is more problematic and
additional history is required. Alternatives are the Mental Status Questionnaire or the
Abbreviated Mental Test Scale, but these are disadvantaged by not being as rigorously
evaluated as the MMSE. The cutoff for AD was at or equal to 24. However, lower
educational levels, illiteracy and non-native language administration may also result in
unusually low scores not reflective of cognitive function. The score must be supplemented by
an assessment of the person’s functional abilities related to cognition (eg. reading, writing,
paying bills, shopping).
This can be supplemented by a clock-drawing task to assess executive cognitive function.
The caveats to the above assessments are that the MMSE be administered in a first language,
educational level be ascertained and visual/auditory deficits be noted.
The Addenbrookes Cognitive Examination (ACE), which incorporates the MMSE, has
been demonstrated to be sensitive to early dementia and useful in clinical practice in
determining a cutoff score above which dementia is unlikely, 83 (moderate likeliehood ratio LR) – 88 (large LR) [177].
Assessment of Motor Vehicle Driving Capacity
The independence of many older people, particularly in first world countries is highly
dependent on reliable transport. For many, the main mode of transport is the motor vehicle.
Driving is a complex neurocognitive task and because of the potential of impairment to
impact upon others, any assessment of capacity must be made judiciously.
However, the emotional response and consequences of restriction of driving can be
considerable and place great strain on the physician-patient relationship.
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Recent research has demonstrated that a comprehensive history, physical examination,
neuropsychological and laboratory tests are significantly helpful for the prediction of on-road
driving performance by neurologists. In a study of early Alzheimer’s dementia and on-road
driving performance as assessed by a driving instructor, personal and informant ratings of
performance were not significantly related to actual performance [178]. However, a
neurologist’s assessment, based upon a comprehensive neurological examination was
predictive of performance on a formal driving instructor’s assessment.

SUGGESTED PROTOCOL FOR NEUROLOGICAL
HISTORY & EXAMINATION
Medical History
•
•
•
•
•
•
•
•

Presenting Symptoms
History of Presenting Illness (especially localizing signs, evolution, remissions)
Current Medications
Allergies (Including Medications)
Past Medical History (previous major illnesses, surgery)
Family Medical History (heritable diseases)
Social history (living circumstances, occupation, family & social supports)
Ability in daily function (activities of daily living: washing, cleaning, cooking, &
functional abilities: reading, writing etc.

Neurological Examination
Mental Status Examination
• Attention: Level of attentiveness, note any fluctuations in attention
• Orientation: Time, place, person
• Speech: Speed, clarity,
• Comprehension: Ability to comprehend questions and simple commands in order to
undertake the examination
• Mood: Prevailing reported emotional state eg. Happy, sad, angry
• Affect: Observation of patient’s emotional state, including fluctuations
• Thought form: Logical sequence of thoughts, eg. Flight of ideas (rapid progression
from topic to topic faster than is usual); Knight’s move thinking (progression of
ideas in which the intervening steps can no longer be discerned); concreteness
(literality of thought without regard for contextual, complexity of meaning)
• Thought content: Prevailing thoughts, presence of delusions (fixed false beliefs),
presence of hallucinations (sensory percepts without objective stimulus eg. Hearing
voices in an otherwise empty room)
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Cognitive Assessment
(Suggest Folstein MMSE, Mental Status Questionnaire, Addenbrookes Cognitive
Examination [177].
Cognitive assessement can be supplemented by a clock-drawing task: eg. ‘Please draw a
clock-face with all the numbers on it, and then draw the hands of the clock at ten minutes past
eleven’.
Cranial Nerve Examination
First cranial nerve (olfactory): whilst smell is not ordinarily assessed in younger patients,
it may be worthwhile assessing persons suspected of having cognitive impairment as there
have been findings of deficits in mild cognitive impairment and Alzheimer’s disease.
However, assessment is somewhat problematic due to the lack of odoriferous materials in
most physicians’ practices apart from a decomposing uneaten breakfast/lunch/dinner. Alcohol
and other irritants test nociceptive receptors of the 5th cranial nerve (trigeminal) [179].
The cranial nerves subserving the visual system (2nd optic, 3rd oculomotor, 4th trochlear
and 6th abducens) are usually assessed together. Visual acuity (corrected) can be assessed
with a Snellen card. Visual fields are assessed and pupillary shape, size and accommodation
to ascertain integrity of the optic nerve and visual pathways. Extraocular eye movements are
explored to assess the 3rd, 4th (inversion) and 6th (abduction) nerves.
The 5th cranial nerve (trigeminal) has three sensory divisions. A disposable neurological
lancet is used to assess facial sensation in the ophthalmic, maxillary and mandibular
divisions, whilst a cotton ball wisp is used to assess the corneal reflex. The motor function of
the trigeminal is tested by palpating the masseter muscles whilst the patient clenches his/her
teeth.
The 7th cranial nerve is assessed by observation for hemifacial weakness. If the ability to
frown and close the eye is preserved, the facial motor weakness is likely due to an upper
motor neuron lesion. The sensory component is rarely assessed as this involves taste in the
anterior two-thirds of the tongue.
The 8th cranial nerve has auditory and vestibular components. The auditory component
may be assessed by whispering a number in each ear whilst the other is covered. Vestibular
function is assessed by tests of gait and balance (see below).
The 9th (glossopharyngeal) and 10th (vagus) cranial nerves are usually assessed together.
This is tested by eliciting the gag reflex.
The 11th (spinal accessory nerve) is tested by having the patient turn their head against
resistance provided by the examiner’s hand and assessing the elevation of the shoulders by
the trapezius.
The 12th (hypoglossal) nerve is assessed by examining tongue protrusion.
Peripheral Nervous System & Motor Function
An inspection should be conducted for atrophy, abnormal movements (fasciculations,
tremor, myoclonus, chorea, Parkinsonism).
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Muscle strength can be graded conventionally on a scale of 0 to 5. No movement can be
scored as 0, trace movement as 1, able to move with the assistance of gravity 2, movement
against gravity but not resistance 3, movement against resistance from the examiner 4, and
normal strength 5.
Assessment of rising from a sitting position, standing, getting off a bed (or examination
couch) are good functional assessments of motor system function. Similarly, testing of gait
can also be performed, by observation of unassisted walking, heel-toe walking. Postural sense
(Romberg test) can be carefully assessed by asking the patient to stand with eyes closed and
then the examiner gently attempting to unbalance via a push. Observation of arm swing
should also should be noted for evidence of Parkinsonism [180].
Sensory Examination
Screening can be performed using a disposable neurological lancet (which has a dull tip
and the sharper non-penetrating lancet end). This applied to the face, neck, torso and all
limbs. A wisp from a cotton ball is used to assess light touch. Proprioceptive loss as noted
above may occur with aging and is assessed by moving terminal phalanges up or down and
asking the patient to describe the direction of movement with their eyes closed.
Stereognosis is tested by asking the patient to identify an object placed in their hand,
whilst ability to discern numbers written on hands is graphesthesia.
Vibration sense can be assessed with a tuning fork (125 Hz) placed over bony
prominences in the extremities.
Reflex Examination
As noted above, with advancing age, there may be some loss of deep tendon reflexes and
re-emergence of primitive reflexes. The DTR (and their innervation) assessed are:
•
•
•
•
•

Biceps (C-5)
Radial (C-6)
Triceps (C-7)
Quadriceps knee jerk (L-4)
Ankle jerk (L-5, S-1)

The lateral aspect of the sole of the foot is stroked to elicit the plantar response, of which
the Babinski sign indicates a spinal upper motor neuron lesion.

Neurologic Investigations
Computed Tomography (CT)
This is available in most centres and suffices for investigation of most brain, spine and
gross spinal cord lesions (although MRI confers particular advantages for imaging the spinal
cord). It has the disadvantages of difficulty in visualizing structures in the posterior fossa,
radiation exposure and lower resolution. Iodinated contrast can be used to visualize the
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cerebral vasculature, although there is a low risk of stroke in carotid angiography. It has
advantages of availability and speed.
Magnetic Resonance Imaging (MRI)
This method is generally superior for visualization of neural structures, and spinal
abnormalities impinging upon the cord. It also has the advantage that different protocols
(image scanning sequences differing on strength, duration and type of the magnetic field
applied) can be used to distinguish particular pathologies. Diffusion-weighted imaging can be
used to detect areas of reduced vascular perfusion. T2 and Fluid Attenuation Inversion
Recovery (FLAIR) methods can be used to detect areas of inflammation and/or
demyelination. Gadolinium contrast can be used to visualize demyelination, inflammation
and neoplastic lesions. The disadvantages of MRI are lack of availability in all centres and
contraindication for those with cardiac pacemakers, aneurysm clips and movable metallic
prostheses.
PET & SPECT
Both PET (Positron Emission Tomography) and SPECT (Single Photon Emission
Computed Tomography) remain largely research tools, although they are occasionally used
for adjunctive information when a particular pathology such as a dementia or an
encephalopathy is suspected.
Cerebral Angiography
Using contrast dye, X-ray images can delineate arterial and venous circulation in the
brain. Digital subtraction angiography has improved the quality of images obtained. In this
way, information regarding the vasculature can be found complementing the information
from CT and MRI.
EEG
Electroencephalography is useful for assessment of suspected epilepsy. Slow wave
changes from focal cerebral lesions such as tumors, or generalized as in the case of delirium
or encephalopathy. It can be useful in assessing episodic altered consciousness.
Evoked Responses
Visual, auditory, or tactile stimuli can be used. The computerized analysis of the
electrical activity in the cortex reflects the integrity of the neuroanatomic pathway.
Electromyography & Nerve Conduction Studies
Electromyography can be used to establish which nerves or muscles are affected by a
lesion. This involves insertion of a needle to record the electrical activity of the muscle,
which is displayed via a monitor and heard via loudspeaker.
The time to initiate a contraction after a series of stimulations is used to assess nerve
conduction velocity. This method can be useful in the evaluation of a demyelinating or
neuromuscular disease.
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Table 4: Neurological signs attributable to ageing,
and not suggestive of a disease process.
1. Hearing: Progressive loss (presbycusis), esp. for high tones.
2. Vision: impairment of accommodation (presbyopia); small pupils with sluggish
reaction to light and accommodation; restricted convergence and upward conjugate
gaze,;loss of bells’ phenomenon.
3. Smell and taste: Reduction in sense (smell > taste).
4. Motor system: slowed reaction time; decreased fine coordination and agility, reduced
muscle power (legs > arms, proximal > distal); loss of muscle mass (esp. anterior
tibial, thenar and dorsal interossei muscles).
5. Sensory system: Vibratory sense reduced or lost in feet and ankles; slight increase in
threshold for touch sensation; proprioception largely unchanged.
6. Reflexes: Achilles reflexes reduced or absent. Some primitive reflexes appear (snout,
palmomental or glabellar), but grasp or sucking reflex generally indicate pathology.
7. Posture, stance and gait: Reduced agility; slightly stooped posture; slowness and
stiffness of walking; shortening and broadening of the stride (senile gait); reduced
gracefulness and adaptability of gait.
Refs: Critchley M. Neurologic changes in the aged. J Chronic Dis 1956; 3:459.
Jenkyn LR, Reeves AG. Neurologic signs in uncomplicated aging (senescence). Semin Neurol 1981;
1:21.
Benassi G, D’Allesandro R, Gallasi R et al. Neurological examination in subjects over 65 years: an
epidemiological survey. Neuroepidemiology 1990; 9:27.

Lumbar Puncture
This is performed in special circumstances, after exclusion of a bleeding diathesis, raised
intracranial pressure, obstruction to CSF flow (Arnold Chiari) and skin infection at the
puncture site. A CT or MRI is performed to rule out a mass lesion in the presence of
papilledema or localizing neurological signs. The CSF is examined for intracranial pressure
and composition. Cell count, glucose and protein levels are determined [181].
Table 4 summarises some neurological changes that may be regarded as normal aspects
of the aging process and are not uncommon in the octo- and nonagenarians.

CONCLUSION
In this chapter, we have reviewed the brain morphological and functional changes
associated with aging, the majority of which paint a negative picture. We wish to end the
chapter with a positive view of the aging brain. As noted previously, autobiographical and
semantic memory are preserved into old age. The aging brain therefore accumulates a
lifetime of experiences which commonly translates into worldly wisdom. Older individuals
also have a more positive emotional bias in information processing than younger people.
There is some evidence from imaging studies that the elderly show less amygdala activation
to negative emotional pictures, but there is no difference in subjective response or brain
activation to positive images [182]. Older people have been noted to pay more attention to
their emotional lives. Beliefs that creativity and productivity decline greatly with age and
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beginning to be challenged, and it is time that we begin to challenge some of the stereotypes
related to the aging brain.

ACKNOWLEDGEMENTS
Angie Russell for assistance with final editing and referencing.
A/Prof Looi acknowledges: Dr Arthur Toga, Professor of Neurology, and Director of the
Laboratory of Neuro Imaging, David Geffen School of Medicine for hosting A/Prof Looi as a
Fulbright Visiting Scholar; and the Australian-American Fulbright Commission for academic
and financial support in the preparation of his section of the chapter (January-June 2005) http://www.loni.ucla.edu/About_Loni/people/Indiv_Detail.jsp?people_id=154

REFERENCES
[1]

Hickman, S. E., Howieson, D. B., Dame, A., Sexton, G., Kaye,J. Longitudinal analysis
of the effects of the ageing process on neuropsychological test performance in health
young-old and oldest-old. Develop Neuropsychol 2000;17:323-337.
[2] Miller, A. K., Alston, R. L., Corsellis, J.A. Variation with age in the volumes of grey
and white matter in the cerebral hemispheres of man: measurements with an image
analyser. Neuropathol & Applied Neurobiology 1980;6:119-132.
[3] Coffey, C. E., Wilkinson, W. E., Parashos, I.A., Soady, S.A., Sullivan, R.J., Patterson,
L.J., et al. Quantitative cerebral anatomy of the aging human brain: a cross-sectional
study using magnetic resonance imaging. Neurology 1992;42:527-536.
[4] Raz, N., Craik, F., Salthouse, T. “Aging of the brain and its impact on cognitive
performance: Integration of structural and functional findings”. The Handbook of Aging
and Cognition. New Jersey: Lawrence Erlbaum Associates; 2000:1-90
[5] Miller, A.K., Corsellis, J.A. Evidence for a secular increase in human brain weight
during the past century. Ann Human Biol 1977;4:253-7.
[6] Forstl, H., Zerfab, R., Geiger-Kabisch, C., Sattel, H., Besthorn, C., Hentschel, F. Brain
atrophy in normal ageing and Alzheimer's disease: Volumetric discrimination and
clinical correlations. Br J Psychiatry 1995;167:739-746.
[7] Scahill, R.I., Frost, C., Jenkins, R., Whitwell, J.L., Rossor, M.N., Fox, N.C. A
longitudinal study of brain volume changes in normal aging using serial registered
magnetic resonance imaging. Arch Neurol 2003;60:989-994.
[8] Fox NC, Scahill RI, Crum WR, Rossor MN. Correlation between rates of brain atrophy
and cognitive decline in AD. Neurology 1999;52:1687-1689.
[9] Raz N, Gunning F, Head D, Dupuis J, McQuain J, Briggs S, et al. Selective aging of
human cerebral cortex observed in vivo: Differential vulnerability of the prefrontal gray
matter. Cerebral Cortex 1997;7:268-282.
[10] Murphy, D., DeCarli, C., McIntosh, A., Daly, E., Mentis, M., Pietrini, P., et al. Agerelated differences in volumes of subcortical nuclei, brain matter, and cerebro-spinal

Neurological Aspects of Aging

[11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]
[24]

[25]

491

fluid in healthy men as measured with magnetic resonance imaging (MRI). Arch Gen
Psychiatry 1996;53:585-94
Tisserand, D.J., Pruessner, J.C., Sanz Arigita, E.J., van Boxtel, M.P., Evans, A.C.,
Jolles J, et al. Regional frontal cortical volumes decrease differentially in aging: an
MRI study to compare volumetric approaches and voxel-based morphometry.
Neuroimage 2002;17:657-669.
Salat, D.H., Kaye, J.A., Janowsky, J.S. Selective preservation and degeneration within
the prefrontal cortex in aging and Alzheimer disease. Arch Neurol 2001;58:1403-1408.
Tisserand, D.J., Bosma, H., van Boxtel, M.P., Jolles, J. Head size and cognitive ability
in nondemented older adults are related. Neurology 2001;56:969-971.
Bobinski, M., De Leon, M., Convit, A., De Santi, S., Wegiel, J., Tarshish, C., et al.
MRI of entorhinal cortex in mild Alzheimer's disease. Lancet 1999;353:38-40.
Convit, A., De Leon, M., Tarshish, C., De Santi, S., Tsui, W., Rusinek, H., et al.
Specific hippocampal volume reductions in individuals at risk for Alzheimer's disease.
Neurobiol Aging 1997;18:131-138.
DeCarli, C., Massaro, J., Harvey, D., Hald, J., Tullberg, M., Au, R., et al. Measures of
brain morphology and infarction in the Framingham heart study: establishing what is
normal. Neurobiol Aging 2005;26:491-510.
Jack, C.R., Jr., Petersen, R.C., Xu, Y., O'Brien, P.C., Smith, G.E., Ivnik, R.J., et al.
Rate of medial temporal lobe atrophy in typical aging and Alzheimer's disease.
Neurology 1998;51:993-999.
Stern, C., Hasselmo, M. Bridging the gap: integrating cellular and functional magnetic
resonance imaging studies of the hippocampus. Hippocampus 1999;9:45-53.
Jack, C.R., Jr., Petersen, R.C., Xu, Y., O'Brien, P.C., Smith, G.E., Ivnik, R.J., et al.
Rates of hippocampal atrophy correlate with change in clinical status in aging and AD.
Neurology 2000;55:484-489.
Rusinek, H., De, S.S., Frid, D., Tsui, W.H., Tarshish, C.Y., Convit, A., et al. Regional
brain atrophy rate predicts future cognitive decline: 6-year longitudinal MR imaging
study of normal aging. Radiology 2003;229:691-696.
Reiman, E., Caselli, R., Yun, L., Chen, K., Bandy, D., Minoshima, S., et al. Preclinical
evidence of Alzheimer's disease in persons homozygous for the E4 allele for
apolipoprotein E. New Engl J Med 1996;334:752-758.
Plassman, B., Welsh-Bohmer, K., Bigler, E., Johnson, S., Anderson, C., Helms, M., et
al. Apolipoprotein E epsilon 4 allele and hippocampal volume in twins with normal
cognition. Neurology 1997;48:985-999.
Shah, Y., Tangalos, E., Petersen, R. Mild Cognitive Impairment: When is it a precursor
to Alzheimer's disease? Geriatrics 2000;55:62-68.
Insausti, R., Jouttonen, K., Soininen, H., Insausti, A., Partanen, K., Vainio, P., et al.
MR volumetric analysis of the human entorhinal, perirhinal, and temporopolar cortices.
Am J Neuroradiol 1998;19:659-671.
Doraiswamy, P., Na, C., Husain, M., Figiel, G., McDonald, W., Ellinwood, E., et al.
Morphometric changes in the human midbrain with normal aging: MR and stereologic
findings. Am J Neuroradiol 1992;13:383-386.

492

Jeffrey C.L. Looi, Julian N. Trollor and Perminder S. Sachdev

[26] Raz, N., Torres, I., Acker, J. Age, gender, and hemispheric differences in human
striatum: a quantitative review and new data from in vivo MRI morphometry.
Psychobiology 1995;21:151-160
[27] Valenzuela, M., Sachdev, P., Wen, W., Shnier, R., Brodaty, H., Gillies, D. Dual voxel
proton magnetic resonance spectroscopy in the healthy elderly: Subcortico-frontal
axonal N-acetylaspartate levels are correlated with fluid cognitive abilities independent
of structural brain changes. Neuroimage. 2000;12:747-756.
[28] Ylikoski, R., Ylikoski, A., Erkinjuntti, T., Sulkava, R., Raininko, R., Tilvis, R. White
matter changes in healthy elderly persons correlate with attention and speed of mental
processing. Arch Neurol 1993;50:818-824.
[29] Double, K., Halliday, G., Kril, J., Harastay, J., Cullen, K., Brooks, W., et al.
Topography of brain atrophy during normal ageing and Alzheimer's disease. Neurobiol
Aging 1996;17:513-521.
[30] Pantoni, L., Garcia, J. Pathogenesis of leukoaraiosis: A review. Stroke 1997;28:652659.
[31] Dickson, D., Timiras, P., Bittar, E. Structural changes in the aged brain. Advances in
Cell Aging and Gerontology. Jai Press: Greenwich, 1997:51-76.
[32] Salthouse, T. The processing-speed theory of adult age differences in cognition.
Psychol Rev 1996;103:403-428.
[33] McGeer, P., McGeer, E. Autotoxicity and Alzheimer's Disease. Arch Neurol
2000;57:789-790.
[34] Dickson, D., Crystal, H., Mattiace, L., Masur, D., Blau, A., Davies, P., et al.
Identification of normal and pathological aging in prospectively studied non-demented
elderly humans. Neurobiol Aging 1992;13:1-11.
[35] Guillozet, A., Smiley, J., Mash, D., Mesulam, M. The amyloid burden of the cerebral
cortex in non-demented old age. Soc Neurosci Ab. 1995;21:1478.
[36] Yen, S., Liu, W., Hall, F., Yan, S., Stern, D., Dickson, D. Alzheimer neurofibrillary
lesions: molecular nature and potential roles of different components. Neurobiol Aging
1995;16:381-387.
[37] Jucker, M., Battig, K., Meier-Ruge, W. Effects of aging and vincamine derivatives on
pericapillary environment: stereological characterization of the cerebral capillary
network. Neurobiol Aging 1990;11:39-46.
[38] Fang, H., Terry, R., Gershon, S. Observations on aging characteristics of cerebral blood
vessels, macroscopic and microscopic features. Neurobiology of Aging. New York:
Raven Press, 1976:155-66.
[39] Hassler, O. Vascular changes in senile brains. Acta Pathologica (Berl) 1965;5:40-53.
[40] de la Torre, M., Timiras, P., Bittar, E. Cerebrovascular changes in the aging brain.
Advances in Cell Aging and Gerontology. Greenwich: JAI Press; 1997:77-107.
[41] Mooradian, A. Effect of aging on the blood-brain barrier. Neurobiol Aging 1988;9:3139.
[42] Klassen, A., Sung, J., Stadlan, E. Histological changes in cerebral arteries with
increasing age. J Neuropath Exp Neurol 1968;27:607-623.
[43] Schochet, S.S., Jr. Neuropathology of aging. Neurologic Clinics 1998;16:569-580.

Neurological Aspects of Aging

493

[44] Zakeri, Z., Locksin, R. Physiological cell death during development and its relationship
to aging. Ann NY Acad Sci 1994;719:212-229.
[45] Sterio, D. The unbiased estimation of number and sizes of arbitrary particles using the
disector. J Microscopy 1984;134:127-136.
[46] West, M. Stereological methods for estimating the total number of neurons and
synapses: Issues of precision and bias. Trends Neurosci 1999;22:51-61.
[47] Wickelgren, I. Is hippocampal cell death a myth? Science 1999;271:1229-1230.
[48] Long, J., Mouton, P., Jucker, M., Ingram, D. What counts in Brain Aging? Designbased stereological analysis of cell number. J Gerontol: Biol Sci 1999;54A:B407-B17.
[49] West, M.J., Coleman, P.D., Flood, D.G., Troncoso, J.C. Differences in the pattern of
hippocampal neuronal loss in normal ageing and Alzheimer's disease. Lancet
1994;344:769-772.
[50] Hamrick, J., Sullivan, P., Scheff, S. Estimation of possible age-related changes in
synaptic density in the hippocampal CA1 stratum radiatum. Soc Neurosci Ab
1998;24:783.
[51] Wickett, J., Vernon, P. Peripheral Nerve Conduction Velocity, Reaction Time, and
Intelligence: An Attempt to Replicate Vernon and Mori. Intelligence 1994;18:127-31.
[52] Laming, P., Sykova, E., Reichenbach, A., Hatton, G., Bauer, H., Laming, P., et al. Glial
Cells: Their role in Behaviour. Cambridge: Cambridge University Press, 1998.
[53] Kempermann, G., Kuhn, G., Gage, F. More hippocampal neurons in adult mice living
in an enriched environment. Nature 1997;386:493-5.
[54] Kempermann, G., Kuhn, G., Gage, F. Experience-induced neurogenesis in the
senescent dentate gyrus. J Neurosci 1998;18:3206-3212.
[55] Eriksson, P., Bjork-Eriksson, T., Alborn, A., Nordborg, C., Peterson, D., Gage, F.
Neurogenesis in the adult human hippocampus. Nat Med 1998;4:1313-1317.
[56] Burke, S.N., Barnes, C.A. Neural plasticity in the ageing brain. Nat Rev Neurosci
2006;7:30-40.
[57] Kety, S.S., Schmidt, C.F. Nitrous oxide method for the quantitative determination of
cerebral blood flow in man: theory, procedure and normal values. J Clin Invest
1948;27:476-483.
[58] Matsuda, H., Maeda, T., Yamada, M., Gui, L.X., Tonami, N., Hisada, K. Age-matched
normal values and topographic maps for regional cerebral blood flow measurements by
Xe-133 inhalation. Stroke 1984;15:336-342.
[59] Takeda, S., Matsuzawa, T., Matsui, H. Age-related changes in regional cerebral blood
flow and brain volume in healthy subjects. J Am Geriatr Soc 1988;36:293-297.
[60] Tsuda, Y., Hartmann, A. Changes in hyperfrontality of cerebral blood flow and carbon
dioxide reactivity with age. Stroke 1989;20:1667-1673.
[61] Iwata, K., Harano, H. Regional cerebral blood flow changes in aging. Acta Radiologica
- Supplementum. 1986;369:440-443.
[62] Waldemar, G., Hasselbalch, S.G., Andersen, A.R., Delecluse, F., Petersen, P., Johnsen,
A., et al. 99mTc-d,l-HMPAO and SPECT of the brain in normal aging. J Cereb Blood
Flow & Metabolism 1991;11508-521.

494

Jeffrey C.L. Looi, Julian N. Trollor and Perminder S. Sachdev

[63] Swartz, J.R., Lesser, I.M., Boone, K.B., Miller, B.L., Mena, I. Cerebral blood flow
changes in normal aging - SPECT measurements. Intl J Geriatr Psychiatry
1995;10:437-446.
[64] Leenders, K.L., Perani, D., Lammertsma, A.A., Heather, J.D., Buckingham, P., Healy,
M.J., et al. Cerebral blood flow, blood volume and oxygen utilization. Normal values
and effect of age. Brain 1990;113:27-47.
[65] Bentourkia, M., Bol, A., Ivanoiu, A., Labar, D., Sibomana, M., Coppens, A., et al.
Comparison of regional cerebral blood flow and glucose metabolism in the normal
brain: effect of aging. J Neurol Sci 2000;181:19-28.
[66] Itoh, M., Hatazawa, J., Miyazawa, H., Matsui, H., Meguro, K., Yanai, K., et al.
Stability of cerebral blood flow and oxygen metabolism during normal aging.
Gerontology 1990;36:43-48.
[67] Mozley, P.D., Sadek, A.M., Alavi, A., Gur, R.C., Muenz, L.R., Bunow, B.J., et al.
Effects of aging on the cerebral distribution of technetium-99m hexamethylpropylene
amine oxime in healthy humans. E J Nuclr Med 1997;24:754-761.
[68] Yamaguchi, T., Kanno, I., Uemura, K., Shishido, F., Inugami, A., Ogawa, T., et al.
Reduction in regional cerebral metabolic rate of oxygen during human aging. Stroke
1986;17:1220-1228.
[69] Takada, H., Nagata, K., Hirata, Y., Satoh, Y., Watahiki, Y., Sugawara, J., et al. Agerelated decline of cerebral oxygen metabolism in normal population detected with
positron emission tomography. Neurological Research 1992;14:S128-131.
[70] Duara, R., Grady, C., Haxby, J., Ingvar, D., Sokoloff, L., Margolin, R.A., et al. Human
brain glucose utilization and cognitive function in relation to age. Ann Neurol
1984;16:703-713.
[71] Petit-Taboue, M.C., Landeau, B., Desson, J., Desranges, B., Baron, J. Effects of healthy
aging on the regional cerebral metabolic rate of glucose assessed with statistical
parametric mapping. Neuroimage 1998;7:176-184.
[72] Ibanez, V., Pietrini, P., Furey, M.L., Alexander, G.E., Millet, P., Bokde, A.L., et al.
Resting state brain glucose metabolism is not reduced in normotensive healthy men
during aging, after correction for brain atrophy. Brain Res Bull 2004;63:147-154.
[73] Kuhl, D.E., Metter, E.J., Riege, W.H., Phelps, M.E. Effects of human aging on patterns
of local cerebral glucose utilization determined by the [18F]fluorodeoxyglucose
method. J Cerebral Blood Flow & Metabolism 1982;2:163-171.
[74] Moeller, J., Ishikawa, T., Dhawan, V., Spetsieris, P., Mandel, F., Alexander, G., et al.
The metabolic topography of normal aging. J Cerebral Blood Flow & Metabolism
1996;16:385-398.
[75] Pantano, P., Baron, J.C., Lebrun-Grandie, P., Duquesnoy, N., Bousser, M.G., Comar,
D. Regional cerebral blood flow and oxygen consumption in human aging. Stroke
1984;15:635-641.
[76] Marchal, G., Rioux, P., Petit-Taboue, M.C., Sette, G., Travere, J.M., Le, P.C., et al.
Regional cerebral oxygen consumption, blood flow, and blood volume in healthy
human aging. Arch Neurol 1992;49:1013-1020.

Neurological Aspects of Aging

495

[77] Martin, A.J., Friston, K.J., Colebatch, J.G., Frackowiak, R.S. Decreases in regional
cerebral blood flow with normal aging. J Cerebral Blood Flow & Metabolism
1991;11:684-689.
[78] Garraux, G., Salmon, E., Degueldre, C., Laureys, S., Franck, G. Comparison of
impaired subcortico-frontal metabolic networks in normal aging, subcortico-frontal
dementia, and cortical frontal dementia. Neuroimage 1999;10:149-162.
[79] Shenkin, H.A., Novak, P., Goluboff, B., Soffe, A.M., Bortin, L. The effects of aging,
arteriosclerosis, and hypertension upon the cerebral circulation. J Clin Investigation
1953;32:459-465.
[80] Nobili, F., Taddei, G., Vitali, P., Bazzano, L., Catsafados, E., Mariani, G., et al.
Relationships between tc-99m-hmpao ceraspect and quantitative eeg observations in
alzheimers disease. Arch Gerontol Geriatr 1998;S6:363-368.
[81] Salerno, J.A., Waltenbaugh, C., Cianciotto, N.P. Ethanol consumption and the
susceptibility of mice to Listeria monocytogenes infection. Alcoholism: Clin Expl Res
2001;25:464-472.
[82] Meyer, J.S., Rogers, R.L., Mortel, K.F. Prospective analysis of long term control of
mild hypertension on cerebral blood flow. Stroke 1985;16:985-990.
[83] Claus, J.J., Breteler, M.B., Hasan, D., Krenning, E.P., Bots, M.L., Grobbee, D.E., et al.
Regional cerebral blood flow and cerebrovascular risk factors in the elderly population.
Neurobiol Aging 1998;19:57-64
[84] Yoshii, F., Barker, W.W., Chang, J.Y., Loewenstein, D., Apicella, A., Smith, D., et al.
Sensitivity of cerebral glucose metabolism to age, gender, brain volume, brain atrophy,
and cerebrovascular risk factors. J Cerebral Blood Flow & Metabolism 1988;8:654661.
[85] DeCarli, C,, Murphy, D.G., Tranh, M., Grady, C.L., Haxby, J.V., Gillette, J.A., et al.
The effect of white matter hyperintensity volume on brain structure, cognitive
performance, and cerebral metabolism of glucose in 51 healthy adults. Neurology
1995;45:2077-2084.
[86] Takahashi, W., Takagi, S., Ide, M., Shohtsu, A., Shinohara, Y. Reduced cerebral
glucose metabolism in subjects with incidental hyperintensities on magnetic resonance
imaging. J Neurol Sci 2000;176:21-27.
[87] Aizenstein, H.J., Clark, K.A., Butters, M.A., Cochran, J., Stenger, V.A., Meltzer, C.C.,
et al. The BOLD hemodynamic response in healthy aging. J CogNeurosci 2004;16:786793.
[88] D'Esposito, M., Zarahn, E., Aguirre, G.K., Rypma, B. The effect of normal aging on the
coupling of neural activity to the bold hemodynamic response. Neuroimage 1999;10:614
[89] Ross, M.H., Yurgelun-Todd, D.A., Renshaw, P.F., Maas, L.C., Mendelson, J.H., Mello,
N.K., et al. Age-related reduction in functional MRI response to photic stimulation.
Neurology 1997;48:173-176.
[90] Huettel, S.A., Singerman, J.D., McCarthy, G. The effects of aging upon the
hemodynamic response measured by functional MRI. Neuroimage 2001;13:161-175.

496

Jeffrey C.L. Looi, Julian N. Trollor and Perminder S. Sachdev

[91] Pineiro, R., Pendlebury, S., Johansen-Berg, H., Matthews, P.M. Altered hemodynamic
responses in patients after subcortical stroke measured by functional MRI. Stroke
2002;33:103-109.
[92] Grady, C.L., Maisog, J.M., Horwitz, B., Ungerleider, L.G., Mentis, M.J., Salerno, J.A.,
et al. Age-related changes in cortical blood flow activation during visual processing of
faces and location. J Neurosci 1994;14:1450-1462.
[93] Madden, D.J., Turkington, T.G., Provenzale, J.M., Hawk, T.C., Hoffman, J.M.
Selective and divided visual attention - age-related changes in regional cerebral blood
flow measured by (h2o)-o-15 pet. Human Brain Mapping 1997;5:389-409.
[94] McIntosh, A.R., Sekuler, A.B., Penpeci, C., Rajah, M.N., Grady, C.L., Sekuler, R., et
al. Recruitment of unique neural systems to support visual memory in normal aging.
Current Biology 1999;9:1275-1278.
[95] Madden, D.J., Turkington, T.G., Coleman, R.E., Provenzale, J.M., DeGrado, T.R.,
Hoffman, J.M. Adult age differences in regional cerebral blood flow during visual
world identification: evidence from H215O PET. Neuroimage 1996;3:127-142.
[96] Esposito, G., Kirkby, B.S., Van Horn, J.D., Ellmore, T.M., Berman, K.F. Contextdependent, neural system-specific neurophysiological concomitants of ageing: mapping
PET correlates during cognitive activation. Brain 1999;122:963-979.
[97] Grady, C.L., McIntosh, A.R., Horwitz, B., Maisog, J.M., Ungerleider, L.G., Mentis,
M.J., et al. Age-related reductions in human recognition memory due to impaired
encoding. Science 1995;269:218-221.
[98] Cabeza, R., Grady, C.L., Nyberg, L., McIntosh, A.R., Tulving, E., Kapur, S., et al.
Age-related differences in neural activity during memory encoding and retrieval: a
positron emission tomography study. J Neurosci 1997;17:391-400.
[99] Herholz, K., Ehlen, P., Kessler, J., Strotmann, T., Kalbe, E., Markowitsch, H.J.
Learning face-name associations and the effect of age and performance: a PET
activation study. Neuropsychologia 2001;39:643-50.
[100] Cabeza, R., Anderson, N.D., Houle, S., Mangels, J.A., Nyberg, L. Age-related
differences in neural activity during item and temporal-order memory retrieval: a
positron emission tomography study. J Cog Neurosci 2000;12:197-206.
[101] Whitehouse, J.M. Effects of atropine on discrimination learning in the rat. J
Comparative and Physiological Psychology 1964;57:13-15.
[102] Bartus, R.T. Short term memory in the rhesus monkey: disruption from the
anticholinergic scopalamine. Pharmacol Biochem Behav 1976;5:39-46.
[103] Sastry, B.V., Janson, V.E., Jaiswal, N., Tayeb, O.S. Changes in enzymes of the
cholinergic system and acetylcholine release in the cerebra of aging male Fischer rats.
Pharmacology 1983;26:61-72.
[104] Lippa, A.S., Pelham, R.N., Beer, B., Critchett, D.J., Dean, R.L., Bartus, R.T. Brain
cholinergic dysfunction and memory in aged rats. Neurobiology of Aging 1980;1:13-9.
[105] Bowen, D.M., Smith, C.B., White, P., Davison, A.M. Neurotransmitter-related enzymes
and indicies of hypoxia in senile dementia and other abiotrophies. Brain 1976;99:459496.
[106] Op, D.V. Some cerebral proteins and enzyme systems in Alzheimer's presenile and
senile dementia. J Am Geriatr Soc 1976;24:12-16.

Neurological Aspects of Aging

497

[107] Sims, N.R., Bowen, D.M., Smith, C.C. Glucose metabolism and acetylcholine synthesis
in relation to neuronal activity in Alzheimer's disease. Lancet 1980;1:333-336.
[108] Davis, K.L., Mohs, R.C., Marin, D., Purohit, D.P., Perl, D.P., Lantz, M, et al.
Cholinergic markers in elderly patients with early signs of Alzheimer disease. JAMA
1999;281:1401-1406.
[109] DeKosky, S.T., Ikonomovic, M.D., Styren, S.D., Beckett, L., Wisniewski, S., Bennett,
D.A., et al. Upregulation of choline acetyltransferase activity in hippocampus and
frontal cortex of elderly subjects with mild cognitive impairment. Ann Neurol
2002;51:145-155.
[110] Muller, W.E. Central cholinergic function and aging. Acta Psychiatrica Scandinavica.
1991;366:S34-S39.
[111] Suhara, T., Inoue, O., Kobayashi, K., Suzuki, K., Takeno, Y. Age-related changes in
human muscarinic acetylcholine receptors measured by positron emission tomography.
Neuroscience Letters 1993;149:225-228.
[112] Reeves S, Bench C, Howard R. Ageing and the nigrostriatal dopaminergic system. Intl
J Geriatr Psychiatry 2002;17:359-370.
[113] Kelly, J., Roth, G., Timiras, P., Bittar, E. Changes in Neurotransmitter Signal
Transduction Pathways in the Aging Brain. Advances in Cell Aging and Gerontology.
Greenwich, CT: Jai Press; 1997:243-278.
[114] Volkow, N.D. Measuring age-related changes in DA D2 receptors with [11C]raclopride
and with [18F]N-methylspiroperidol. Psychiatry Res 1996;67:11-16.
[115] Suhara, T. Age-related changes in human D1 dopamine receptors measured by positron
emission tomography. Psychopharmacology 1991;103:41-45.
[116] Volkow, N.D., Ding, Y.S., Fowler, J.S., Wang, G.J., Logan, J., Gatley, S.J., et al.
Dopamine transporters decrease with age. J Nucl Med 1996;37:554-559.
[117] Volkow, N.D., Gur, R.C., Wang, G.J. Association between decline in brain dopamine
activity with age and cognitive and motor impairment in healthy individuals. Am J
Psychiatry 1998;155:344-349
[118] Volkow, N.D., Logan, J., Fowler, J.S., Wang, G.J., Gur, R.C., Wong, C., et al.
Association between age-related decline in brain dopamine activity and impairment in
frontal and cingulate metabolism. Am J Psychiatry 2000;157:75-80.
[119] Meltzer, C.C., Smith, G., DeKosky, S.T., Pollock, B.G., Mathis, C.A., Moore, R.Y., et
al. Serotonin in aging, late-life depression, and Alzheimer's disease: the emerging role
of functional imaging. Neuropsychopharmacology 1998;18:407-430.
[120] Kuikka, J.T., Raitakari, O.T., Gould, K.L. Imaging of the endothelial dysfunction in
coronary atherosclerosis. E J Nucl Med 2001;28:1567-1578.
[121] Tauscher, J., Verhoeff, N.P., Christensen, B.K., Hussey, D., Meyer, J.H., Kecojevic, A.,
et al. Serotonin 5-HT1A receptor binding potential declines with age as measured by
[11C]WAY-100635 and PET. Neuropsychopharmacology 2001;24:522-530.
[122] Cidis, M.C., Drevets, W.C., Price, J.C., Mathis, C.A., Lopresti, B., Greer, P.J., et al.
Gender-specific aging effects on the serotonin 1A receptor. Brain Research
2001;895:9-17.
[123] Christensen, H., Kumar, R. Cognitive changes and the ageing brain. In Sachdev, P. (ed)
The Ageing Brain. Lisse: Swets & Zeitlinger, 2003:75-95.

498

Jeffrey C.L. Looi, Julian N. Trollor and Perminder S. Sachdev

[124] Hedden, T., Gabrieli, J.D.E. Insights into the ageing mind: A view from cognitive
neuroscience. Nature Rev Neurosci 2004;5:87-96.
[125] Salthouse, T.A. Adult Cognition. New York: Springer Verlag, 1982.
[126] Schaie, K.W.. Intellectual development in adulthood. The Seattle Longitudinal Study.
Cambridge UK: Cambridge University Press, 1996.
[127] Small, B.J., Blackman, L. Cognitive correlates of mortality: evidence from a population
based study of very old adults. Psychol Aging 1997;12:309-313.
[128] Hultsch, D.F., MacDonald, S.W.S., Hunter, M.A., Levy-Bencheton, J., Strauss, E.
Intraindividual variability in cognitive performance in the elderly: Comparison of
adults with dementia, adults with arthritis and healthy adults. Neuropsychology
2000;15:588-598.
[129] Annunziato, L., Pannaccione, A., Cataldi, M., Secondo, A., Castaldo, P., Di, R.G., et al.
Modulation of ion channels by reactive oxygen and nitrogen species: a
pathophysiological role in brain aging. Neurobiol Aging 2002;23:819-834.
[130] Barja, G. Free radicals and aging. Trends Neurosci 2004;27:595-600.
[131] Beal, F., Hyman, B., Koroshetz, W. Do defects in mitochondrial energy metabolism
underlie the pathology of neurodegenerative diseases? Trends Neurosci 1993;16:125131.
[132] Brewer, G.J. Neuronal plasticity and stressor toxicity during aging. Experimental
Gerontology 2000;35:1165-1183.
[133] Ojaimi, J. Mitochondrial respiratory chain activity in the human brain as a function of
age. Mechanism Ageing Develop. 1999;111:39-47.
[134] Harper, M.E., Bevilacqua, L., Hagopian, K., Weindruch, R., Ramsey, J.J. Ageing,
oxidative stress, and mitochondrial uncoupling. Acta Physiologica Scandinavica
2004;182:321-331.
[135] The Parkinson Study G. Effects of tocopherol and deprenyl on the progression of
disability in early Parkinson's disease. New England J Medicine 1993;328:176-183.
[136] Lohr, J.B. A double-blind placebo-controlled study of vitamin E treatment of Tardive
Dyskinesia. J Clin Psychiatry 1996;57:167-173.
[137] Sano, M. A controlled trial of selegiline, alpha-tocopherol, or both as a treatment for
Alzheimer's disease. New England J Medicine 1997;336:1216-1222.
[138] Peacock, J.M., Folsom, A.R., Knopman, D.S., Mosley, T.H., Goff, D.C., Szklo, M.
Dietary antioxidant intake and cognitive performance in middle-age adults. Public
Health Nutrition 2000;3:337-343.
[139] Mendelsohn, A.B., Beele, S.H., Stoehr, G.P., Ganguli, M. Use of antioxidants and its
association with cognitive function in a rural elderly cohort-the movies project. Am J
Epidemiology 1998;148:38-44.
[140] Verkhratsky, A. Calcium and neuronal ageing. Trends Neurosci 1998;21:2-7.
[141] Toescu, E.C., Verkhratsky, A., Landfield, P.W. Ca2+ regulation and gene expression in
normal brain aging. Trends Neurosci 2004;27:614-620.
[142] Gareri, P. Role of calcium in brain aging. General Pharmacology 1995;26:1651-1657.
[143] Lee, C.K., Weindruch, R., Prolla, T.A. Gene-expression profile of the ageing brain in
mice. Nature Genetics 2000;25:294-297.

Neurological Aspects of Aging

499

[144] Lu, T., Pan, Y., Kao, S.Y., Li, C., Kohane, I., Chan, J., et al. Gene regulation and DNA
damage in the ageing human brain. Nature 2004;429:883-891.
[145] Zhu, H., Guo, Q., Mattson, M.P. Dietary restriction protects hippocampal neurons
against the death-promoting action of a presenilin-1 mutation. Brain Research
1999;842:224-229.
[146] Logroscino, G., Marder, K., Cote, L., Tang, M.X., Shea, S., Mayeux, R. Dietary lipids
and antioxidants in Parkinson's disease: a population-based, case-control study. Ann
Neurol 1996;39:89-94.
[147] Luchsinger, J.A., Tang, M.X., Shea, S., Mayeux, R. Caloric intake and the risk of
Alzheimer disease. Arch Neurol 2002;59:1258-1263.
[148] Patel, N.V., Finch, C.E. The glucocorticoid paradox of caloric restriction in slowing
brain aging. Neurobiol Aging 2002;23:707-717.
[149] Starkman, M.N., Gebarski, S.S., Berent, S., Schteingart, D.E. Hippocampal formation
volume, memory dysfunction, and cortisol levels in patients with Cushing's syndrome.
Biological Psychiatry 1992;32:756-765.
[150] McEwen, B.S., Sapolsky, R.M. Stress and cognitive function. Current Oppinion in
Neurobiology 1995;5:205-216.
[151] Lupien, S., De Leon, M., De Santi, S., Convit, A., Tarshish, C., Nair, N., et al. Cortisol
levels during human aging predict hippocampal atrophy and memory deficits. Nature
Neurosci 1998;1:69-73.
[152] Seeman, T.E., McEwen, B.S., Singer, B.H., Albert, M.S., Rowe, J.W. Increase in
urinary cortisol excretion and memory declines: MacArthur studies of successful aging.
J Clin Endocrinol Metab 1997;82:2458-2465.
[153] Perry, I.J. Prospective study of serum total homocysteine concentration and risk of
stroke in middle aged British men. Lancet 1995;346:1395-1398.
[154] McQuillan, B.M., Beilby, J.P., Nidorf, M., Thompson, P.L., Hung, J. The risk of
carotid atherosclerosis with hyperhomocysteinemia and the C677T mutation of the
methylenetetrahydrofolate reductase. The Perth Carotid Ultrasound Assessment Study
(CUDAS). Circulation 1999;99:2383-2388.
[155] Seshadri S, Beiser A, Selhub J, Jacques PF, Rosenberg IH, D'Agostino RB, et al.
Plasma homocysteine as a risk factor for dementia and Alzheimer's disease.[see
comment]. New England Journal of Medicine 346(7):476-83. 2002.
[156] Selhub, J., Bagley, L.C., Miller, J., Rosenberg, I.H. B vitamins, homocysteine, and
neurocognitive function in the elderly. Am J Clini Nutr 2000;71:614S-20S.
[157] Ravaglia, G. Elevated plasma homocysteine levels in centenarians are not associated
with cognitive impairment. Mechanisms of Ageing and Development 2000;121:SI251261.
[158] Sachdev, P.S., Valenzuela, M., Wang, X.L., Looi, J.C., Brodaty, H. Relationship
between plasma homocysteine levels and brain atrophy in healthy elderly individuals.
Neurology 2002;58:1539-1541.
[159] Beilby, J. Homocysteine and disease. Pathology 2000;32:262-273.
[160] Mattson MP. Gene-diet interactions in brain aging and neurodegenerative disorders.
Ann Internal Med 2003;139:441-444.

500

Jeffrey C.L. Looi, Julian N. Trollor and Perminder S. Sachdev

[161] Whalley, L.J., Dick, F.D., McNeill, G. A life-course approach to the aetiology of lateonset dementias. Lancet Neurology 2006;5:87-96.
[162] Giladi, N., Herman, T., Reier-Groswasser, I.I., Gurevich, T., Huasdorff, J.M. Clinical
characteristics of elderly patients with a cautious gait of unknown origin. J Neurol
2005;252:300-306.
[163] Rosano, C., Simonsick, E.M., Kritchevsky, S.B., Brach, J., Visser, M., Yaffe, K., et al.
Association between physical and cognitive function in health elderly: the health aging
and body composition study. Neuroepidemiology 2005;24:8-14.
[164] Kaye, J.A., Oken, B.S., Howieson, D.B., Howieson, J., Holm, L.A., Dennison, K.
Neurologic evaluation of the optimally healthy oldest old. Arch Neurol 1994;51:12051221.
[165] Odenheimer, G., Funkenstein, H.H., Beckett, L., Chown, M., Pilgrim, D., Evans, D., et
al. Comparison of neurologic changes in "successfully aging" persons versus the total
aging population. Arch Neurol 1994;51:573-580.
[166] Louis, E.D., Ford, B., Pullman, S.L., Baron, K. How normal is normal? Mild tremor in
a multiethnic cohort of normal subjects. Arch Neurol 1998; 55:222-227.
[167] Bennett, D.A., Beckett, L.A., Murray, A.M., Shannon, K.M., Goetz, C.G., Pilgrim,
D.M., et al. Prevalence of Parkinsonian signs and associated mortality in a community
population of older people. New England J Medicine 1996;334:71-76.
[168] Dogu, O., Sevim, S., Louis, E.D., Kaleagasi, H., Aral, M. Reduced body mass index in
patients with essential tremor. Arch Neurol 2004;61:386-389.
[169] Tolosa, E., Wenning, G., Poewe, W. The diagnosis of Parkinson's disease. Lancet
Neurology 2006;5:75-86.
[170] Vrancken, A.F.J.E, Franssen, H., Wokke, J.H.J,. Teunissen, L.L., Notermans, N.C.
Cnronic idiopathic axonal polyneuropathy and successful aging of the peripheral
nervous system in elderly people. Arch Neurol 2002;59:533-540.
[171] Wolfe, G.I. Chronic idiopathic axonal polyneuropathy and successful aging of the
peripheral nervous system in elderly people. Arch Neurol 2002;59:520-522.
[172] Sands, M.L., Schwartz, A.V., Brown, B.W., Nevitt, M.C., Seeley, D.G., Kelsey, J.L.
Relationship of neurological function and age in older women. Neuroepidemiology
1998;17:318-329.
[173] Benassi, G., D'Allessandro, R., Gallassi, R., Morreale, A., Lugaresi, E. Neurological
examination in subjects over 65 years: an epidemiological survey. Neuroepidemiology
1990;9:27-38.
[174] Richardson, J.K. The clinical identification of peripheral neuropathy among older
persons. Arch Physical Med Rehab 2002;83:1553-1558.
[175] Benson, A.D.S., M.J., Tran, T.T., Petrella, J.R., Doraiswamy, P.M. Screening for early
Alzheimer's disease: is there still a role for the Mini-Mental State Examination?
Primary Care Companion Journal of Clinical Psychiatry 2005;7:62-67.
[176] Mahuranath, P.S., Nestor, P.J., Berrios, G.E., Racowicz, W., Hodges, J.R. A brief
cognitive test battery to differentiate Alzheimer's disease and frontotemporal dementia.
Neurology 2000;55:1613-1620.
[177] Larner, A.J. An audit of the Addenbrookes Cognitive Examination (ACE) in clinical
practice. Intl J Geriatr Psychiatry 2005;20:593-594.

Neurological Aspects of Aging

501

[178] Brown, L.R., Ott, B.R., Papandonatos, G.D., Sui, Y., Ready, R.E., Morris, J.C.
Prediction of on-road driving performance in patients with early Alzheimer's disease. J
Am Geriatr Soc 2005;53:94-98.
[179] Merck Manual. Available from: http://www.merck.com/mrkshared/mmanual/
section14/chapter165/165c/165d.jsp
[180] Clinical Neurological Examination. Available from: http://www.dundee.ac.uk
/medther/StrokeSSM/ClinExamNeuro.htm
[181] Aminoff, M.J., Simon, R.R., Greenberg, D. Clinical Neurology. 6th ed. San Francisco:
McGraw-Hill, 2004.
[182] Mather, M., Canli, T., English, T., Whitfield, S., Wais, P., Ochsner, K., Gabrielli,
J.D.E., et al. Amygdala responses to emotionally valenced stimuli in older and younger
adults. Psychol Sci 2004;15:259-263.

RECOMMENDED FURTHER READING
1. Aminoff MJ, Simon RR, Greenberg D. Clinical Neurology 6th ed. San Francisco:
McGraw-Hill Medical, 2004. For a description of a detailed neurological examination
for the non-specialist.
2. Burke SN, Barnes CA. Neural plasticity in the aging brain. Nature Reviews Neuroscience
2006;7:30-40.
3. DeCarli C, Massaro J, Harvey D, Hald J, Tullberg M, Au R, et al. Measures of brain
morphology and infarction in the framingham heart study: establishing what is normal.
Neurobiology of Aging. 26(4):491-510 2005.
4. Hedden T, Gabrieli JDE. Insights into the aging mind: A view from cognitive
neuroscience. Nature Rev Neurosci 2004; 5:87-96.
5. Hodges, JR Cognitive Assessment for Clinicians. Oxford: Oxford University Press, 1994.
For descriptions of a detailed neuropsychological examination for the non-specialist.
6. Jack CR, Jr., Petersen RC, Xu Y, O'Brien PC, Smith GE, Ivnik RJ, et al. Rates of
hippocampal atrophy correlate with change in clinical status in aging and AD. Neurology
2000;55(4):484-489.
7. Kirkwood TBL, Austad SN. Why do we age? Nature 2000; 408: 233-238.
8. Long J, Mouton P, Jucker M, Ingram D. What counts in Brain Aging? Design-Based
Stereological Analysis of Cell Number. Journal of Gerontology: Biological Sciences
1999;54A(10):B407-B417.
9. Mahuranath PS, Nestor PJ, Berrios GE, Racowicz W, Hodges JR. A brief cognitive test
battery to differentiate Alzaheimer's disease and frontotemporal dementia. Neurology
2000;55:1613-1620. For the Addenbrooke’s Cognitive Examination screening test.
10. Raz N, Craik F, Salthouse T. Aging of the Brain and its Impact on Cognitive
Performance: Integration of Structural and Functional Findings. In: The Handbook of
Aging and Cognition. New Jersey: Lawrence Erlbaum Associates; 2000. p. 1-90.
11. Rusinek H, De SS, Frid D, Tsui WH, Tarshish CY, Convit A, et al. Regional brain
atrophy rate predicts future cognitive decline: 6-year longitudinal MR imaging study of
normal aging. Radiology. 229(3):691-6 2003.

502

Jeffrey C.L. Looi, Julian N. Trollor and Perminder S. Sachdev

12. Sachdev P (ed.) The Ageing brain: the neurobiology and neuropsychiatry of ageing.
Lisse: Swets & Zeitlinger, 2003.
13. Schaie KW. Intellectual development in adulthood. The Seattle Longitudinal Study.
Cambridge UK: Cambridge University Press, 1996.

Structural and Functional Neuroimaging in PTSD: a Neurobiological Update

Chapter in: Sher L, & Vilens A. (eds) Neurobiology of Post-Traumatic Stress
Disorder. New York: Nova Science Publishers.
Jeffrey Chee Leong Looia,b* MBBS FRANZCP MRACMA; Marco Paganic MD PhD;
Davide Nardod PhD; Beverley Raphaela AM MBBS MD FRANZCP FRPSYCH;
Lars-Olof Wahlundb MD PhD.

a. Academic Unit of Psychological Medicine, Australian National University
Medical School, ANU College of Medicine, Biology and the Environment,
Canberra Hospital, Canberra, Australia
b. Karolinska Institute, Department of Neurobiology, Caring Sciences & Society,
Division of Clinical Geriatrics, Huddinge, Stockholm, Sweden
c. Institute of Cognitive Sciences and Technologies, CNR, Rome, Italy and
Department of Nuclear Medicine, Karolinska Hospital, Solna, Stockholm, Sweden
d. Department of Psychology, “Sapienza”, University of Rome, Italy

*Correspondence:
Associate Professor Jeffrey Looi,
Research Centre for the Neurosciences of Ageing,
Academic Unit of Psychological Medicine,
Australian National University Medical School,
Building 4, Level 2,
The Canberra Hospital,
PO Box 11, Woden ACT 2605,
AUSTRALIA
Tel: 61-2-6205-1977, Fax: 61-2-6244-4964
Email: Jeffrey.looi@act.gov.au

Page 1 of 42

Abstract
Advances in neuroimaging permit in vivo investigation of the structural and functional
neurobiology of post-traumatic stress disorder (PTSD). Recent reviews of structural
and functional neuroimaging in PTSD are discussed together with recent studies. The
significance of the findings is limited by the disparate groupings of PTSD trauma
exposures, making generalization difficult, and this, combined with the heterogeneity
inherent in the existing diagnostic criteria, renders the often conflicting data
confusing. There has been an emphasis on studies of cortical structures, without
adequate consideration of neural circuit models implicating other brain structures.
There has been a move towards investigating subsets of symptoms, such as
hyperarousal and dissociation, particularly in functional imaging studies. Overall,
neuroimaging research in PTSD faces challenges for the future. The key
improvements lie in: the definition and classification of trauma exposures, as they are
not all equivalent in nature or indeed comparable; the study of restricted phenotypic
subsets of symptoms or endophenotypes, such as hyperarousal and dissociation which
may have different neural substrates; adequate study designs for power and control of
confounders; and more focused research based upon targeted investigation of neural
networks putatively involved in the processing and re-experiencing of trauma.
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Structural and Functional Neuroimaging in PTSD: a Neurobiological Update

The man who stands at a strange threshold,
Should be cautious before he cross it,
Glance this way and that:
Who knows beforehand what foes may sit
Awaiting him in the hall?
Hávamál – Translated by W.H. Auden & P.B. Taylor (Public Domain)

Introduction
This chapter aims to provide a critical update on the status of structural and functional
neuroimaging studies of PTSD as a means of studying the in vivo neurobiology of the
disorder. As such, we have focused upon studies from the last decade and
acknowledge that we are summarizing from number of comprehensive reviews that
have been published recently on structural (1,2) and functional imaging (3,4). The
overall impression in this field is that there is much of interest, but equally much more
to be done, both theoretically and methodologically, to advance our understanding of
the in vivo structural neurobiology of PTSD.

We begin with an introduction to some of the theoretical and methodological issues in
neuroimaging of PTSD. The first section of the chapter summarizes the findings from
structural (MRI) and functional magnetic resonance imaging (fMRI). The second
section summarizes radioisotope functional neuroimaging, Single Photon Emission
Computed Tomography (SPECT) and Positron Emission Tomography (PET). Finally,
we summarize our findings and draw conclusions.
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Theoretical and Methodological Issues

Characterization of PTSD
A key issue in such correlative brain imaging studies is the selection of study groups,
and in particular, diagnostic criteria. Most studies have accepted diagnoses for PTSD,
as defined via the DSM-III-R or DSM-IV (5,6). Surprisingly, within reviews of these
studies, there has been little discussion of the diagnostic criteria and their suitability
for characterizing the disorder from a neuropathologic and hence, in vivo
neuroimaging viewpoint.

Whilst different types of stressors, exposures and impacts may result in different
presentations, the field has apparently assumed that these processes drive the same
neurobiological processes. In the main, exploration to date has focused upon the
cerebral cortex, in what has been termed a cortico-centric model of cognition (7). This
differs from the understanding of cognitive processing as being segregated into
multiple, parallel distributed networks. For example, visual components of
experience, arguably including trauma, are processed via different circuitry than
auditory and cognitive components being routed via different pathways through the
basal ganglia (7). However, recent structural and functional studies have begun to
investigate networks of distributed cognition, particularly in relation to subsets of
symptoms in PTSD.

Methodological issues
The key methodological issues we have identified in this review are:
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1. insufficient characterization of the trauma exposure, which is significant and
may partly explain conflicting results from non-equivalent exposures or
reactions to those being compared;
2. evolution of diagnostic criteria;
3. impact of number of stressors and exposures;
4. specificity of symptom constellations (such as hyperarousal and dissociation)
within these criteria;
5. severity of symptomatology;
6. studies of inadequate statistical power to examine group differences;
7. variation in imaging methodology, even within modality and technological
innovation with the passage of time, compromising comparisons from
different periods;
8. lack of accounts of treatment effects;
9. variation in candidate neuroanatomical structures and networks being studied.

The trauma exposures for criteria A1 and A2 of the accepted DSM-IV diagnostic
criteria for PTSD remain controversial because of the inherent subjectivity of these
experiences. That is, what is perceived as constituting actual or threatened death or
serious injury (A1); and intense fear, horror or helplessness (A2); is subjective and
difficult to standardize. In children, this assessment is even more problematic.

Finally, the issue of the nature of the threat: to life (e.g. serious assault) or integrity
(e.g. sexual abuse), admittedly both terrible events, is not necessarily equivalent in
experience or meaning. Similarly, the evolution of the vague diagnostic criterion A
from: “The person has experienced an event that is outside the range of usual human
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experience and that would be markedly distressing to almost anyone,” in DSM-III-R
adds further complexity to neuroimaging studies; yet this has received little comment
in existing reviews.

Indeed, as is common in psychiatric research, the entity is assumed to exist in some
reified form based upon extant diagnostic criteria. For example, Karl et al. (1)
structural MRI review includes: 6 studies on combat related trauma, 4 of childhood
sexual abuse, with a variety of other exposures from domestic violence, experiences
of police officers and cancer survivors to be considered among the 21 groups included
in the meta-analysis. Can such diverse experiences be considered equivalent? In
relation to neuroimaging studies, are they necessarily processed by the same neural
circuitry?

We have not been the only group to propose that grouping all PTSD subjects together
is questionable. For example, Lanius et al., (3), has observed that doing so may
interfere with our understanding of post-trauma symptomatology. In raising this
criticism, we accept existing cohorts have varied exposures and indeed have had to
resort to combining subjects with different exposures to increase the power of such
studies.

However, a more logical, parsimonious, approach would be to classify types of
trauma exposure, document subsequent psychological sequelae and investigate
structural correlates of the same. The logical comparison, which has laudably been
adopted in most extant studies, is to compare those with the same exposure who
developed PTSD with those who did not. One prism which could be used to focus
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such research may to investigate more restricted subsets of phenotypic
symptomatology and behaviour, known as endophenotypes. Thus, clusters of
symptoms, such as dissociative phenomena and hyperarousal might usefully be
investigated for their structural and functional correlates, rather than the whole
ensemble of PTSD diagnostic criteria. In addition, then we might usefully investigate
the correlation of the severity of symptomatology with structural and functional
imaging.

When we examine studies purporting to identify structural or functional changes in
the brain of persons suffering from PTSD, we find that the numbers of subjects in the
studies are relatively small. We accept that enrolling subjects with specific traumatic
experience is very difficult, and acknowledge the further challenge of finding those
exposed who did not develop PTSD. Nonetheless, studies of less than fifteen patients,
by our calculations, would require a very large effect size to show significance and,
perhaps, overestimate random effects as difference, especially if significance is set at
p<0.05.

Whilst acknowledging the informative work of previous reviewers, we also question
the utility of comparing research using different diagnostic criteria and different
image modalities for meta-analysis. Depending on the segmentation methods used,
there may be considerable variation in delineation of brain structures or identification
of activity due to different MRI acquisition and SPECT/PET protocols. Each study
can contribute a piece to solving the puzzle through how they fit together, but perhaps
not all pieces are equally useful.
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This brings us to a general problem of brain imaging, and that is of adequate
hypotheses, for adequate designs, preceding acquisition of images. It seems to us
there has been a dearth of coordinated approaches to examining the neural circuitry
implicated in PTSD. By this, we mean specific investigations based upon some
putative circuitry or functional neuroanatomy of PTSD (8). Indeed Lanius et al. (3)
has proposed decomposing the PTSD symptoms into two clusters which could be
examined separately, from the perspective of different exposure at least, functional
imaging: hyperarousal and dissociative patterns and endophenotypes, which may have
different neural circuit substrates. These patterns were previously proposed by
Bremner (9). That is, focus should be upon endophenotypes of PTSD, such as
dissociation, and hyperarousal, which may be served by particular brain circuitry. To
this, we may add that memory disorders, such as re-experiencing may also occur. For
example, some of the authors of this chapter have investigated the structure of the
caudate in frontostriatal circuits postulated to be involved in re-experiencing of
trauma-related experience (10).

Having raised these methodological issues, we now turn to the summaries of recent
research, acknowledging and drawing upon previous reviews (1-4) for this update.

Structural MRI studies
Recent reviews
Karl et al., (1) – Meta-analysis of structural brain abnormalities in PTSD
Karl et al., (1) reviewed 21 MRI studies from 1990 to 2005 via meta-analysis. Their
inclusion criteria were relatively rigorous, so their review is a good base to build upon
for an update. Therefore, we have summarized directly from their review in this
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section. However, we add the reservations, noted above, that not all trauma exposures
are equivalent, although symptoms resulting may be similar; and the variation in
diagnostic criterion A from DSM-III-R to DSM-IV remains problematic for those
classified as having PTSD. The issues addressed in inclusion criteria for the metaanalysis were: inclusion of DSM-III-R or DSM-IV PTSD compared to non-PTSD
exposed or controls; sufficient methodological specification (sample, MRI
methodology); and sufficient statistical testing.

However, the issue of endophenotypic characterization, as opposed to the use of the
extant criteria were not discussed, nor was the issue of heterogeneity of trauma
exposures explored. Thus, the studies summarize findings from disparate trauma
exposures and populations, using a broad classification of PTSD which may obscure
differences due to different pathophysiology of the endophenotypes of hyperarousal
or dissociation.

Hippocampal volumetric studies
This was the most frequently investigated area. The meta-analysis found that PTSD
subjects had smaller bilateral hippocampal volumes than healthy controls, whilst
meta-analysis of exposed non-PTSD persons compared to those with PTSD was only
significant for left hippocampal volume (1). Interesting methodological factors were
moderators: MRI acquisition protocols and delineation of hippocampal boundaries
(mostly manual in these studies). Only the studies using high resolution MRI and
correction for whole brain volume showed differences for non-PTSD exposed
compared to those exposed with PTSD in the left hippocampus; whilst the findings
for PTSD versus controls were robust even with low resolution and no brain volume
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correction. There were indications that studies using the alveus/fornix and superior
colliculi/basilar artery to trace the hippocampus coronally found significantly smaller
bilateral hippocampal volume in PTSD compared to controls, in contrast to studies
using mamillary bodies/fornix as a boundary. Other significance moderators were age,
severity and gender, as might be expected. Overall, the effect size for the hippocampal
volume reductions in PTSD were generally between 0.0 and 0.5, with the percentage
of reduction generally between 0-20%, which is quite a large reduction in volume.
Examining the breakdown by trauma type, there seems a trend toward combat trauma
resulting in larger changes, followed by childhood sexual abuse, accidents and
interpersonal violence. Also, trauma severity may be proportional to the extent of the
violence directed towards an individual.

Amygdala
Left amygdala volume was found to be smaller in PTSD subjects compared to healthy
controls (n=320) and trauma-exposed non-PTSD subjects (n=213) with an effect size
between 0.1-0.4. However, Karl et al., (1) noted there was a significant sample
heterogeneity in all these groups.

Corpus callosum
The corpus callosum (n=221) was primarily investigated in children and adolescents
and was found to be smaller in those with PTSD, with an effect size circa 0.4.

Caudate
No significant group differences were found in caudate nucleus volumes in a
heterogenous group of children, adolescents and adults (n=281).
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Frontal lobes
The tracing or delineation of the frontal lobes remains technically challenging due to
variations in the morphology of these regions across individuals. In children and
adolescents (n=223), the prefrontal cortex was significantly smaller in PTSD
compared to healthy controls and non-PTSD exposed, albeit with a small effect size c.
0.3-0.4.

Cavum septum pellucidum
In a very small meta-analysis of a heterogenous grouping of adults and children
(n=63), no significant differences were found across PTSD compared to healthy
controls and non-PTSD exposed.

Jackowski et al., (2) – Pediatric neurostructural findings in PTSD
In a brief non-systematic review, Jackowski et al. (2) have summarized some of the
relevant findings in pediatric populations. They proposed that the failure to find
significant volumetric alterations in the hippocampus in children and adolescents with
PTSD may represent neuro-maturational differences. That is, early life stresses may
have an impact that is not evident until later development. Whilst they also emphasize
the corpus callosum differences identified in the Karl et al. (1) meta-analysis, the
authors of the pediatric review speculate these changes may be due to either
developmental differences and/or selective vulnerability of callosal regions in critical
periods of development to trauma. Generalized reduction in brain volume, reduced
frontal lobe, prefrontal cortex, right temporal lobe, and white matter volumes has been
found in pediatric populations with PTSD. In addition, bilateral ventricular
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enlargement and increased prefrontal CSF volume has been found. These finding
appear isolated to children, and the authors suggested generalized atrophy or impaired
brain development as mechanisms.

Recent structural MRI studies since the Karl et al. (1) meta-analysis
There have been interesting developments, some of which have used new MRI
acquisition and analysis methods.

Anterior cingulate cortex
Using diffusion-tensor analysis, Abe et al. (11) studied 9 victims of the Tokyo subway
Sarin attack with PTSD compared with 16 controls, and found a significant increase
in fractional anisotropy in the left anterior cingulum underlying the region in which
the same group found a volumetric reduction in the left anterior cingulated grey
matter. This structural finding supports the hypothesis of neural circuit dysfunction,
with the suggestion that there is increased connectivity and thus, hyper-responsivity of
the circuits traversing this region. Why this should result in volumetric reduction of
the adjacent grey matter is more problematic. Researchers from the same group have
used voxel-based morphometry and found that there were significant grey matter
reductions in right hippocampal cortex, pregenual anterior cingulate cortex and
bilateral insular regions in combat-exposed twins with (n=18) and without PTSD
(n=23) (12). In another study on the same cohort, using manual segmentation of the
cerebellum, no significant differences in the volume of the cerebellar vermis were
found (13).
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Other Cortical Regions
Two recent studies have found changes, albeit in opposite directions, in pediatric
PTSD and in adults with PTSD. Geuze et al., (14) compared 25 male veterans with
PTSD with 25 without PTSD, matched for age, year and region of deployment; using
a cortical thickness algorithm to find that veterans with PTSD had reduced thickness
in bilateral superior and middle temporal gyri, and left superior temporal and inferior
frontal gyri. However, cortical thickness was not correlated with memory measures.
The pediatric study of Carrion et al., (15) used semi-automated segmentation and
voxel-based morphometry in 24 children with PTSD compared to 24 age and gender
matched controls. The pediatric study found increased gray matter volume in the
bilateral inferior and superior prefrontal cortex, with reduction in the pons and
posterior cerebellar vermis. The VBM study showed increased gray matter density in
ventral prefrontal cortex. Again, the pediatric studies are intriguing, with evidence of
some possible developmental hypertrophic differences which may precede volume
loss in adult life.

Caudate Nucleus
Looi et al. (10) assessed 36 subjects under 65 recruited from transport workers in
Stockholm who reported having been unintentionally responsible for a person-underthe-train accident or among employees having experienced an assault in their work
(1999–2001) between 3 months and 6 years before MRI scanning. After adjustment
for the covariates (age, sex, intracranial volume, years since trauma, and number of
trauma episodes), there was a significant difference in raw right caudate nucleus
volume between subjects with PTSD (n=19) compared with those without PTSD
(n=17). Volume of the left caudate nucleus was not significantly different between the
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PTSD and no PTSD groups. The right caudate volume in the PTSD group was 9%
greater compared with the no PTSD group, superimposed upon a baseline asymmetry,
indicating possible involvement of frontostriatal circuitry in PTSD.

Conclusion: Structural MRI findings
In general, structural MRI findings have been restricted to the ensemble of the entire
PTSD criteria, rather than endophenotypic subsets, and this, together with trauma
exposure heterogeneity, renders the findings somewhat questionable in their
specificity for PTSD. In addition, there has been a focus upon the cortex as structural
basis for PTSD, but it is not necessarily clear how specific the cortical changes are to
PTSD. Indeed hippocampal volumetric loss has been reported in depression, dementia
and schizophrenia, and may merely be a general stress response, rather than specific
to PTSD. Similarly, the findings for the amygdala, corpus callosum and
developmental abnormalities might represent some generalized, non-specific
structural basis for vulnerability to stress. The more specific findings relating to key
structures in cortico-subcortical circuits relevant to processing trauma, such as the
anterior cingulate and caudate, both components of frontostriatal circuits potentially
serving as a basis for endophenotypes, are step forward to more focussed,
parsimonious research.

Functional MRI studies
We have synthesized findings here derived from the reviews of Lanius et al. (3) and
Francati et al. (4), and updated as required.
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The group led by Lanius has reported a number of fMRI findings in PTSD (3,4).
Using trauma scripts in PTSD subjects with sexual assault/abuse and motor vehicle
accidents (n=9) paired with controls, decreased activation was found in the thalamus,
anterior cingulate and medial frontal gyrus in PTSD subjects with hyperarousal and
reliving/re-experiencing (16). They subsequently presented findings with increased
activation in the medial frontal gyrus and anterior cingulate gyrus, and activation in
superior and middle temporal gyri, inferior frontal gyrus, parietal and occipital lobes
in 7 subjects with dissociative PTSD responses compared to 9 controls (17). There
have been interesting findings supportive of circuit dysfunction, with enhanced
patterns of right hemisphere connectivity in the posterior cingulate gyrus, parietal and
occipital lobes and in the caudate nucleus (18). Other clusters of symptoms may have
different patterns, as the same group found activation in bodily state networks in
PTSD subjects with dissociative symptoms such as the superior temporal gyrus, right
middle frontal gyrus, right insula and cuneus, and left parietal lobe (19).

Other groups have investigated different stimuli (4). Exposure to emotional face
representations has been used in studies of PTSD in comparison with healthy controls.
Rauch et al. (20) presented such images to combat veterans with PTSD, finding
enhanced amygdala responsivity; whilst Shin et al. (21) also found enhanced
amygdala responsivity with decreased medial prefrontal cortex activity in civilians
with PTSD. Emotionally-valenced words have also been used as stimuli (4), with
findings of amygdalar activation (22) and underactivity of rostral anterior cingulate
(23).
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fMRI findings since Lanius et al. (3); Francati et al. (4)
Recent fMRI studies have explored either the dissociative or hyperarousal clusters of
symptomatology, indicating more focussed and parsimonious approaches are being
adopted to PTSD.

Another study from the Lanius (24) group compared 17 women with chronic early life
trauma exposure or those who were adults when exposed to trauma with PTSD to 15
controls using fMRI. They demonstrated increased connectivity in healthy controls of
the posterior cingulate/precuneus to the right amygdala, hippocampus and
parahippocampal gyrus in comparison to those with PTSD. The authors concluded
that the default process of spontaneous self-reflection and monitoring was
dysfunctional in PTSD and thus, may result in dissociative symptomatology.

Felmingham et al. (25) investigated the function of arousal networks in 11 subjects
with PTSD and 11 matched controls on an oddball task that involved responding to
non-trauma-related auditory target tones embedded in low frequency background
tones and also measured skin conductance response. There was evidence of greater
activity in PTSD subjects compared to controls on background tasks in greater dorsal
anterior cingulate, supramarginal gyrus and hippocampus. However, when skin
conductance responses were evident, showing arousal, the PTSD subjects showed
reduced ventral anterior cingulate activity, which due to implication in fear-extinction
processes, suggests faulty fear-extinction may occur in PTSD.
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Conclusion: structural MRI findings
In general, functional MRI findings have shown more specific findings relating to key
structures in circuits relevant to processing trauma, focusing on components of neural
circuits potentially serving as a basis for endophenotypes, such as hyperarousal and
dissociation. For example, dissociation may arise from faulty self-reflection and
monitoring processes, whilst hyperarousal may result from faulty fear-extinction. In
addition, memory disturbances, such as traumatic re-experiencing, which have been
investigated in some functional imaging studies, may also serve as a useful
endophenotype.

Functional imaging: SPECT & PET
Over the past decade, it has become increasingly clear that a number of specific brain
structures play a key role in the generation of PTSD symptoms. These structures are
involved in emotional, memory, linguistic, visuospatial and motor processing, all of
which might be affected in PTSD. Proposed neural correlates of psychotherapy have
also been investigated, revealing neurobiological effects on brain functions.

Functional studies by single photon emission computed tomography (SPECT) and
positron emission tomography (PET) can now reliably detect changes in cerebral
blood flow (CBF) and metabolism patterns, suggesting a specific role for each of the
brain areas in various components of emotional processing.

Functional mapping of brain by PET is considered to be superior to SPECT due to:
the applicability of positron-emitting “bioisotopes”, i.e. oxygen-15 and fluorine-18,
allowing to investigate both brain CBF and metabolism; the relatively good spatial
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resolution (4-7 mm); and the possibility of performing quantitative assessment (26).
Nevertheless, its availability is restricted by the heavy on-site capital investment
required to build an in-house cyclotron facility, even if nowadays several centres
perform the studies with commercially available positron emitters. Due to this, the
number of PET cameras remains relatively small, as compared to the numerous
SPECT facilities, making SPECT the most commonly used technique especially in
routine examinations. SPECT imaging allows measurements of CBF also reflecting
neuronal activity. The optimal system spatial resolution of present high-resolution
SPECT cameras is of the order of 7-9 mm. SPECT is a qualitative method, reflecting
the distribution of radiotracers, and whose results are usually expressed in semiquantitative values. On the other hand, SPECT has the unique advantage on PET to
allow for experiments to be performed in ideal psychological conditions in quite
environments outside the camera gantry. In fact, due to the characteristics of SPECT,
image acquisition can be started up to some hours after administration still
representing the radiopharmaceutical’s brain distribution at the moment of injection.

Both SPECT and PET have shown in PTSD regional cerebral blood flow (rCBF)
changes during trauma recall. In this respect symptom provocation paradigms are an
extremely useful and powerful way of delineating the functional anatomy of traumatic
memories that characterize PTSD. Alterations of local activations at specific tasks
indicate dysfunctions of neural processing. Autobiographical trauma-script exposure
(27-29) or audio and visual trauma-related stimuli (30,31) are a valid approach to
elicit rCBF changes in PTSD and the improvements in both technical capabilities and
methodology have made neuroimaging studies particularly suitable in investigating in
vivo the neurobiology of emotions.
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Following symptoms provocation in PTSD patients rCBF was found to be either
increased (32-34), or decreased (33- 35) within hippocampus, amygdala, medial prefrontal cortex (mPFC, including orbito-frontal (OFC) and anterior cingulate (ACC)
cortices), cerebellum, as well as temporal and posterior cingulate cortices. These
initial findings resulted in the formulation of neurocircuitry models of PTSD that
emphasize the functional relationship between a triad of brain structures: amygdala,
ventro-medial prefrontal cortex (vmPFC) and hippocampus (32,36-41). Also the
findings from studies performed by our group (42) suggest an involvement of these
brain structures in PTSD, and are consistent with the results of previous functional
neuroimaging studies based on symptom provocation paradigms investigating rCBF
response to different stressors.

However, other structures have been shown to be involved in PTSD such as thalamus
(43-45), insula (41,46,47), Broca’s area (48-50), ACC (8,30,51,52) parietal lobes (5356).

Pagani et al. (27) investigated 20 transport workers in Stockholm who reported having
been unintentionally responsible for a person-under-the-train accident or among
employees having experienced an assault in their work (1999–2001) between 3
months and 6 years before MRI scanning, symptomatic for PTSD and compared their
CBF to a group of 27 drivers undergoing the same trauma without developing PTSD.
Multivariate analysis identified the right hemisphere as the brain region showing
statistical differences between the CBF in the two groups.
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The right hemisphere integrates sensory modalities, processes nonverbal emotional
communication and seems to be strongly connected with the amygdala, from which
receives incoming stimuli of fear and hostility, and the relative regulation of
autonomic and hormonal responses. It is also responsible for intrusive emotional
memory component of PTSD and autobiographical memories (57).

The left hemisphere generates symbolic representations by categorizing stimuli and
personal experiences into novel images and symbols and labels perceptions.

From the analysis of the regions involved in PTSD it appears that a large part of the
limbic system (hippocampus, fusiform gyrus, amygdala and nucleus accumbens,
lentiform nucleus, anterior cingulate and orbitofrontal cortex) plays a key role in the
regulation of emotions and storage and retrieval of memories. The reported
dysfunctions in governing cortices and medial prefrontal cortex are likely related to
alterations in planning, execution, inhibition of responses and extinction of fear
resulting in motor responses, and in effects on peripheral, sympathetic and cortisol
systems. Furthermore in PTSD patients changes in prefrontal cortex, essential for
encoding and retrieving verbal memories, might result in the difficulties in cognitively
restructuring traumatic experiences.

Considering the key role of this structure in PTSD, it is worth noting the amygdala
has been suggested to be mainly activated during recognition and induction of
emotions by visual stimuli rather that during the reaction to recalled stimuli (58).
Furthermore due to the finest spatial resolution of PET and to the small dimensions of
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amygdala the detected functional blood flow and metabolism changes in this structure
are reliably described only in PET studies.

In general in PTSD patients limbic hyperactivation is paralleled by higher cortical
hypofunction (59) resulting in a lack of inhibition of reaction to fear from amygdala
and lack of adequate attenuation of peripheral sympathetic and hormonal responses to
stress. It has been proposed that such hyperperfusion and hyperactivity of limbic and
paralimbic regions is related to stress-induced long-term potentiation between
amygdala and periacqueducal grey through N-methyl-D-aspartate (NMDA)-mediated
pathway, once a sufficient amount of glutamate is released following stressing events
(60). In PTSD psychological hyperactivation of an overlearned survival response with
intrusive phenomena representing an active reworking of trauma memories at
cognitive level has also been hypothesized by (61).

The critical involvement of limbic system has been postulated to be connected to the
fear-related stimuli and to the emotional responsiveness to the retrieved traumatic
experience elicited by symptom provocation. It is worth noting that chronic PTSD is
often associated with long-term pharmacological treatment and/or alcohol and
substance abuse further affecting brain structures and function and in case
confounding the results of the investigations.

Moreover, after the large amount of PTSD studies performed in the past on veterans
and abused women and children, nowadays there is a tendency to investigate traumas
more related to the daily life and to societal problems. In this respect, the choice of the
control group is a critical step of the global analysis in neuroimaging. In PTSD
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subjects that were exposed to the same trauma as patients without suffering any
symptom are likely the best ones to be compared to the study group since the CBF
distribution differences found in group comparisons would be completely related to
the disorder itself and not confounded by possible group and trauma discrepancies nor
biased by other variables.

Lindauer et al. (28) studied a group of 30 traumatized police officers with and without
PTSD that underwent SPECT scanning after neutral and trauma scripts. Within the
PTSD group, rCBF was higher in reaction to the neutral scripts in comparison with
the trauma scripts in the ventral part of the insula. The insula has an important role in
body representation, pain experience and subjective emotional experience. Alterations
in left insular activity (increased or decreased) have been found in healthy volunteers
with induced anxiety (62), subjects with a variety of anxiety disorders (32) and
affective disorder patients with anxiety symptoms (63). In a PET study, correlating
regional cerebral perfusion with flashback intensity (a novel and interesting approach
to severity of presentation) following an auditory script of their traumatic event (64),
the investigators scanned a group of chronic PTSD subjects with a history of
flashbacks. They detected the involvement of a number of brain areas, including
bilateral insula and somatosensory regions, but no gradient of dysfunction based upon
severity of symptoms.

As observed in a study performed on a group of civilian trauma survivors by Bonne
and co-workers (65), rCBF distribution was higher in subjects with PTSD than in
trauma-exposed healthy subjects in several brain regions, including a region
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extending from inferior parietal cortex (BA 40) to the post-central gyrus (BAs 1, 2,
and 3).

Other neuroimaging studies highlighted the role of the parietal lobes, which are
thought to be implicated in visuo-spatial information processing (53-55) as well as in
temporal and spatial orientation (56).

A former study by Liberzon et al. (56) with combat veterans who developed PTSD
reported increased subcortical activity centred over the thalamus, as compared to
cortical regions, while presenting combat sound stimuli. Conversely, a group of PTSD
patients in resting state showed decreased rCBF in the right thalamus as compared to
a group of healthy subjects (66). Thalamus has been reported to play an important role
in temporal binding, especially in the unity of perception (43-45) and in the
generation of dissociative symptoms in PTSD, characterized by a significant
alteration of the relative distribution of CBF between cortex and thalamus during
flashbacks (67).

Posterior cingulate, parietal and motor cortices are functionally related to prefrontal
cortex and mediate cognitive functions of the visuospatial processing, critical in
extreme stress situations. Lentiform nucleus, consisting of the putamen and the globus
pallidus, was found by Lindauer et al. (28) to show a decreased 99mTc-HMPAO
uptake distribution possibly resulting in reduced motor activities and fewer active
coping reactions (68).
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The cerebellar involvement in PTSD has been described in two studies (65,69).
Cerebellum is involved in the autonomic regulation of both cardiovascular and skin
responses and emotional behaviour as well as in motor conditioning response. Patients
with cerebellar dysfunction have a diminished heart rate reduction upon fear
conditioning (70) and an abnormal startle response in PTSD (71). This might result in
abnormal delay in habituation, increased heart rate variability, exaggerated startle
response and sleep abnormalities (65). These findings are relevant even
methodologically since suggest that the use of cerebellum as reference region for data
normalization in PTSD might be inappropriate. The involvement in PTSD of regions
processing learning, preparation and execution of motor tasks results in an increased
basal level of anxiety and arousal through a continuous preparatory motor activation
(65).

Nucleus accumbens, also known as ventral striatum, was found to be activated in two
studies (29,33). It receives inputs from amygdala, prefrontal cortex and subiculum and
projects to basal forebrain, diencephalon and rostral brainstem. Its functionalanatomic location makes it involved in creating appropriate emotional responses to
incoming stimuli and sensitive to aversive incoming signals. In turn, it modulates the
activity in downstream brain structures affecting in PTSD the motor aspect of
adaptive responding resulting in exaggerated reactions to incoming information (i.e.
hyperirritability, hypersensitivity and hyperexcitability).

Among the four SPECT studies we are aware of in which the effect of therapy on
PTSD has been investigated by neuroimaging (see Table 4) two dealt with eye
movement desensitization and reprocessing [EMDR] (27,72); one with selective

Page 24 of 42

serotonin reuptake inhibitor [SSRI] (73); and one with cognitive restructuring therapy
(74).

EMDR is an eclectic therapy method utilizing, among other techniques, relaxation
exercises, safe place exercises, cognitive restructuring, future projections and imaging
of the trauma combined with positive sensory stimulation. Cognitive restructuring
was an exposure-based therapy consisting of an introductory session, an anamnesis
session and three restructuring sessions. The SSRI citalopram was administered for 8
weeks at 20 mg/day (first two weeks) and 40 mg/day (last 6 weeks). The therapy
delivered in three studies (27,73,74) lasted 8 weeks only and was a little longer in the
Lansing et al. (72) study (on average about 10 weeks).

The traumatic events were very heterogeneous across the EMDR treatment studies,
but the designs of the studies included an individual trauma script during SPECT in
three out of four investigations (27,73,74). As for the effect of therapies on CBF, both
increases and decreases were reported. Probably due to the large variety of traumatic
events and therapies the patients underwent to, the regional changes were distributed
in almost all cortex. In general in PTSD and in anxiety disorders deactivations are
considered to be related to symptom relief and to the normalization of reciprocal
associative circuitry regulation and of hyperreactivity in emotional and memory
disturbances. Activations were seen as an effect of therapies in improving negative
symptoms as depression (27,72) or as a better inhibition of feed-back processes
related to amygdala activity (74).

Page 25 of 42

Conclusion: Functional Imaging –SPECT and PET
Overall, the findings for functional imaging with SPECT and PET demonstrate some
interesting data, but there are limitations in common with structural MRI and to a
lesser extent, functional MRI. The majority of the studies have used symptomprovocation models to elicit trauma-related responses to map regional cerebral blood
flow changes. These studies show functional activation in hippocampus, amygdala
and ventromedial prefrontal cortex to symptom provocation. Apart from such
presumably direct activation, it has been observed there may also be relative
hyperactivity of the limbic system, with cortical hypofunction. A number of other
discrete brain regions have been implicated, both cortical and subcortical, including
the cerebellum.

However, the emphasis on symptom provocation in SPECT and PET to date would
appear to restrict these findings to the domain of hyperarousal PTSD
symptomatology, in contrast to the fMRI findings for possible dissociative
symptomatology noted above.

Treatment studies have been much more heterogenous in relation to exposures and the
interpretation of increased or decreased activity in the context of symptomatic
improvement remains problematic.

Overall Conclusion
In this brief update on the structural and functional imaging of PTSD we have
summarized recent reviews and studies from the last few years, and conclude with
some suggestions for future research. The increasing sophistication of studies is
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evident in: the extensive exploration of different symptom subsets that may constitute
endophenotypes, such as hyperarousal and dissociation; consideration of moderating
factors; inclusion of larger numbers of subjects and controls; and, exploration of the
role of both cortical and subcortical neural networks implicated in processing trauma.

More emphasis should be placed on classifying the trauma exposures into different
subgroups, such as combat trauma, sexual abuse, physical abuse, domestic violence
etc. These exposures are neither similar in nature, homogenous or functionally
equivalent in their impact on persons. Perhaps separate trauma studies should be
specifically designed, based upon the expected symptom profile from previous
studies.

We suggest that rather than studying the entire cluster of symptoms as a whole, a
more productive approach to investigation of PTSD may be to concentrate on subsets
of clinical features that may serve as endophenotypes, predicated upon disturbances in
neural circuitry, such as hyperarousal and dissociation. The rationale for this has been
established in our summary of imaging, in that different brain structures are
implicated in the neural circuitry of different trauma responses, and such studies need
to include subcortical as well as cortical structures. This will also help avoid the
problem of evolving diagnostic criteria, and perhaps specific symptom cluster-related
diagnostic criteria should be developed for researchers.

Further improvements will result from grouping homogeneous trauma exposures (by
appropriate selection) and recruiting larger numbers of subjects, to permit studies with
greater power to demonstrate differences. Controls exposed to the same trauma, but
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without persistent symptoms, are necessary to act as satisfactory controls, and it is
even more preferable to have healthy controls without trauma exposure for further
comparison.

Combinations of structural and functional imaging methods on larger, wellcharacterised samples will help advance understanding of structural-functional
correlations. Longitudinal studies, involving follow-up of symptomatology and
outcomes will add to our understanding of structural-functional correlations in the
neuroimaging of PTSD.

Summer grasses
all that remains
of soldiers dreams.
On Love & Barley: Haiku of Basho - Translated by Lucien Stryk
Hawaii: University of Hawaii Press, 1985
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