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PREFACE

Dear reader, on the front of this thesis I am proud to present my own brain! According
to Erasistratus, a Greek neuroanatomist who lived 310-250 B.C.E. in Alexandria,
intelligence may be reflected in the complexity of the convolutions of the brain. I am a
great fan of this hypothesis, since attempting to divide my own frontal lobe into the
three main gyri, particularly on the right side, has caused me no end of trouble.
Contrary to most people, my superior frontal gyrus seems to grow sideways, rather than
parallel to the hemispheric fissure. This complexity of the surface of my brain, I hope,
shall at one point or two be reflected in convincing theories and interesting thoughts in
this thesis, which thus should lend support to Erasistratus” theory, that an owner of such
a complex brain indeed must be an intelligent person.

If you have half as much fun reading this work, as I had writing it, I will consider it to
be a great success!

Sincerely

Olof Lindberg.



ABSTRACT

Cortical and subcortical regions of the brain decrease in volume in normal as well as
pathological aging. Previous studies indicate that certain parts of the brain, like the
prefrontal cortex, may be particularly vulnerable to age-related processes which are
manifested by significant volume loss in this region. Cortical volume loss may be
further enhanced by different kinds of pathology in the brain.

The purpose of this study was to further investigate regional volumetric changes of the
frontal lobe in normal aging and in aging patients with dementia.

In study I-IIT patients with frontotemporal lobar degeneration (FTLD), Alzheimer’s
disease (AD) and healthy controls are investigated. Cortical atrophy is related to
clinical symptoms (study I), discussed in relation to gross morphology and
cytoarchitecture (study II), and compared with the atrophy in the hippocampus (study
II).

In study IV a large number of normal elderly participants are investigated. Age-related
volume loss in the limbic system (the dorsal anterior cingulate cortex and the
hippocampus) is compared with atrophy of a region of the prefrontal cortex (the
orbitofrontal cortex).

Volumetric data of frontal and temporal cortical regions and the hippocampus was
acquired by manual delineation on structural magnetic resonance images.

Results of study I and III reveal that the clinical symptoms displayed by the subtypes of
FTLD are commonly reflected in a specific pattern of atrophy in frontotemporal
cortices as well as in the hippocampus. Study II suggests that the surface morphology
of sulci and gyri may be unreliable landmarks for cyto-architectonic regions of the
frontal cortex. Study IV finally indicates that a common characteristic of limbic regions
may be that age-related volume loss is delayed in comparison to regions of the
prefrontal cortex. Results also suggest that the dorsal anterior cingulate is more resistant
to age-related volume loss than hippocampus, which implies that age-related volume
loss occurs at different rates for different regions also within the limbic system.



SVENSK SAMMANFATTNING

Kortikala och subkortikala hjdrnregioner minskar i volym bade genom sjukdom och vid
normalt aldrande. Tidigare studier har visat att vissa hjarnregioner uppvisare storre
aldersrelaterad eller sjukdomsrelaterad volymsforlust &n andra. Syftet med foreliggande
studie &r att ytterligare kartldgga regionala volymsforluster i hjdrnans frontallob vid
friskt och sjukt aldrande.

I studie I-IIT undersoktes volymsforluster i frontala och temporala delar av hjdrnan hos
patienter med olika varianter av pannlobs demens och Alzheimers demens. I studie I
studerades sambandet mellan atrofi i kortikala och subkortikala regioner och kliniska
symptom som uppvisas av patienter med pannlobsdemens. I studie II jimfordes
volymdata for anatomiskt definierade gyri i frontalloben med volymdata som
kalkylerar medelvirdet for hur mycket grasubstans det finns i samma gyri.

Studie I1I jimfordes kortikal atrofi med hippocampal atrofisk deformering i de tidigare
studerade patienterna med pannlobsdemens samt i patienter med Alzheimers demens.

I studie IV slutligen jimfordes volymen for tva regioner i limbiska systemet (dorsala
anteriora cingulate gyrus och hippocampus) med volymen for en prefrontal region
(orbitofrontala hjdrnbarken) hos 505 deltagare i SNAC-Kungsholmsprojektet mellan 60
till 97 ars alder.

Resultaten av studie I visade att de specifika symptom som uppvisas hos de tre
kategorierna av pannlobsdemens kan relateras till tre olika monster av kortikal atrofi.
Resultaten tyder vidare pé att dessa monster reflekterar degenerering av specifika
funktionella nitverk i hjdrnan som 1 sin tur dr av avgérande betydelse for de
emotionella eller kognitiva processer som uppvisar storning vid de olika formerna av
pannlobsdemens.

Resultaten av studie II indikerade att ett kalkylerat medelvérde for hur mycket
grasubstans det finns inom ett kortikalt omrade kan vara en kéansligare indikator for
kortikal degenerering &n den totala volymen for ett specifikt frontal gyrus. Sannolikt
skapade den anatomiska variabiliteten av kortikala gyri en varians i volymdata som inte
var relaterad till "tillstdndet” i det undersdkta omradet utan som snarare kan forklaras
med anatomisk variabilitet mellan individer.

Studie III visade att de tre karaktiristiska monster av kortikal atrofi som hittades i de
tre varianterna av pannlobsdemens ocksa motsvaras av tre monster av atrofisk
deformering av hippocampus. Ett gemensamt drag hos samtliga patienter med
pannlobsdemens var att huvudet pa hippocampus var proportionellt mera atrofiskt eller
lika atrofiskt som kroppen och svansen pa strukturen. Detta var en avgorande skillnad i
jamforelse med patienter som lider av Alzheimers sjukdom som uppvisade mera
deformering i kroppen 4n 1 huvudet och svansen.

Studie IV visade att tvd regioner i det limbiska systemet (hippocampus och dorsala
anteriora cingulate gyrus) sannolikt har en fordrdjd éldersrelaterad volymsforlust
jamfort med en region i prefrontala hjarnbarken (orbitofrontala hjarnbarken).
Skillnaden 1 volymsforlust 1 bada limbiska regionerna var ringa nir man jaimforde 60-,
66- och 72-ariga deltagare. Skillnaden mellan 72-, 78-, 83- och 90-aringar indikerade
att volymsforlusten 1 hippocampus sannolikt 6kar efter 72 érs alder, medan den 6kade



ndgot men var fortfarande ringa i anterior cingulate gyrus. Orbitala hjdrnbarken visade
ett motsatt monster dir de storsta skillnaderna mellan aldersgrupper hittades i
jamforelsen mellan 60-, 66- och 72-aringar.

Sammantaget indikerade foreliggande studie att kortikala och subkortikala regioner 1
hjarnan minskar i volym bade vid aldrande och vid patologiska neurodegenerativa
sjukdomar. Studien visar vidare att en méngd faktorer paverkar graden och hastigheten
hos séddan degenerering. Till exempel kan graden av komplexitet i cellstrukturen i en
region av hjdrnbarken, dess anatomiska forbindelser, typ av patologi hos patienten eller
personens alder vara avgorande faktorer for graden och hastigheten av regional volym
forlust 1 hjdrnan.
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1 INTRODUCTION

The brain undergoes a constant structural change from birth to old age (Fjell and
Walhovd, 2010; Shaw et al., 2008). Indirect evidence for such changes at microscopic
level may for example be found in the reduction or increase of the volume of cortical
regions (Raz et al., 2004; Shaw et al., 2008; Tisserand et al., 2002), which can be
investigated by measuring volumes on structural magnetic resonance images (MRIs).
Numerous studies have shown that cortical and subcortical structures change in volume
both during development (Shaw et al., 2008; Westlye et al., 2010b) and in aging (Raz et
al., 2005; Tisserand et al., 2002; Walhovd et al., 2011). The frontal lobe and in
particular the prefrontal cortex (PFC) may be particularly vulnerable in aging, which is
manifested by more age-related volume loss in this part of the brain than in others
(McGinnis et al., 2011; Raz et al., 2004; Tisserand et al., 2002). Regional brain volume
loss may also be induced by pathology. In different variants of dementia such as
Alzheimer’s disease (AD) or frontotemporal lobar degeneration (FTLD), brain volume
loss is commonly more severe than that caused by aging (Whitwell and Jack, 2005).

Volumetric changes both in normal and pathological aging have been extensively
researched during the last two decades. Advances in the neuroimaging field have
however provided new challenges and new research questions, concerning the relation
between volume loss and properties such as the anatomical connections between brain
regions, the cortical cell structures or the integrity of sub-cortical white matter.
Functional magnetic resonance imaging (fMRI) acquired at resting state has provided
new evidence for how clusters of cortical regions work together in different brain
networks (Vincent et al., 2008). Recent studies indicate that brain pathology primarily
progresses through the anatomical connections of such networks (Rénnback et al.,
2011). It has furthermore been demonstrated that regional brain volume loss in
dementia also occurs in a network-specific fashion and that different networks are
targeted in different neurodegenerative diseases (Seeley et al., 2009).

Diffusion tensor MRI is another technique that has provided new possibilities to
investigate age-related and pathological processes in the brain. By this method the
white matter tracts that connect different regions in cortical networks can be
investigated in great detail (Agosta et al., 2011; Catani et al., 2002; Thiebaut de
Schotten et al., 2011).

Furthermore the constant improvement of several softwares that can obtain regional
volume and cortical thickness automatically has increased our knowledge about how
regional volumes in the cortex change, both during development and in old age, as well
as in disease (Fischl et al., 2008; Shaw et al., 2008; Sowell et al., 2001; Walhovd et al.,
2011; Westlye et al., 2010a; Westlye et al., 2010b).

Automated techniques for the analysis of histological sections have also improved our
knowledge about the relationship between gross-morphological appearances of the
cortex and the underlying cytoarchitectonic cell structure (Schleicher et al., 1986;
Schleicher and Zilles, 1990).

Important insights gained from recent volumetric studies reveal that the cell structure of
the cortex (Shaw et al., 2008) and the connectivity of cortical regions (Seeley et al.,



2009) or cortical systems (Grieve et al., 2005) may all be factors that influence the rate
of age- or pathology-related brain volume decline.

The aim of the present study is to investigate regional loss of brain volume in the aging
frontal lobe by considering the factors mentioned above. Volume loss is thus
considered in relation to clinical symptoms (study I), gross morphology of the cortical
surface (study II), and one cortical system (study IV). In study III a comparison
between cortical and subcortical patterns of atrophy is made by comparing the patterns
of atrophy in cortex with the atrophic deformation of hippocampus in subtypes of
FTLD and AD. A final aim of the thesis is to discuss how the progression of atrophy in
neurodegenerative disease may partly be determined by the anatomical connectivity of
regions involved in a pathological process. This will be discussed by unpublished data
obtained from the cohort investigated in study I, II, and III.

Thus in this thesis the frontal lobe has to be considered at several different structural
levels. These will be reviewed in section (3.1-3.2.2). The characteristic clinical
symptoms in FTLD that are discussed in study I are reviewed in section (4.3). Previous
studies on how atrophy progresses through known anatomical connections will be
discussed in section (4.5).



2 IMAGING THE BRAIN

2.1 STRUCTURAL MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging (MRI) is a powerful tool to visualize the tissue of the
brain (Tanev et al., 2011). MRI utilizes the magnetic properties of the hydrogen atoms
to create images of the soft tissue of the brain or other organs of the body (McRobbie et
al., 2005). The hydrogen atom has a nucleus (one proton) and one “moon” (one
electron). The hydrogen nucleus, which is a magnetic dipole because of the protons
intrinsic spin, aligns parallel or anti-parallell to the external magnetic field. In the MRI-
scanner hydrogen nuclei are thus aligned parallel or anti-parallel to the main magnetic
field of the scanner (denoted the z-direction). A small majority of the protons will be
aligned in the lower energy state (which is parallel to the external magnetic field) is
giving rise to a net magnetization in the tissue. To measure the magnetization in a tissue
the alignment of the nuclei has to be knocked out by radio frequency pulses (RF)
(McRobbie et al., 2005). When doing so the net magnetization can be rotated
perpendicular to the main magnetic field of the scanner (the z-plane). When the RF
pulse stops the magnetization falls back into the equilibrium position along the z-
direction which releases energy that can be recorded by the MRI-scanner. The time
required for the protons to realign with the scanner’s main field (called relaxation time)
is different in different kinds of tissue. The relaxation time is longest in fluids, shorter
in water-based tissue, and shortest in fat-based tissue (McRobbie et al., 2005). This
difference in relaxation time is the fundamental mechanism by which contrast between
different kinds of soft tissue can be obtained in MRI. The MRI technique can produce a
wide range of contrasts by adjusting the timing of the RF pulses and the signal
acquisition (McRobbie et al., 2005). This makes this technique particularly useful for
imaging the brain, making it possible to visualize the anatomy of soft tissue in great
detail. Certain sequences employed in MRI allow for the collection of high resolution
three dimensional (3D) datasets which are very useful for analyzing the structural
characteristics of the brain.

Figure 1

To the left the coronal view of the brain imaged in a 3D sequence by a MR-scanner. To the right the
surface of the same brain is reconstructed on basis of the scan to the left in the software MRIcro (Version
1.37; Roden and Brett, 2000).



2.2 MEASURING VOLUMES ON MRI

Over the last ten years, numerous methods have been developed for measuring regional
volumes of the brain on structural MRIs, (e.g. Fjell et al., 2009; Good et al., 2001a;
Malykhin et al., 2007). Manual volumetric techniques were for a long time considered
to be the most reliable method (Jack et al., 1989). There are several variants of manual
techniques. For example stereological point counting techniques can be used (Howard
et al., 2003). The most traditional variant of manual methods is, however, to simply
draw a line around the region that is measured on contiguous slices on a 3D volume
acquired by the MRI-scanner.

Figure 2
Manual delineation technique of regions in the frontal
and temporal lobes (delineation: Olof Lindberg).

Today, there are various automatic techniques available, which can provide several
different volumetric parameters, such as cortical thickness, the volume of cortical
regions or regional grey matter density in the brain (e.g. Dale et al., 1999; Fischl et al.,
1999; Good et al., 2001a).

An interesting perspective on the ongoing improvement of automated volumetric
methods is the possibility to measure ever smaller brain regions with maintained
precision. Recently an automatic method for measuring hippocampal subfields was
developed (Van Leemput et al., 2009). A limitation is, however, that these new
methods have to be matched with high quality images from modern MRI scanners to
produce reliable results.

2.3 BRAIN REGIONS DISCUSSED IN THE THESIS

For the purpose of illustration, snapshots taken from the Brain-Voyager Tutor (BVT,
www.brainvoyager.com) will be used. Regions with no color (grey regions) are not
discussed in the illustration.




3 THE FRONTAL LOBE

The human frontal lobe has been described in numerous different ways, depending on
the methodology and the criteria of definition (Fuster, 2008). There are three main
divisions of the frontal lobe: the prefrontal cortex, the premotor area and the motor
cortex.

The motor cortex receives and integrates input from cortical motor and sensory areas
and the midbrain, and it has direct projections to the motor neurons of the spinal cord.
The area could be described as the “final cortical processing site for voluntary motor
commands (Stinear et al., 2009).”

The premotor cortex (PMC) can be divided into one caudal and one rostral sector. The
caudal sector has been associated with primary control of actual movements, while the
rostral sector is involved in cognitive processing, such as sequence generation, and
premotor functions (Abe et al., 2007).

Figure 3
The motor cortex in blue, premotor cortex in yellow, and prefrontal cortex in grey in front of the
premotor cortex (image created in BVT).

The prefrontal cortex (PFC) has been described as “the highest level of cortical
hierarchy, dedicated to representation of execution and actions (Fuster, 2001).” The
PFC has also been described as the highest level in a “synaptic hierarchy” within the
frontal lobe (Mesulam, 1998), which encompasses the primary motor area (lowest
level), unimodal areas (intermediate level) and heteromodal areas (highest level).

From an evolutionary perspective the PFC has been described as an extension of the
motor cortex (Fuster, 2008; Wood and Grafman, 2003). Premotor areas store “motor
programs” that are representations of a sequence of more or less complicated
movements. During the evolution of the human brain these areas may have evolved to
be able to generate efficient strategies for goal-oriented behavior (Wood and Grafman,
2003).

Cognitive theories often emphasize the role of PFC in high order top-down regulation
of cognition and behavior (Petrides, 2005). Terms like “supervisory system’ and
“central executive” have been used to describe these aspects of cognition (Stuss and
Alexander, 2007). Giintiirkiin proposes the following definition of executive functions:



The PFC is firmly associated with the generation of executive functions, a cluster of
cognitive functions that describe the ability to spontaneously generate efficient strategies
when relying on self-directed task-specific planning (Giintiirkiin, 2011).

Thus the frontal lobe and the PFC can be divided in accordance with both structural and
functional characteristics. However, multiple definitions are possible for both the
structural and functional manner of division.

3.1 STRUCTURAL SUBDIVISIONS OF THE FRONTAL LOBE

The frontal lobe may be subdivided on the basis of the cyto-architectonic characteristics
of the cellular structure (Brodmann, 1909; Dombrowski et al., 2001; Petrides et al.,
2011), on the basis of regional connectivity to thalamus (Fuster, 2008; Goldman, 1979;
Scheibel and Scheibel, 1967) and the on basis of vascular distribution — namely, that
different regions of the frontal lobe are supplied by different arteries (Stuss and Benson,
1984) .

Other structural subdivisions are more relevant for this study and these are discussed
below.

3.1.1 The cellular structure of grey and white matter

The cortical grey matter on the surface of the brain contains neural cell bodies,
neuropil', glial cells, astroglia and oligodendrocytes and capillaries. White matter, in
contrast, does not contain cell bodies. Instead it contains mostly myelinated axon tracts
(Dale et al., 2008).

3.1.2 A division based on the number of cortical layers

In the frontal lobe the posterior orbitofrontal and the anterior cingulate areas are either
agranular or dysgranular regions with fewer than six cortical layers, while lateral PFC,
M and PMC are an eulaminate cortex with six layers (Barbas and Zikopoulos, 2007;
Dombrowski et al., 2001). The laminar pattern is not a random phenomenon. The
cellular and laminar structure have been shown to influence the response properties of
the neurons in the cortex (Luppino et al., 1991), which at a higher level influence the
functional properties of cortical regions (Amunts et al., 2007; Barbas and Zikopoulos,
2007).

3.1.3 Subdivision by gross-anatomy

In gross anatomical terms the cerebral cortex and the frontal lobe may be divided into
different gyri and sulci (Crespo-Facorro et al., 2000; Ono et al., 1990; Raz et al., 2004).

! A fibrous network of delicate unmyelinated nerve fibers interrupted by numerous synapses and found in
concentrations of nervous tissue especially in parts of the brain where it is highly developed.
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Gyri and sulci have traditionally been used as indirect landmarks for cyto-architecture.
For higher, multimodal, cortical areas, however, such landmarks may be highly
unreliable (Amunts et al., 2007; Fischl et al., 2008). Unimodal primary or secondary
cortices may, on the other hand, be well predicted from the location of sulci and gyri
(Fischl et al., 2008; Welker and Seidenstein, 1959) (See further in section 3.2.2.).

Figure 4

The relationship between cytoarchitecture and gross-morphology in the frontal lobe.

To the left the gross morphological appearance of the superior, middle, inferior and precentral gyrus.
Pink: superior frontal gyrus, Red: middle frontal gyrus, Brown: inferior frontal gyrus. Darker pink color:
precentral gyrus. To the right: The frontal lobe is shown divided into different cyto-architectonic
(Brodmann) areas. The colors represent different Brodmann areas. Image created in BVT.

3.1.4 Division based on the regional connectivity

Conceptually the whole brain could be viewed as a large-scale network operating at
several levels of information processing ranging from groups of neurons, to local
circuits, to systems of brain areas (Errington et al., 2003). Different cortical systems are
also commonly associated with different cognitive or emotional aspects of human
behavior.

The frontal lobe may be divided into systems on basis of its regional connectivity.
Cortical areas within one system or network are preferentially interconnected with
other regions within the same system (Price and Drevets, 2010), however each system
also has a characteristic pattern of connectivity with regions outside the system.
According to this viewpoint the frontal lobe may be divided into the orbitofrontal,
medial, dorsal, ventral and caudal networks (figure 5).
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Division of the frontal lobe based on regional connectivity. The three regions displayed in blue belong to
more than one network. There is a gradual change in the pattern of connectivity in the dorsal system,
which is illustrated by the changing color nuance between area 9D and 8B.

The white-colored spots are sites in which retrograde and antrograde tracers were injected in studies on
monkey. Reprinted by permission from Macmillan Publishers Ltd: Neuropsychopharmacology
(Neurocircuitry of Mood Disorders, Price & Drevets, Neuropsychopharmacology 35, 192-216), copyright
(2010).

The orbitofrontal network has connections with all sensory systems (Barbas, 2000), and
the system has been suggested to integrate multi-modal stimuli. As will be discussed
below this network seems to be important for assessing the value of stimuli (Price and
Drevets, 2010) and reward guided behavior (Buckley et al., 2009).

The medial network, located on the ventromedial surface of the frontal lobe, has strong
limbic connections. Both amygdala and hippocampus project directly to this region
(Barbas and Blatt, 1995; Ongur and Price, 2000). It also has a characteristic output into
visceral control areas in the hypothalamus and to the periaqueductal grey (Price and
Drevets, 2010). In contrast to the orbital system that to a large extent can be viewed as a
sensory input system, the medial system has the ability to modulate visceral functions
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in response to emotions and other factors (Price and Drevets, 2010). The medial
network has connections to the superior temporal sulcus and gyrus, the entorhinal
cortex, the parahippocampal gyrus as well as the anterior and posterior part of the
cingulate gyrus (Saleem et al., 2008).

The dorsal network has close connections with the medial network and shares many of
its connections. Both networks are connected to the superior temporal gyrus, anterior
and posterior cingulate cortex, the entorhinal cortex as well as the parahippocampal
gyrus, and both networks project to the hypothalamus and to the periaqueductal grey
(Price and Drevets, 2010).

The ventral network is closely interacting with and has many connections in common
with the orbitofrontal network. It seems, however, that the ventral network lacks
olfactory and taste input. It has been proposed that the ventral network takes part in the
assessment of non-food sensory objects (Price and Drevets, 2010). It is connected with
visual areas in the inferior temporal cortex and to dysgranular regions in the insula and
frontal operculum that are related to somatic-sensory functions (Price and Drevets,
2010).

The caudal network in the lateral prefrontal cortex has sometimes been described as
part of the dorsal attention system (Corbetta et al., 2002; Vincent et al., 2008). It
includes the frontal eye field and has connections with the dorsal premotor cortex,
posterior superior temporal sulcus and posterior parietal cortex. One specific function
of this network is to control saccadic eye movement (Price and Drevets, 2010).

Apart from the systems described above there is also one prefrontal region, Brodmann
Area 45a (denoted in blue in figure 5), that seems to be connected to all parts of the
lateral prefrontal cortex. This region has many connections in common with the medial
and dorsal network but it also has connections to more posterior parts of the superior
temporal gyrus including some auditory regions. It is suggested that this region may be
a multi-modal cortex that has connections with emotional circuits of the brain (Price
and Drevets, 2010).

3.2 FUNCTIONAL SUBDIVISIONS OF THE FRONTAL LOBE

3.2.1 Divisions based on cognitive or emotional functions

It is a long established knowledge that different parts of the brain are involved in, or
essential for different emotional, cognitive or behavioral processes. Already 1700 B.C.
the “Edwin Smith Papyrus” was written. This papyrus seems to be a surgical textbook
which discusses the relationship between injuries in the brain and spinal cord and their
consequences for bodily functions (Coles et al., 2008).

Modern research on the functional specificity of cortical regions may however have
started with two famous patients with localized lesions in the frontal cortex.

In 1861 Paul Broca treated a patient with a lesion in the frontal lobe. This patient lost
the ability to produce fluent speech, and was after the lesion only able to say the
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nonsense word “Tan” (Broca, 1861). The patient died shortly afterwards and was at
post mortem exam found to have a lesion in the left inferior frontal gyrus. Broca thus
hypothesized that this region was fundamental for production of spoken language. This
case also started the research on functional hemispheric lateralization in the brain
(Teive et al., 2011).

The second famous case is the story of Phineas Gage (Ratiu and Talos, 2004). He had a
severe lesion in the brain, caused by a traumatic accident in which an iron rod was
driven completely through his left frontal lobe. The original report on this case was
written in 1848, however it has been reprinted as a “classical case report” (Harlow,
1999). Unexpectedly Gage survived this accident and was first thought to have been
fully recovered. However:

Previous to his injury, although untrained in the schools, he possessed a well-balanced
mind, and was looked upon by those who knew him as a shrewd, smart businessman,
very energetic and persistent in executing all his plans of operation. In this regard his
mind was radically changed, so decidedly that his friends and acquaintances said he was
“no longer Gage” (http://www.deakin.edu.au/hmnbs/psychology/gagepage/).

Thus, following a lesion to the anterior frontal lobe, Gage’s behavior had changed so
drastically that his friends found him to be another person.

Interestingly these two famous cases do, to a large extent, display the same symptoms
as two variants of FTLD. Patients with progressive nonfluent aphasia (PNFA) have
very similar symptoms as Broca’s patient, while some patients with frontotemporal
dementia (FTD) have symptoms similar to those displayed by Phineas Gage. The
localization of brain damage in these two variants of dementia is also very similar to
these two famous cases (this will be discussed in detail below).

The research on brain lesions has continued in recent years both on humans and in
monkeys. In one study macaque monkeys were trained to perform a Wisconsin Card
Sorting test analog (for a description of the test see Gormezano and Grant, 1958).

After training lesions were induced in specific prefrontal brain areas of the animals.
Results suggest that different frontal lobe regions contribute to different cognitive
“components” of this test (Buckley et al., 2009): Lesions of the principal sulcus
(mainly corresponding to the middle frontal gyrus in humans) impaired maintenance of
abstract rules in working memory. Lesions of the orbitofrontal cortex impaired a rapid
reward-based updating of representation of rules value - in this case whether a certain
strategy of sorting cards were related to a reward or not. Lesions of the anterior
cingulate gyrus impaired active reference to the value of recent choice-outcomes during
rule-based decision making. Lesions of the ventrolateral prefrontal cortex impaired the
ability to learn and implement new rules.
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Figure 6

The approximate location of the regions discussed by Buckley et al. The orbitofrontal cortex is shown to
the left in pale pink, the dorsolateral and ventrolateral are shown in middle (the dorsolateral region
encompasses the lateral part of the superior frontal gyrus in pink and the whole middle frontal gyrus in
red). The ventrolateral region is displayed in brown in the middle image. To the right anterior cingulate
gyrus which is the anterior part of the blue region (the pink color in image to the right is the middle
surface of the superior frontal gyrus). Illustration created in BVT.

In several different studies Donald Stuss and colleagues have investigated the effect of
frontal lobe lesions in humans (Stuss and Alexander, 2007). In a “revamped attention
model” (Stuss, 2011) they propose that three different cognitive components may be
related to three different parts of the frontal lobe:

e FEnergization: The process to initiate and sustain a response. This ability is
impaired in patients with superior medial prefrontal (Brodmann area (BA) 24,
9 and 6) lesions.

o Task setting: The ability to set a stimulus-response relationship. This ability is
impaired particularly in patients with left lateral (BA 44, 45, 46, 9 9/46 and
47/12) lesions.

e  Monitoring: The process of checking the task over time for ‘quality control’ and
the adjustment of behavior. This ability is impaired in patients with right lateral
(BA 44, 45, 46,9 9/46 and 47/12) lesions.

It is further suggested that two other cognitive domains may be disturbed by frontal
lesions (Stuss, 2011):

e Social behavior: Dysfunction in the ability to integrate motivational (reward-
based), emotional, and social aspects of behavior may be impaired in patients
with lesions of the ventromedial prefrontal cortex (BA 32,25, 24,13, 12 and
11).

e Metacognition/integration: The ability to orchestrate the energization,
motivation, emotional and executive aspects of a complex task [called “hyper-
monitoring” by Petrides (2005)] is impaired in patients with lesions in the
frontopolar region (BA 10s and 101).
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3.2.2 Division based on synaptic hierarchies

Another functional subdivision of the frontal lobe is based on the complexity of the task
that is performed in a specific area. This can be described by a “synaptic hierarchy”
(Mesulam, 1998), in which the brain can be divided into primary sensory, unimodal,
heteromodal, limbic and paralimbic zones. Interestingly the neurodevelopmental
pattern from young to old age may differ at different levels of the synaptic hierarchy.
Thus heteromodal areas have been shown to have a more complex volumetric
trajectory during development (Shaw et al., 2008), and a longer maturation process than
primary sensory, unimodal and limbic regions (Casey et al., 2005; Gogtay et al., 2004;
Westlye et al., 2010b). The heteromodal areas of the brain have also been shown to be
more vulnerable to age-related changes at old age, while primary areas and unimodal
areas have been found to be more vulnerable at very old age (above the age of 80)
(McGinnis et al., 2011).

12



4 VOLUMETRIC STUDIES OF THE BRAIN

41 VOLUMETRIC STUDIES IN HEALTHY AGING

Volumetric studies on structural MRIs is a well-established method to study effects of
pathology (Lindberg et al., 2009; Whitwell and Jack, 2005) and aging in the brain
(McGinnis et al., 2011; Raz et al., 2005; Tisserand et al., 2002; Walhovd et al., 2011).

A common approach is to investigate regional grey matter volumes or the regional
thickness of the cortex. Volumetric studies on the cortex suggest that cortical thinning
occurs during healthy maturation at young age, which has been related to synaptic
pruning in the mid-to-late adolescence (Sowell et al., 2001; Toga et al., 2006).

Cortical thinning is also occurring during aging, which according to a recent review
only to a minor extent is caused by the loss of neurons. Instead volume loss seems to be
caused by the shrinkage of neurons, reduction of synaptic spines and the lowering of
the number of synapses (Fjell and Walhovd, 2010).

Another approach is to measure the volume of combined grey and white matter of
cortical regions. This has for example been done by measuring the total volume of the
gyri of the frontal lobe in aging (Convit et al., 2001) or in neurodegenerative diseases
(Perry et al., 2006). A methodological consideration in such an approach is that age- or
pathology related shrinkage may progress at different rates in grey and white matter.

In a large study (including 883 subjects) the rate of cerebral white and grey matter
shrinkage was investigated (Walhovd et al., 2011). This study found the highest rate of
shrinkage in cortical grey matter at 40-59 years of age (-7,9%) while the highest rate in
white matter was found at 70-95 years of age (-8,5%).
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Figure 7

Volumetric results of manual delineation of the superior, middle and inferior frontal gyrus in 505 normal
aging adults 60-97 years of age. The population is described further in study IV. Above left: An example
of delineation of the frontal gyri. Above right: The region measured illustrated by BVT (region in pink:
superior frontal gyrus, in red: middle frontal gyrus, in brown: inferior frontal gyrus). The bottom graph
illustrates volume loss in the left and right side of the superior and middle frontal gyrus which have been
combined into one region, the dorsolateral prefrontal gyri (DLPG_L: on the left side, DLPG_R: on the
right side). The X-axis denotes age, and the Y-axis displays the volume of the gyri divided by the intra-
cranial volume normalized as z-scores. Volumetric data obtained by Olof Lindberg (unpublished results).
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In last chapter, different methods for dividing the frontal lobe were reviewed.
Interestingly the structural characteristics of the brain may be important for predicting
how volume loss occurs both in maturation and aging. Below some hypothesis on the
relationship between brain structure and age-related volume loss are presented.

4.1.1 Age-related volume loss and cortical structure

Several studies have found pronounced age-related volume loss in the prefrontal cortex
(for a review, see McGinnis et al., 2011). This region and other heteromodal areas have
also been shown to display a longer maturation process than most other parts of the
brain (Casey et al., 2005; Gogtay et al., 2004; Westlye et al., 2010b). This has led to the
so-called “last in, (last to mature) first out (first to show age-related volume loss)
hypothesis” (McGinnis et al., 2011). Recent findings, however, suggest that the last in-
first out hypothesis is valid mostly in adults between 30-60 years of age. At very old
age (above 80 years) primary sensory and unimodal areas may display the largest
cortical volume loss (McGinnis et al., 2011).

Another hypothesis suggests that age-related shrinkage starts in the anterior parts of the
brain and successively moves posteriorly (Walhovd et al., 2011). This phenomenon has
been demonstrated along the white matter tracts (Davis et al., 2009) and in grey matter
(Raz et al., 2004). In a recent review however, it is suggested that such gradient in grey
matter may be more related to vascular diseases than to aging (Raz and Rodrigue, 2006;
Raz et al., 2007).

Some findings suggest that the cortical and subcortical structures of the limbic system
may be better preserved in aging than other brain regions (Grieve et al., 2005).

One hypothetical explanation for this is that limbic and paralimbic structures, like the
hippocampus, are of fundamental importance for sensory integration, arousal and
memory. It would thus from an evolutionary point of view be necessary for these
regions to be preserved for humans to survive and function also in their old age (Grieve
et al., 2005). A recent study, however, suggests that volumetric change in the
maturation process, at young age, and volume loss, at old age, may differentially affect
different limbic regions (Grieve et al., 2011).

4.2 VOLUMETRIC STUDIES AND COGNITION IN HEALTHY AGING

In aging adults larger cortical grey matter volume is sometimes associated with better
performance on cognitive tests. One study found for example a positive correlation
between the grey matter volume of the gyrus rectus (on the orbital surface of the frontal
lobe) and scores on sequencing and nonverbal abstract reasoning tests in healthy elderly
subjects (Elderkin-Thompson et al., 2009).

In section (4.1) it was shown that a common finding is the association between loss of

regional brain volume and aging, particularly in the frontal lobe (Tisserand et al., 2002;
Walhovd et al., 2011). Thus larger cortical volumes in aging may be associated with a
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better preservation of the brain, which at the next level may be linked to better
performance in cognitive tests.

Old adults may however differ significantly with respect to the amount of brain volume
lost (Raz et al., 2010). This often causes a larger variance in regional brain volumes
between old adults at the same age than in young adults, at the same age. The variance
in volumetric data may also be related to a larger variance in cognitive performance.
One study found for example a stronger association between the cortical thickness of
the dorsolateral prefrontal cortex and the performance on the Wisconsin Card Sorting
Test in older adults (60-71 years of age) than younger adults (20-32 years of age)
(Burzynska et al., 2011). As suggested in a recent review cortical thinning is among
other things related to a reduction of synaptic spines and lower number of synapses
(Fjell and Walhovd, 2010). This may reduce the connectivity between different brain
regions, which at the next level may result in poorer performance on cognitive tests.

4.3 VOLUMETRIC STUDIES IN PAHTOLOGICAL AGING

Cortical and subcortical volume loss generally occurs at much higher rate in
neurodegenerative diseases (McEvoy et al., 2011). Different brain networks are
affected in different neurodegenerative diseases (Tartaglia et al., 2011), which is
manifested in volume loss in regions belonging to those networks, and furthermore in
the clinical symptoms displayed by the patient.

4.3.1 Genetics, pathology and clinical symptoms

A fundamental question in any volumetric study on dementia patients is the procedure
for classifying or diagnosing the illness of these patients. This is a complicated issue
since several different classification methods are possible. Patients may be classified on
the basis of genetics, on the basis of pathology, on the basis of pattern of brain atrophy
or on the basis of clinical symptoms. A particular problem is that different classification
procedures may come to different conclusions regarding diagnosis. One study, for
example, found that 44% of patients that fulfilled the clinical criteria for PNFA (a
FTLD variant) was at post mortem found to display the neuropathological hallmarks of
AD (Alladi et al., 2007).

Tartaglia et al. have summarized the aims and scope of a volumetric study on clinically
diagnosed dementia patients:

Volumetric studies aimed at gaining an understanding of brain-behavior relationships
have demonstrated relationships between focal changes in brain volume and cognitive
or behavioral changes in dementia (Tartaglia et al., 2011).

In this sense a volumetric study on clinically diagnosed patients has many factors in
common with the studies on patients with brain lesions discussed in section (3.2) (Stuss
and Alexander, 2007; Stuss, 2011). In both approaches the main focus is to establish a
relationship between brain damage and cognitive or behavioral symptoms. However,
similar clinical symptoms may be caused by different variants of brain pathology
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(Alladi et al., 2007). It should furthermore be noted that clinical symptoms, which
potentially could be caused by atrophy of certain brain regions, might also be present
without atrophy of these regions. In a visual rating study of 51 FTD, 22 PNFA and 52
semantic dementia (SD ) patients it was found that 47% of the FTD and 29% of the
PNFA patients did not display any abnormalities in the MRI scans (Kipps et al., 2007).
Interestingly, however, 100% of the SD patients had abnormal scans.

In this thesis all dementia patients were diagnosed in accordance with consensus
criteria for clinical symptoms: for FTLD in accordance with criteria proposed by
(Neary et al., 1998), for AD in accordance with DSM IV-R (Diagnostic statistical
manual of mental disorders revised version) (American Psychiatric Association, 2000)
and International Classification of Diseases tenth revision (ICD-10; WHO, 1992).

4.3.2 Consensus criteria for FTLD

In the following section the characteristic symptoms in the FTLD subtypes and in AD
are discussed. Clinical terms are defined in the appendix (section 9).

The clinical international consensus criteria for FTLD include three syndromes:
frontotemporal dementia (FTD), progressive nonfluent aphasia (PNFA), and semantic
dementia (SD) (Neary et al., 1998). FTD is diagnosed primarily on the basis of early
decline in interpersonal conduct, early emotional blunting, and an early loss of insight
or concern about such changes. This transformation of character should be the
dominant feature at onset and throughout the disease.

The diagnosis of PNFA is made in patients who insidiously develop nonfluent speech
with agrammatism (a pattern of simplified sentence structure), phonological
paraphasias, or anomia. Apraxia of speech is a common feature whereas word
comprehension and comportment are preserved initially.

SD, in contrast, is defined by fluent but “empty” spontaneous speech, anomia combined
with impaired word comprehension and associative agnosia or prosopagnosia. Surface
alexia and surface agraphia may occur in patients who use alphabetic scripts.

4.3.3 Consensus criteria for AD

For the diagnosis of AD the Diagnostic and statistical manual of mental disorders (4th
ed.) requires memory deficits as a core diagnostic feature, in addition to at least one of
the following symptoms: aphasia, apraxia, agnosia or deficits in executive functioning

(American Psychiatric Association, 2000).
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4.4 CLINICAL SYMPTOMS AND BRAIN ATROPHY IN FTLD AND AD

4.4.1 AD

The core clinical symptom of AD is memory deficits. The “system” involved in
memory processing has sometimes been described as the hippocampal-cortical-memory
system. This network is active during passive mental states that have been associated
with internally directed cognition, such as memories of past events and thinking about
the future (Vincent et al., 2008).

Using resting state functional MRI Vincent et al found that activity in the
hippocampal formation correlated with several other regions including the
ventromedial prefrontal cortex, dorsal frontal cortex, lateral temporal cortex, posterior
cingulate cortex and ventral posterior inferior parietal lobule. This system, they
suggest, 1s the hippocampal-cortical-memory system (Vincent et al., 2008).

At a neurophysiologic level retention of explicit (conscious) memories can be
described as a process involving different types of cortical regions. Initial processing
occurs in one or more polymodal association cortices (prefrontal, limbic or parietal-
occipital-temporal cortices), which synthesize visual, auditory and somatic
information. From polymodal areas the information is sent further to
parahippocampal and perirhinal cortices and then to the entorhinal cortex, the dentate
gyrus, the hippocampus and the subiculum. Information is then sent back to the
polymodal areas in the opposite direction: From the subiculum to the entorhinal
cortex, the parahippocampal and the perirhinal cortex to the polymodal areas (Kandel
et al., 2000).

The structures of the medial temporal lobe are thus of fundamental importance for the
consolidation of memories. Kandel proposes that the hippocampus and the rest of the
medial temporal lobe may act over a long period of time (even weeks) to facilitate
storage of information. He presents the following example: Cells in the visual
association cortex in the inferotemporal lobe initially process storage of the
information about a face. These cells are interconnected with other areas that support
additional knowledge about the person whose face is seen. These connections can be
modulated by the hippocampus (Kandel et al., 2000), through a mechanism called
long-time potentiation (Bliss and Collingridge, 1993).

In studies on post mortem brains it has been shown that the entorhinal cortex as well as
regions of the limbic systems are affected relatively early on by pathology in AD
(Braak et al., 1996). Thus the key structures for memory consolidation are the regions
that are affected in AD.
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4.4.2 FTLD

4.4.2.1 Frontotemporal dementia

In patients with FTD a core symptom may be alteration of personality and social
behavior. Such personality changes are usually related to atrophy of the orbitofrontal
cortex and ventromedial prefrontal cortex (Rabinovici and Miller, 2010). In some
patients apathy is the most pronounced symptom (Rabinovici and Miller, 2010; Rosen
et al., 2005), which is related to atrophy in the dorsomedial frontal lobe (Rabinovici and
Miller, 2010).

The relationship between dorsomedial atrophy and apathy could be interpreted as
consistent evidence for the theory about “energization” proposed by Stuss and
colleagues discussed in section 3.2.1 (Stuss and Alexander, 2007; Stuss, 2011).

The relationship between orbitofrontal atrophy and personality changes may potentially
be explained by the so-called “somatic-marker” hypothesis (Viskontas et al., 2007)
proposed by Damasio (Damasio, 1996). In section (3.1.4) the orbital network is
discussed. This network receives input from all sensory modalities (Barbas, 2000; Price
and Drevets, 2010). Damasio speculates that this network is of fundamental importance
for linking a stimulus to an evaluative bodily signal (Damasio, 1996), which may be
thought of as an autonomic state that is induced by the circumstances of the situation
(Viskontas et al., 2007). In light of the review of the main network of the frontal lobe,
it may be suggested that the “resultant autonomic state” is potentially not a function of
the orbital network but rather of the adjacent medial prefrontal network (Price and
Drevets, 2010).

In recent years, however, several studies have found a number of weaknesses in the
somatic-marker hypothesis (Bennett and Hacker, 2005). It has been pointed out that
Damasio reduces the essence of a feeling or an emotion to the experience of a bodily
state. It has also been suggested that some feelings like gratitude may not involve any
somatic disturbance at all (Bennett et al., 2005).

Nevertheless, while some aspects of the emotional processing system may not be fully
understood, it has been repeatedly shown that atrophy of the orbitofrontal and the
ventromedial prefrontal cortex has been associated with alteration of social and
emotional behavior in FTD (Rosen et al., 2005; Viskontas et al., 2007).

4.4.2.2 Progressive nonfluent aphasia

The core symptom in PNFA is that patients insidiously develop nonfluent speech. This
has been related to atrophy of cortical areas responsible for speech production. The
neurophysiologic process underlying speech production is, however, complicated and
involves several different steps. Activation of speech sound “map cells” (Guenther,
2006) occurs first. These cells are hypothesized to be located in the posterior part of
Broca’s area, in a region sometimes referred to as the frontal operculum. It has been
suggested that the sound map cells “read out motor plans” for chunks of well-learned
speech sounds (Bohland and Guenther, 2006), and it has been shown in fMRI that the
activation of the frontal operculum increase when a complex sentence requires multiple
speech sounds (which thus is hypothesized to be related to the activation of multiple
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sound map cells). The activation of speech sound maps is followed by motor
commands that reach the motor cortex via a control system that can be divided into two
subsystems: a feedforward control system and a somatosensory and auditory feedback
control system (Guenther, 2006).

An alternative way of describing the function of the frontal operculum is that it is a
higher level area that predicts the auditory and motor consequences of speech (Price
etal., 2011).

Another region that has been shown to be important in speech production is the left
anterior insula. However, contrary to the inferior frontal gyrus, this region may be
involved in the coordination of complex articulation (Baldo et al., 2011).

Thus several different levels of speech processing could potentially be involved in the
clinical symptoms of PNFA. Neuroimaging studies of this syndrome have, however,
revealed that the earliest site of atrophy is commonly found in the inferior frontal
gyrus and the anterior insula (Gorno-Tempini et al., 2004).

4.4.2.3 Semantic dementia

A key symptom in SD is the peculiar loss of factual knowledge and word meaning
(Neary et al., 1998). This has been related to pathology of the anterior temporal lobe,
which often, but not always, is more predominant on the left side (Seeley et al., 2005).

Several theories have been proposed about the functionality of the anterior temporal
lobe for retention and recall of semantic knowledge. Earlier studies suggest that this
region may serve as a “hub” connecting sensory-specific and semantic associations
(McClelland and Rogers, 2003; Patterson et al., 2007). The symptoms of SD could be
interpreted as support for this hypothesis (Seeley et al., 2005).

A recent finding, however, suggests that a “semantic hub”” may be located posterior to
the temporal pole, possibly in the left anterior fusiform gyrus (Skipper et al., 2011).
Evidence for this hypothesis was found in one fMRI study in which participants
performed semantic memory tasks. Peak activations were found in the anterior-medial
fusiform gyrus (Binney et al., 2010).

In light of these new findings the interpretation of the relationship between atrophy and
clinical symptoms in SD could potentially be reevaluated. Previous studies suggest that
while atrophy may start on side of the anterior temporal lobe it will later progress to the
same region on the contralateral side (Seeley et al., 2005). A recent study found that
lesions in either the left or right anterior temporal pole did usually not produce the
symptoms of SD, which suggests that bilateral temporal lobe damage is normally
required to generate a clinically notable disruption to conceptual knowledge (Lambon
Ralph et al., 2010).

I suggest that another way of interpreting this may be that if atrophy has progressed to
the contralateral temporal pole, it may also have spread posteriorly in the ipsilateral
hemisphere, thus involving the anterior fusiform gyrus (the potential location of the
“semantic hub”).

Evidence that the progression of atrophy in SD may occur in this manner has been
presented in a previous study (Seeley et al., 2005), as well as in results presented by us.

20



In study I of this thesis we investigated 13 SD patients. A separate analysis revealed
that 4 of these patients had more atrophy in the right than left temporal lobe, while 9
had more atrophy in the left than right temporal lobe. If the SD group is divided into
SDL (SD patients with predominantly left side atrophy) and SDR (SD patients with
predominantly right side atrophy), statistical analysis reveals that there is no significant
difference between SDL and SDR in volume of the right temporal pole. However there
is a significant difference between groups in the volume of the right anterior
hippocampus (see figure 8). This might be interpreted as follows. At initial stages the
anterior temporal lobe becomes atrophic either on the left or on the right side in SD. As
the disease develops the contralateral temporal lobe (that was initially spared) also
becomes atrophic. At the same time atrophy progresses more to the posterior in the
temporal lobe that first displayed volume loss, which would make the right anterior
hippocampus more affected in patients that first had atrophy in the right temporal pole
than in patients that first had atrophy in the left temporal pole.

These results could potentially support my interpretation that if atrophy has reached
more posteriorly in the left temporal lobe it is also very likely that is has progressed to
the right temporal pole. If atrophy develops in this manner it could account for the
recent finding, discussed above, that bilateral anterior temporal atrophy is needed to
produce the symptom of SD.
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Figure 8

The volume divided by intracranial volume normalized as z-scores of the right temporal pole and the
right anterior hippocampus in SD patients with predominantly right side (Right-side SD) and
predominantly left side (Left-side SD) atrophy. The volume of the right anterior hippocampus was
significantly smaller in right-side SD than in left-side SD, but there was no significant difference between

these subgroups in the right temporal pole (data presented at the International School of Neuroanatomy in
Sicily, 2011).
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Another symptom in SD is deficits in social comprehension (Shany-Ur and Rankin,
2011). This may support recent findings which suggest that the temporal pole is
involved in the processing of social knowledge (Skipper et al., 2011).

4.5 CONNECTIVITY AND PROGRESSION OF ATROPHY IN DEMENTIA

Above some central and early sites of atrophy in AD and the subtypes of FTLD are
discussed. An interesting finding is that the anatomical connections of the early sites of
atrophy may partly determine how atrophy progresses in dementia. It is proposed that
regions that become affected later in a neurodegenerative disease have anatomical
connections with regions that are affected early (De Lacoste and White, 1993; Pearson
et al., 1985; Seeley et al., 2009).

The underlying mechanism for this has been suggested to be that molecular pathologies
such as B-amyloid, tau, a-synuclein and TDP-43 progress through specific anatomical
connections or brain networks (Ronnback et al., 2011; Seeley et al., 2009). In
volumetric studies, progression of molecular pathologies in neurodegenerative diseases
has been demonstrated by showing that regions that become atrophic later during the
course of a neurodegenerative disease bear known anatomical connections with regions
that become atrophic early (Seeley et al., 2009). Interestingly, an opposite effect may
also cause atrophy between two anatomically connected regions. In early studies on the
connectivity of the sensory systems of the brain, Jonas and Powell (1970) have shown
that if a lesion is induced in one area within one sensory system, degeneration is
produced in the areas that have close anatomical connections with the damaged area. In
this case the neurodegeneration is not caused by a progression of pathological
molecules but rather by other mechanisms such as the degeneration of axons.

An interesting phenomenon in patients with SD is that they present with severe
temporal but limited or no frontal atrophy (Lindberg et al., 2009). A potential method
to investigate pathological progression of atrophy could thus be to investigate what
parts of the frontal lobe that have the closest connections with the severely atrophic
temporal lobes.

The hippocampus, which shows severe atrophy in SD (see study I & III), has
unidirectional anatomical projections to the ventromedial and in particularly the
subcallosal ventromedial prefrontal cortex (SMPC) (Barbas and Blatt, 1995; Kahn et
al., 2008). SMPC belongs to the medial frontal network that is discussed in section
3.1.4 and displayed in figure 5.

Apart from the connections with the temporal lobe and hippocampus the SMPC also
has connections with many regions of the frontal cortex (for example areas within the
orbitofrontal cortex).

Because of its anatomical connections to both frontal and temporal regions that become
pathological early in FTLD it could be hypothesized that the SMPC will become
atrophic in all variants of this syndrome. In figure 9 we have investigated the
correlation between the total volume (left side + right side) of the SMPC, the total
volume of the orbitofrontal cortex and the total volume of the hippocampus in SD and
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FTD in patients included in study III (for volumetric protocol of the SMPC see
appendix).

The figure reveals that the total volume of the SMPC is correlated with the total volume
of the orbitofrontal cortex in FTD, while it is correlated with the total volume of the
hippocampus in SD. This could potentially reflect a progression from initial temporal
atrophy in SD.
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Figure 9

The correlation between the total volume of the subcallosal ventromedial prefrontal cortex, the total
volume of the orbitofrontal cortex and the total volume of the hippocampus in SD and FTD (unpublished
data. For description of included patients see study III).

Interestingly the strength of the anatomical connections may determine how fast
atrophy spreads from one region to another. The SMPC is potentially the frontal region
that receives the strongest projections from the anterior temporal lobe, although some
parts of the orbitofrontal cortex also receive anterior temporal projections (Ongur and
Price, 2000). The dorsolateral prefrontal cortex on the other hand is at multisynaptic
distance from the anterior temporal lobe. In figure 10A we see that this is directly
reflected in the degree of atrophy of the frontal regions in SD. Thus SMPC displays
significant volume loss compared to controls, the orbitofrontal cortex displays some
volume loss while the dorsolateral prefrontal cortex has no volume loss. Figure 10B
shows measurements of the same regions in AD. As in SD we find volume loss in
temporal regions, the SMPC and the OFC. However, the AD patients have on the
whole much milder degrees of atrophy than the SD patients. Thus only the temporal
regions display significant volume loss compared to controls. The pattern of volume
loss is however almost identical to the pattern found in SD, which may indicate that
volume loss in the SMPC will become significant as temporal atrophy increases during
the progression of the disease.
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Volume as ratio compared to controls

Volumes as ratio compared to controls

Figure 10
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Volume loss in SD (A) and AD (B) compared to controls. The X-axis denotes measured regions. The Y-
axis denotes the volume as the ratio compared to the volume of the controls (set to 1). The measured
volumes are the entorhinal cortex (EC), the hippocampus (HC), the subcallosal ventromedial prefrontal
cortex (SMPC), the orbitofrontal cortex (OFC) and the dorsolateral prefrontal cortex (DLPC). R: right, L:
left. *: p<0.01 (unpublished data. For description of included patients see study III).
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5 AIMS

5.1 AIM OF STUDY |

Patients with a neurodegenerative disease are primarily affected in specific brain
networks, which is commonly reflected in a characteristic regional pattern of atrophy.
Such network-specific atrophy patterns are furthermore generally correlated with a
characteristic cluster of clinical symptoms. The aim of study I was to investigate the
relationship between clinical symptoms and atrophy of the brain in subtypes of
clinically diagnosed patients with frontotemporal lobar degeneration (FTLD).

5.2 AIM OF STUDY II

The aim of study II was to compare volumetric data on frontal lobe gyri acquired by
manual tracing with data acquired by voxel-based morphometry (VBM).

The manual method uses sulci as landmarks for the gyri that are measured, while VBM
uses templates to obtain data for the same gyri. Recent studies have shown that the
relationship between cell structure and gross-morphology of the frontal lobe is weak.
We therefore hypothesized that a template-based approach may be more rewarding in
frontal regions than a manual method since the gross-morphological appearance of
sulci may cause variance in volumetric data that is not related to an underlying
cytoarchitectonic or functional region.

5.3 AIM OF STUDY Il

The aim of study III was to compare the pattern of cortical atrophy in frontal and
temporal regions with the pattern of hippocampal atrophic deformation in patients with
FTLD and AD compared to controls.

5.4 AIM OF STUDY IV

Previous studies have shown that cortical regions of the frontal lobe may be particularly
vulnerable to age-related processes; however data has been contradictory regarding the
anterior part of the cingulate gyrus. The aim of study IV was to investigate age-related
volume loss in the dorsal part of anterior cingulate gyrus in 505 normal elderly
participants 60-97 years of age.
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6 MATERIAL AND METHODS

6.1 SUBJECTS

6.1.1 Cohortl

Cohort I included healthy controls and patients with AD and FTLD. Participants were
recruited retrospectively from the memory clinic at the Karolinska University Hospital
Huddinge, Stockholm, Sweden. All participants went through the standard
investigation procedure at the memory clinic (Andersson, 2007). Laboratory
investigations for all subjects were done on blood, CSF and urine (including vitamin
B12 measures, folic acid levels and thyroid function). Clinical diagnoses were
determined at a multidisciplinary consensus conference with physicians,
neuropsychologists, speech-language pathologists and nurses. FTLD syndromes were
diagnosed according to international consensus criteria (Neary, et al., 1998). Patients
with FTLD and AD at different stages of the disease were included. Diagnoses of AD
were based on criteria of the International Classification of Diseases, Tenth Revision
(ICD-10; World Health Organization., 1992).

The control group (CTL) was comprised of individuals referred to the memory clinic
because of mild subjective forgetfulness in everyday life. Objective cognitive
impairment was ruled out through comprehensive neuropsychological assessment
(impairment was defined as performance 1.5 standard deviation unit below the age-
normal mean on any cognitive test) (Wahlund et al., 2003). 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 a 2-year follow-up. Background data included age at scanning, Mini-
Mental State Examination (MMSE) score (Folstein, et al., 1975) and intracranial
volume. Illness duration was also investigated by calculating the number of
months/years between first indications of symptoms (in medical records) and the MRI
investigation. A non-parametric Kruskal-Wallis ANOVA with a Mann-Whitney U test
as post hoc was used for investigating differences in illness duration, age at scanning
and MMSE scores.
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6.1.2 Cohort 11

Participants
The subjects included in the present MRI study are part of an epidemiological sample

of 3363 people aged 60 years or older, participating in the Swedish National study on
Aging and Care in Kungsholmen (SNAC-K). This is a longitudinal, multidisciplinary
study on aging and health, initiated in 2001. SNAC-K was designed to detect the
influence of lifetime genetic, environmental and biological factors on medical,
psychological and social health in late adulthood. The SNAC-K population was
stratified by age. Within each of the eleven pre-specified age cohorts (60, 66, 72, 78,
81, 84, 87, 90, 93, 96, 99+), persons were randomly selected to take part in the baseline
examination. The baseline data collection includes information on present status and
past events. The information has been collected through interviews, -clinical
examinations, and testing. The baseline data collection was completed in June 2004 and
the follow-up data collection is ongoing. A subsample of 555 subjects was randomly
selected from all non-institutionalized and non-disabled participants to undergo an MRI
examination. On average, these 555 subjects were slightly younger, more educated and
cognitively advantaged compared to the remaining sample. Subjects with severe
cerebral diseases that directly affect the brain were excluded. Thus participants were
excluded if they had: 1) Substantial degeneration or damage to the white matter (which
in some cases could have been caused by stroke), 2) brain tumor, 3) alcohol addiction,
4) bipolar disorder, 5) Parkinson’s disease, 6) epilepsy, or 7) a mini mental state
examination (MMSE (Folstein et al., 1975)) score below 25.

After quality assessment of the baseline MRI images, 505 subjects (aged 60-97 years
old; 300 females and 205 males) were finally included in this MRI study. Due to small
sample sizes in the groups 81, 84, 87 and 87+ years of age, these four groups were
combined into two groups: persons aged 81-84 years into “83” and persons above 86
years of age into “90”. Thus, a total of six age groups (60, 66, 72, 78, 83, and 90 years)
were used in the study.

Volumetric data of the HC and the ACC were acquired for 505 subjects, while the OFC
was measured only for a subsample (n=124) evenly distributed between the age groups.
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6.1.3 Subjects in study I-IV

Clinical data of participants from cohort I included in:

Study I
Control FTD SD PNFA
N 27 12 13 9
Sex (M:W) 7:20 3:10 5:9 3:6
Age (y) 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 duration (y) - 1.7 (0.3-3.4) 3.9(1.3-7.7)&  3.6(0.1-8.1)

FTD: frontotemporal dementia, SD: semantic dementia, PNFA: progressive nonfluent
aphasia, M: men, W: women, MMSE: minimental state exame, , +, #, & Kruskal-
Wallis test, + = p<0.01 compared to controls, # = p<0.05 compared to controls, & =
p<0.01 compared to FTD.

Study I

DACC RACC HC DLPC MMSE AGE
AD 20 20 20 20 23 62
Controls 30 24 42 28 29 62
FTD 12 12 12 12 21 59
SD 12 12 12 12 23 64

The table includes number of subjects included for each regional comparison.

DACC: dorsal anterior cingulate, RACC: rostral anterior cingulate, HC: hippocampus,
DLPC: dorsolateral prefrontal cortex, MMSE: minimental state exam, AD:
Alzheimer’s disease, FTD: frontotemporal dementia, SD: semantic dementia, AGE:
mean age at scan.

Study II1
Group Ageatscan Illness duration MMSE N MF ICV
CTL 63(53-78) 29(25-30) 21 7/14 1408(1116-1673)

AD  64(50-75) 2.5(0.6-5.1) 22(7-29)* 19 8/12 1384(1130-1648)
PNFA 65(57-78) 3.6(0.1-8.1) 17(0-28)* 9 3/6 1373(1296-1542)
SD  64(52-77) 3.9(1.3-7.7) 23(5-29)* 13 5/8  1440(1204-1682)
FTD  60(42-72) 1.7(0.3-3.4) 21(10-30)* 13 4/9 1421(1138-1635)

CTL: controls. AD: Alzheimer’s disease, FTD: Frontotemporal dementia, PNFA: Progressive nonfluent
aphasia, SD: Semantic dementia, Mean (min-max) of: Age at scan, Illness duration, MMSE: mini-mental
state examination, ICV: intracranial volume N: number of subjects. M/F: the number of males/females
included in the study. * = significantly different from controls in Kruskal-Wallis ANOVA with a Mann-
Whitney U-test post-hoc
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Cohort 11

Participants from the cohort included in study IV

Demographic characteristics of the whole sample of 505 subjects

Main group

Female (n = 300) Male (n = 205)
Variable Mean (SD) Mean (SD)
Age (years) 71.7 (8.9) 70.7(9.1)
Education (years)*** 11.9 (3.8) 13.5(4.3)
ICV 1402.72 (105.32) 1612 (130.31)

3

(Cm )***
Total ACC (cm) 2.35 (0.55) 2.31(0.57)
(cm)

There are gender differences within groups for variables marked with asterisks. *** p <.001 ACC:
anterior cingulate HC: hippocampus, ICV: intracranial volume.

Demographic characteristics of the subsample of 124 subjects

Female (n = 66) Male (n = 58)

Variable Mean (SD) Mean (SD)
Age (years) 75.1 (10.4) 74.6 (9.8)
Education (years)*** 11.6 (3.9) 139 (4.2)
ICcvV 1402.34 (108.17) 1592.56 (107.72)

3
(Cm )***
Total OFC (cm )*** 24.12 (2.96) 2643 (3.41)

There are gender differences within groups for variables marked with asterisks. *** p <.001, OFC:
orbitofrontal cortex. ICV: intracranial volume.
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Number of included subjects divided into age groups

AGE OFC |HC & ACC
W MW M

60 13, 10 | 74,65

66 10, 12| 67, 47

72 9, 9 |[53,27

78 10, 8143, 28

83 13,11 |45, 25

90 11, 8 [ 18, 13

Number of included subjects divided into age groups in the measured regions. M: men, W: women,

OFC: orbitofrontal cortex, HC: hippocampus, ACC: anterior cingulate cortex.

6.2 PROCEDURES

6.2.1 Image acquisition

6.2.1.1 Study I, Il and 111

T1-weighted MRI scans were acquired on a 1.5 T Siemens Magnetom Vision Plus
scanner (Siemens Medical Systems, Erlangen, Germany). A three-dimensional
magnetization-prepared rapid gradient echo (3D-MPRAGE) 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-slices with 512 % 144 matrix and 230-mm FOV.

6.2.1.2 Study IV

MRI scanning was undertaken on a 1.5T scanner (Philips Intera, Netherlands). 3D FFE
(fast field echo) T1, axial SE (spin echo) PD/T2, axial FLAIR (fluid-attenuated
inversion recovery) and axial DTI (diffusion tensor imaging) were acquired. In this
study, the 3D FFE T1 images (TR =15ms, TE = 7ms, Flip angle = 5¢, number of slices
= 128, thickness = 1.5mm, FOV = 240, matrix = 256x256) were used for volumetry.

6.2.2 Preprocessing, parcellation and volumetric measurements

6.2.2.1 Alignment

Images were aligned in the axial plane along a line drawn between the anterior and
posterior (AC-PC) commissures for tracing of regions of interest, except for the
entorhinal cortex and hippocampus in study I which was traced perpendicularly to the
long axis of the left hippocampus on contiguous coronal slices.
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6.2.2.2 Parcellation

The software MRIcro (Version 1.37; Roden and Brett, 2000) was used for parcellation
of the cortex. When using this software, an image can be viewed in horizontal, sagittal
and coronal directions simultaneously with a reconstruction of the surface of the brain.
By putting a synchronized crossbar on a particular position of the surface or on any of
the three orientations of the MR image, the crossbar simultaneously shows the same
position in the other directions and on the surface.

6.2.2.3 Measurements

Actual measurements on contiguous coronal slices were performed on the HERMES
MultiModality software package (Nuclear Diagnostics, Stockholm, Sweden).
Intracranial volume was measured by stereology point-counting technique (Howard et
al., 2003).

6.2.2.4 Rules for delineation

6.2.2.4.1 StudyI

Established protocols were used for parcellation of the cortical regions as follows:
Intracranial volume (Eritaia et al., 2000), prefrontal cortex and insula (Crespo-Facorro
et al., 2000), temporal pole (Galton et al., 2001), entorhinal cortex (Goncharova et al.,
2001), hippocampus (Jack, 1994), and anterior cingulate gyrus (McCormick et al.,
2006). For the posterior border of dorsal anterior cingulate gyrus, however, we
followed rules proposed by (Fornito et al., 2006) and stopped tracing one slice after the
disappearance of the anterior commissure moving from anterior to posterior on coronal
slices.

6.2.2.4.2 Study Il

Manual and template-based volumetric data was obtained for five brain regions: the
dorsolateral prefrontal cortex (DLPC), the rostral and dorsal part of the anterior
cingulate gyrus (rostral ACC, dorsal ACC), the orbitofrontal cortex (OFC) and the
hippocampus (HC). The manual parcellation method which relied on indirect
landmarks of sulci and gyri was done following rules proposed by Suzuki et al. (2005)
for the DLPC and McCormick et al., 2006; for the cingulate cortex). In brief, the
medial border of the DLPC was the cingulate sulcus, the lateral border the inferior
frontal gyrus, the posterior border the precentral sulcus and the anterior border the
frontomarginal sulcus. Borders for the cingulate cortex were the cingulate and the
callosal sulcus. The posterior border of the rostral anterior cingulate was the one slice
anterior to the position where the forceps minor of corpus callosum first connects the
two hemispheres. For the posterior border of the dorsal anterior cingulate we followed
rules proposed by Fornito et al (2006) finishing one coronal slice posterior to the
anterior commissure. For the tracing of the orbitofrontal cortex we followed rules
proposed by Crespo-Facorro et al (2000). In coronal view the medial border at the most
anterior end was the superior rostral sulcus. When the olfactory sulcus became visible it
was used as the medial border. The lateral border was to the anterior frontomarginal
sulcus, at the centre the lateral orbital sulcus and at in the most posterior section the
orbitoinsular sulcus. Tracing ended when the medial orbitofrontal gyrus was no longer
visible moving from anterior to posterior (Crespo-Facorro et al., 2000).
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Manual measurement of the hippocampus was done following rules proposed by
Malykhin (Malykhin et al., 2007). The hippocampus was included as quality control of
the VBM methods. This region exhibits high reliability in manual tracing and relatively
small anatomical variability compared to cortical regions. The intracranial volume
(ICV) was obtained by using a stereologic point-counting technique comprising manual
tracing of the ICV on every fourth section, following landmarks proposed by Eritaia et
al. (2000).

Voxel-based morphometry (VBM)

Structural data was processed with FSL-VBM, a voxel-based morphometry style
analysis (Ashburner et al., 2000; Good et al., 2001b) carried out with FSL 4.1 tools
(Smith et al., 2004). The procedure used is as follows:

1) First, brain-extraction of T1 images was performed using BET (Smith, 2002).
In this step brain was extracted from surrounding tissue.

2) Next, tissue-type segmentation was carried out using FAST4.1 (Zhang et al.,
2001). This tool segments a 3D image of the brain into different tissue types
(Grey Matter, White Matter, CSF, etc.), whilst also correcting for spatial
intensity-variations.

3) The segmented grey-matter image was then aligned to MNI152 standard space
using the affine registration tool FLIRT (Jenkinson and Smith, 2001;
Jenkinson et al., 2002).

4) The resulting images were averaged to create a study-specific template (which
thus is an average image of all included subjects).

5) Native grey-matter images (for each individual subject) were then non-
linearly re-registered to the study specific template.

6) The registered segmented images were then smoothed with an isotropic
Gaussian kernel with a sigma of 2 mm.

7) Grey matter masks for parcellation of the investigated brain regions were
created by drawing on the study specific template (from step 4) generated by
the FSL program (Figure 2). The masks were drawn for the five regions
previously measured by manual tracing (Lindberg et al., 2009).

The regional masks were applied to the smoothed gray matter (sigma = 2 mm)

data of each subject with AFNI (open source software for neuroimaging data
analysis, NIH NIfTT) to obtain the mean density of gray matter (GM) in the
masked regions.

6.2.2.4.3 Study III

Volumetric analysis was performed using HERMES BMAP Morphy Display (Nuclear
Diagnostics AB, Stockholm, Sweden). The hippocampus was measured following rules
proposed by (Malykhin et al., 2007). Tracing was performed on coronal sections
perpendicular to a line drawn through the anterior-posterior commissure. This protocol
divides the hippocampus into hippocampal head (HH), body (HB) and tail (HT). The
most posterior part of the HH was defined as the first slice in which the uncal apex was
clearly visible. The superior border was the alveus, the uncal recess and the inferior
horn of the lateral ventricle. The medial border was the inferior horn of the lateral
ventricle or the white matter of the parahippocampal gyrus. Further to the anterior, the
superior border of the HH was the amygdala. The fimbria was included as the
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superomedial border of the HB. The white matter of the parahippocampal gyrus was
used to separate the subiculum from the entorhinal cortex by an imaginary line along
the HB to the quadrigeminal cistern. The lateral border was the inferior horn of the
lateral ventricle or the adjacent white matter. The superior medial border was the
quadrigeminal cistern. The anterior border of the HB was the last slice before the
appearance of the uncus. The anterior border of the HT was the slice in which the
fornix was seen in full profile, or was separated from the wall of the ventricle. As in the
HB, the fimbria was included but not the fornix. The white matter of the fornix defined
the superior and lateral border boundaries, and the white matter of the parahippocampal
gyrus the inferior border. The medial border was the CSF of the quadrigeminal cistern.

6.2.2.4.4 Study IV

The dorsal anterior cingulate was traced on coronal sections. Tracing began from the
anterior at the first slice in which the corpus callosum white matter connected the two
hemispheres. The posterior border was one slice after the putamen became visible in
coronal view. The cingulate sulcus was the superior border and the inferior border was
the deepest point of the callosal sulcus. For the definition of the cingulate sulcus we
followed rules proposed by (McCormick et al., 2006).

The orbitofrontal cortex was segmented following rules proposed in a previous study
(Crespo-Facorro et al., 2000). In brief they were as follows: Lateral borders were
frontomarginal sulcus at the anterior end, the lateral orbital sulcus at the intermediate
part and the orbital insular sulcus at the posterior part. Medial borders were the
olfactory sulcus more to the anterior (when the olfactory sulcus disappears) the superior
rostral sulcus on the medial wall of the frontal lobe became medial border.

6.2.3 Statistics

6.2.3.1 Study I

Analysis of variance

Significant differences between individual variables were also identified by one way
analysis of variance. Results were corrected for multiple comparisons by Bonferroni
correction (using Statistica, version 7.1, Statsoft, Inc. Tulsa, OK, USA). A p-value <
0.05 was considered significant. Every individual volume measurement of an
individual structure (Ving, struct) Was first normalized for intracranial volume by dividing
the volume of each individual’s structure (VLS) by the individual’s intracranial volume
(ICV):

VLS
Vind,struct = W (1)
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The discriminant analysis

The pattern of atrophy was investigated by partial least-square discriminant analysis
(PLS-DA), which is a supervised multivariate data analysis method that is part of the
SIMCA software (Umetrics AD, Umea, Sweden). The results from the PLS-DA
analysis were visualized by plotting two principal components of the model against
each other in a scatter plot. This plot illustrates the degree of separation accomplished
by the components. Each point in the scatter plot represents one patient. Each principal
component receives a Q” value that describes the statistical significance and the
predictive power of that component. A Q” 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 one individual out. The data from this individual is then introduced into the
model which results in a predictive value. The theoretically correct predictive value of
membership in group one = 1 and group two = 0. The cut-off value for the predictions
is 0.5. This means that all individuals with a predictive value > 0.5 are classified into
group one while individuals with a value less than 0.5 are classified into group two.
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 false negative 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 VIP (variable of importance) value. Values
>1 reflects that the structure is a factor involved above average in the separation of
groups.

6.2.3.2 Study II

Analysis of variance

Statistical analysis was performed with Statistica 10 (StatSoft, Inc., 2011). Volumetric
data were analyzed by one-way-analysis of variance with Tukey HSD post-hoc test. All
volumetric data were normalized by intracranial volume (ICV) by the formula volume
of region/intracranial volume. P values less than 0.05 were considered significant.

Consistency between methods

Consistency between the volume of region/intracranial volume (normalized as z-scores)
from the MM method was compared with grey matter density (normalized as z-scores)
by intra class correlation coefficients (ICC) (Shrout and Fleiss, 1979). Contrary to
traditional correlation that operates on paired observations ICC operates on data
structured as groups. ICC is traditionally used for investigating reliability of rater in
MM.

The theoretical formula for ICC is:

a?(b)

= T oZem 2)
a?(b) + o%(w)

ICC
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where ¢ %(w) is the pooled variance within subjects, and ¢ ?(b) is the variance of the
trait between subjects (Equation 2).

6.2.3.3 Study Il

Analysis of variance

Statistical analysis was performed with Statistica 10 (StatSoft, Inc., 2011). Volumetric
data were analyzed by one-way-analysis of variance with Tukey HSD post-hoc test. All
volumetric data were normalized by intracranial volume (ICV) using equation 1. P
values less than 0.05 were considered significant.

Shape analysis

Shape analysis was performed in an automated fashion using the University of North
Carolina shape analysis toolkit SPHARM (http://www.nitrc.org/projects/spharm-pdm).
The method has previously been described in greater detail in (Styner et al., 2006).
Segmented 3D binaries are initially processed to fill interior holes, ensure spherical
topology and perform minimal smoothing. These are then mapped into spherical
harmonic shape description (SPHARM-PDM), whereby the boundary surfaces of each
shape are mapped under area-preservation onto a spherical parametrization, followed
by describing the original surface locations via sets of coefficients weighting spherical
harmonic basis functions (Brechbuhler et al., 1995). The correspondence between
surfaces is established by parameter-based rotation, itself based on first-order expansion
of the spherical harmonics, and is then uniformly sampled into a set of 1002 surface
points. This surface is then aligned to a study-averaged template for each structure (left
and right hippocampus) using rigid-body Procrustes alignment (Bookstein, 1997), with
normalization for head size using an ICV based scaling factor f;, where

Icv

_ e 3
cv/? e

i

taken from (Styner et al., 2006). Here ICV is the mean ICV and ICV; is the individual
ICV value.

We then compute local non-parametric statistical tests that compares the local surface
coordinates for group mean differences at the 1002 surface locations in order to
compare shapes between groups (Levitt et al., 2009; Styner et al., 2006; Styner et al.,
2007). A local group difference metric between groups of surface coordinates is
derived from the Hotelling T? two-sample metric (Styner et al., 2006; Styner et al.,
2007). As the shape analysis involves computing 1002 hypothesis tests, one per surface
location, a correction for multiple testing is necessary, as an uncorrected analysis would
be overly optimistic.

The shape analysis uses permutation tests for the computation of raw uncorrected p-
values. A false discovery rate (FDR) correction (Genovese et al., 2002) is applied
instead of a Bonferroni-based multiple comparisons correction, resulting in a less
pessimistic control for type 1 errors and a less conservative estimate of false negatives
(Styner et al., 2004). Shape statistical analysis significance maps showing local
statistical p-values, raw and corrected for FDR, are generated. In the results only FDR
corrected data are shown. A global shape difference is computed, summarizing average

35



group differences across the surface. Shape statistical analysis also provides
visualizations of group test local effect size via mean difference magnitude
displacement, which display the magnitude of deflation (mm) between the same point
on the mean surface of group 1 and the mean surface of group 2, in a manner analogous
to a vector map.

6.2.3.4 Study IV

Statistical analysis was performed using Statistica 10 (StatSoft, Inc. 2011). The
volumetric data was analyzed by one-way-analysis and two-way analysis of variance
with a Bonferroni post-hoc test. All volumetric analysis were performed on data that
was normalized by intracranial volume (ICV) using equation 1.

Rate of volume loss between age groups
The volume loss in percent per year was calculated by comparing each individual
volume with the mean of the nearest younger age-group according to the expression

Vage,i—l - Vind,i (4)

Vl = =
088 Vage,i—l(Agei,ind - Agei—l)

where V|, 1s the percentual volume loss per year, Vage,i_l is the mean volume of the
next younger age group, V4 ; is the individual volume in the age group, A 9, ina is the actual
age of the individual and Age,_, is the age of the next younger age group.Thus every
individual volume at 66 was compared with the mean volume at 60, each individual at
72 with the mean at 66, at 78 with the mean of 72, at 83 with the mean of 78 and at 90
with the mean of 83. To calculate the deviation in percent per year, the results were
divided by the number of years between the mean (for instance 60) and the individual s
age (66) which in this example equals 6. So in the comparison between the mean of 60
with the individual volume at 66 the expression was as follows:

((Mean volume of the 60 group — individual volume at 66)/Mean volume of
the 60 group)/6

Finally the results of the described percentage calculations were combined into a
young (60 years to 72 years of age) and an old (78 to 97 years of age) age-group.

Correlation

Pearson’s correlation coefficient (7) was used to investigate the association between
regional volume and age. For testing differences in the magnitude of the correlations
Steiger’s Z test was used. This test takes into account the strength of the association
between the members of all relevant pairs of variables (Steiger, 1980). A prerequisite
for Steiger’s Z test is that the same subjects are included for all investigated regions.
Thus for this test only the 124 subjects that had data available for all regions were
included.
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6.2.4 Ethics

All studies were approved by the Regional Ethical Review Board in Stockholm. Study
[-1IT approved by (DNR: 2010/1817-31/2) and study IV by (DNR: 01-114).
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7 RESULTS AND DISCUSSION

71 PAPERI

7.1.1 Results

The main hypothesis in study I was that the very specific symptoms displayed by the
subtypes of FTD would correspond to distinct patterns of cortical atrophy. This
hypothesis was generally confirmed. Three patterns could be identified.

FTD patients, who showed changes in personality and social behaviour, generally
displayed more right-side frontal atrophy than other subtypes of FTLD. PNFA patients,
with a progressive loss of speech, often displayed a predominance of left side atrophy
both in frontal and temporal regions. Finally SD patients, with a progressive loss of
word meaning, displayed more severe atrophy in the temporal regions, in particular in
the anterior temporal lobe, than other subtypes of FTLD.

7.1.2 Discussion

The study of morphometric subclassification of patients with FTLD must, in retrospect,
be seen in a historical perspective. When this work began, to our knowledge, only one
study had investigated the pattern of cortical atrophy in all FTLD subtypes
simultaneously (Grossman et al., 2004).

After this study was published there has been explosion in this field of research and
hundreds of articles have been published on the volumetric characteristics of FTLD
(e.g. Boxer et al., 2011; DeJesus-Hernandez et al., 2011; Galantucci et al., 2011;
Gorno-Tempini et al., 2011; Kim et al., 2011; Rabinovici et al., 2008; Rabinovici and
Miller, 2010; Rankin et al., 2009; Seeley et al., 2009; Tartaglia et al., 2011; Whitwell
and Jack, 2005; Whitwell et al., 2011; Wilson et al., 2009; Wilson et al., 2010a; Wilson
et al., 2010b) for reviews see (Rabinovici and Miller, 2010; Whitwell and Jack, 2005).

Maybe one of the most important recent insights is that FTD and PNFA but not SD
patients may display the clinical symptoms of FTLD without having detectable atrophy
on a structural MRI scan (Davies et al., 2006; Kipps et al., 2007). In our case we did not
have any patients with normal appearance on the MRI scans, which thus may explain
the very high degree of specificity and sensitivity we found in the comparison between
the different variants of FTLD and in the comparison between FTLD patients and
control subjects.

7.1.3 Conclusions

In light of new evidence our previous conclusions could thus be modified as follows:
When an atrophic pattern is detectable in patients with FTLD, then this pattern is
generally characteristic for each FTLD subtype. This emphasizes that the clinical
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symptoms displayed in FTLD are related to pathology or atrophy of specific cortical
networks, which may be manifested in subtype-specific patterns of atrophy (Lindberg
et al., 2009).

7.2 PAPERII

7.2.1 Results

The main finding of study II was that there relatively good consistency between data
generated by manual tracing and data generated by voxel-based morphometry for the
orbitofrontal cortex, the dorsolateral prefrontal cortex and the hippocampus. For the
anterior cingulate cortex, however, the consistency between these methods was very
poor. Another important finding was that data on the anterior cingulate generated by
VBM was more consistent with findings in previous studies on the investigated
subtypes of dementia.

7.2.2 Discussion

Study I showed that each clinical subtype of FTLD generally displays a characteristic
pattern of atrophy which can be related to the specific symptoms of each subtype. From
a methodological point of view it could thus be said that the manual tracing method
generated volumetric data that successfully could describe these patterns.

One problematic aspect was, however, that while the manual method generated data
that could describe the large-scale pattern of atrophy for each subtype of FTLD, it was
not successful at all in describing regional pattern of atrophy in some individual cortical
regions. For example, previous studies have indicated that the anterior cingulate gyrus
may be more atrophic in FTD than in other subtypes of FTLD, and the inferior frontal
gyrus should according to literature be particularly atrophic in PNFA. This could not be
confirmed in study I.

Thus the fundamental question was why the manual method was successful in
describing atrophy in large cortical regions as well as in large scale patterns of atrophy
in a combination of cortical regions while the method was less sensitive for detecting
atrophy in small cortical regions.

A possible explanation for this discrepancy between VBM and manual tracing for small
cortical regions may be found in the results of a previous study that investigated the
reliability of cortical sulci and gyri as landmarks for cytoarchitectonic cortical areas
(Fischl et al., 2008). Interestingly this study found that while sulci were relatively
reliable landmarks for primary or unimodal cortical areas, they were highly unreliable
for multimodal areas of the cortex. A sulcus was on average found to deviate with up to
1 cm from cytoarchitectonic areas in some parts of the frontal lobe.

Thus the sulci- and gyri- based parcellation performed in study I may have been
reliable in describing the size of a cortical gyrus, while it was unreliable in predicting or
estimating the volume of cytoarchitectonic regions.
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We hypothesized that a template-based approach that does not consider the individual
appearance of sulci and gyri would perform better than manual tracing, when
comparing results with previous studies on the same variants of dementia.

The reason for this hypothesis was that while both manual tracing and VBM may be
equally poor in predicting cytoarchitecture, the manual method will add further
variance in the volumetric data caused by the by anatomical variability of sulci and

gyri.

We furthermore hypothesized that the effect of the morphological variability of sulci
and gyri would be related to the size of the region investigated. If we assume that sulci
would do equally poorly in predicting the location of any multimodal frontal lobe
region, then a mean deviation around 1 cm from cytoarchitecture may be a reasonable
estimation (Fischl et al., 2008). The relative effect of anatomical variability would thus,
in percent, be much larger for a small cortical region than a large.

The results of study II confirmed these two hypotheses. VBM thus produced data on
the anterior cingulate that was more in line with the findings of previous studies.

The results from VBM were furthermore much more consistent with the results from
manual tracing in large cortical regions than in the small subparts of anterior cingulate.

7.2.3 Conclusions

These results of study II suggest that manual tracing following the individual anatomy
of sulci and gyri may be problematic in small multimodal regions of the frontal lobe.
In such cases, a template-based approach may be more rewarding as it does not add
further unrelated variance (caused by variation in gyral size) to volumetric results.

7.3 PAPERIII

7.3.1 Results

The results of study III indicated that, in line with what was previously shown for
cortical regions, the hippocampus has a specific pattern of atrophic deformation in each
subtype of FTLD and that these patterns are partly different from the atrophic
deformation found in AD. AD displayed proportionally more atrophic deformation of
the hippocampal body, while FTLD had more or equal amount of atrophy in the
hippocampal head.

The local shape deformation of the hippocampus was interpreted using an anatomical
atlas as a reference (Duvernoy, 2005). Based on a comparison of the location of
deformation with the anatomical atlas we estimated which hippocampal subfields that
that may be the most affected in FTLD and AD. The location of the deformation of
hippocampus both in FTLD as well as in AD indicated that subiculum as well as cornu
ammonis 1 (CA1) may be particularly vulnerable hippocampal subfields in both
variants of dementia.
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7.3.2 Discussion

Study III has shown that the subtypes of FTLD have three different patterns of
deformation in the hippocampus which also are different from the deformation seen in
AD. This could be discussed from three perspectives:

1. Inrelation to cortical atrophy.

2. Inrelation to the clinical symptoms displayed by each subtype of dementia.

3. Inrelation to the potential pathology that that is causing the neurodegenerative
disease.

7.3.2.1 The atrophic deformation of hippocampus in relation to the pattern of
atrophy in cortical regions

Study I showed that each subtype of FTLD had a characteristic pattern of cortical
atrophy. We also found some common characteristics in the FTLD subtypes, such as
the anterior parts of cortical regions often being more atrophic than the posterior parts.
Thus were the anterior frontal and temporal lobes more atrophic than the posterior parts
of these lobes in both FTD and in PNFA, while only the temporal lobe displayed this
pattern in SD. As in the cortex, all the FTLD subtypes were proportionally more
affected in the anterior than the posterior part of the hippocampus. AD was on the other
hand more affected in the middle part of the structure (the hippocampal body).

Figure 11 displays the shape differences between SD and AD in the left hippocampus.
The 3D image illustrates the hippocampus from above.

Lateral Medial

Anterior

Figure 11

The statistical shape maps display the significance of local deformations (SD<AD).

Warmer colors on the structure refer to smaller P-values (less than 0.05). Blue color corresponds to P-
values above 0.05. Displacements are illustrated by the small arrows on the hippocampal surface

(unpublished results).
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7.3.2.2 Hippocampal deformation in relation to clinical symptoms

As this study did not involve any formal behavioral test, comments about the relevance
of the distribution of hippocampal atrophy for emotional behavior are admittedly
speculative, yet does indicate possibilities for further research. It can be noted that
particularly FTD and SD displayed proportionally more anterior atrophy than PNFA
and AD. As discussed in the introduction, the anterior parts of hippocampus are
associated with emotional processing (Fanselow and Dong, 2010). It is interesting to
note that the international consensus criteria for FTLD describe alteration in emotional
behavior both in SD (“loss of sympathy and empathy”) and FTD (“decline in social
interpersonal conduct”), while PNFA is defined by having “early preservation of social
skills” (Neary et al., 1998). Furthermore, the DSM-IV-R does not include emotional or
social dysfunction as diagnostic criteria for AD (American Psychiatric Association,
2000). Thus the two dementia types that displayed largest anterior hippocampal atrophy
in this study have been described as developing emotional and social dysfunctions.
Whether the anterior hippocampus by itself may be relevant for these changes cannot,
however, be investigated in our data. Atrophy of this region could for example also be
an indirect indicator of a more general atrophy of the anterior temporal lobe (including
the amygdala and the temporal pole).

In previous studies on the frontal and temporal cortex it has been shown that patients
that display atrophy on the right side are more prone to display behavioral dysfunctions
than patients with atrophy on the left side (Miller et al., 1993; Rosen et al., 2005;
Seeley et al., 2005).

Our study found more involvement of the posterior part of hippocampus in AD, which
potentially could affect the hippocampal memory system, while we found more
involvement of the right anterior hippocampus in FTD and SD, which thus could affect
the cortical system that is responsible for regulating emotions. In figure 12 we compare
the degree of atrophy in the hippocampal head with the degree of atrophy in the
hippocampal tail. Note that both FTD and SD have proportionally more atrophy in the
hippocampal head than in the tail, while AD have approximately the same degree of
atrophy in the head and the tail.
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Figure 12
Relative degree of atrophy in the most anterior part (the head) and most posterior part (the tail) of left and
right hippocampus. The Y-axix shows the volume of the subparts presented as ratio (volume of

structure/intracranial volume) normalized as z-scores.
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7.3.2.3  Atrophy in relation to pathology

While each subtype of dementia displayed a partly unique pattern of hippocampal
deformation, we also found more similarities between some variants of dementia than
between others. The most striking similarity was found between patients with AD and
PNFA. A previous study has shown that a substantial number of patients that display
the symptoms of PNFA may at postmortem be classified as AD (Alladi et al., 2007).
This could thus potentially explain the similarity between AD and PNFA in the
deformation of hippocampus.

7.3.3 Conclusions

This study suggests that both the FTLD subtypes and AD are most vulnerable to
atrophy in CA1 and the subiculum. In contrast to FTLD, AD displayed proportionally
more atrophy of the HB than the HH. FTD only displayed atrophy in the HH, while SD
displayed atrophy of the whole hippocampus. There was some resemblance in the
pattern of hippocampal deformation between AD and PNFA. This may potentially
reflect the fact that patients with the clinical diagnosis of PNFA more often display AD
pathology than other FTLD subtypes.

7.4 PAPERIV

7.4.1 Results

Anterior cingulate gyrus

The main finding of study IV was that the dorsal part of the anterior cingulate gyrus
displayed very limited age-related volume loss. Only women at 90 years of age had
significantly smaller volume than 60-year-old women. No difference between age
groups was found in men. In a previous study we have shown that the hippocampal
formation was relatively unaffected by age-related volume loss until the age of 72.
After the age of 72 there was a relatively fast decrease of volume in this region (Zhang
etal., 2010).

7.4.2 Discussion

The relative preservation of the dorsal anterior cingulate is consistent with the “last in
(last to mature), first out (first to show age-related volume loss) hypothesis”. The
anterior cingulate has been shown to mature earlier than the prefrontal cortex (Casey et
al., 2005; Westlye et al., 2010b). One study suggests that the prefrontal cortex displays
largest age-related volume loss in the age of 30-60, while volume loss in unimodal and
paralimbic regions may occur later in old age. We found more age-related volume loss
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in both the hippocampus and in the anterior cingulate after age 72. However when we
compared the young (60-72 years) with the old (78-97 years) participants, the
correlation between regional volume and age was significantly higher in the old interval
in the hippocampus but not in the anterior cingulate. This thus indicates that the anterior
cingulate may be remarkably preserved both in comparison with regions of the
prefrontal cortex as well as in comparison with another limbic region.

7.4.3 Conclusions

This study demonstrates that the grey matter of the dorsal anterior cingulate cortex may
be selectively preserved at old and very old age, both in comparison to another region
of the limbic system, and to another region in the frontal lobe. Age-related shrinkage
may thus differentially affect regions of the frontal lobe as well as regions within the
limbic system.
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8 GENERAL CONCLUSION OF THE THESIS

The four studies of this thesis have shown that regional volume loss in the brain is
generally more pronounced in a degenerative disease, such as FTLD or AD, than in
normal age-matched elderly subjects. We have further shown that pathological loss of
volume commonly affects specific brain networks depending on what type or subtype
of degenerative disease the patient is suffering from. We found that this network-
specific neurodegeneration of cortical and sub-cortical brain regions often is reflected
in characteristic clusters of clinical symptoms.

A problem in cortical volumetric studies is that the size of a single gyrus may not
reflect the size of an underlying functional or cyto-architectonic area. We have shown
that the calculation of the mean amount of cortical grey matter in the estimated location
of a cortical region, such as the anterior cingulate gyrus, may be more sensitive to
pathological volume loss than the actual volume of the same gyrus.

Finally this study has demonstrated that normal aging is associated with volume loss of
cortical regions in the frontal lobe. As previously shown we furthermore confirm that
volume loss is more severe in prefrontal regions, such as the orbitofrontal cortex, than
in limbic regions such as the anterior cingulate gyrus.
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11 APPENDIX

11.1 CLINICAL SYMPTOMS

Alexia: A general term for acquired reading disorders due to brain damage.

Apraxia of Speech: (AOS) is a motor speech disorder affecting an individual's ability
to execute coordinated articulatory movements in the absence of muscular weakness. It
is characterized especially by sound substitution errors, most often in phonetically
complex words, by irregular articulatory breakdowns, articulatory “groping” and
distortion of individual speech sounds. Like other apraxias, it only affects volitional
movement patterns, and overlearned or “automatic” speech sequences may be uttered
fluently. Apraxia of speech exists in developmental and acquired forms, the latter of
which is common in stroke patients; it may also be an early and prominent symptom of
progressive nonfluent aphasia.

Comportment: the manner in which one behaves or conducts oneself.

nmn

Prosopagnosia (Greek: "prosopon" = "face", "agnosia" = "not knowing") is a disorder
of face perception where the ability to recognize faces is impaired, while the ability to
recognize other objects may be relatively intact. One specific brain area that has been
associated with prosopagnosia is the fusiform gyrus. Prosopagnosia may be an early
(and?)prominent sign of semantic dementia.

_n

Associative agnosia: A disorder of perception characterised by impaired recognition
of physical objects despite preserved ability to apprehend their shape, as evidenced by
e.g. copy drawing. It is considered a sign of semantic dementia but may occur in
various brain lesions as a modality-specific deficit.

Surface alexia: A reading disorder characterized by impaired pronunciation of words
with atypical sound-spelling correspondences often resulting in “phonetic” readings. In
contrast, pseudowords such as wug and words with typical sound-spelling
correspondences are read appropriately. Surface alexia occurs with various brain
lesions but is characteristic of semantic dementia.

Agraphia: a loss of the ability to write or to express thoughts in writing because of a
brain lesion. http://www.thefreedictionary.com/agraphia.

Surface agraphia (also lexical agraphia or orthographic agraphia): A writing
disorder characterized by impaired spelling of words with atypical spelling-sound
correspondences often resulting in “phonetic” spellings. In contrast, pseudowords such
as wug and words with typical spelling-sound correspondences are spelled
appropriately. Surface agraphia occurs with various brain lesions but is characteristic of
semantic dementia.
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11.2 VOLUMETRIC PROTOCOLS FOR UNPUBLISHED DATA

The subcallosal medial prefrontal cortex was traced in coronal orientation. Anterior
border was the first slice in which the callosal white matter connects the two
hemispheres and the posterior border was the last slice in which the inferior part of
corpus callosum could be visualized. Between these landmarks all grey matter on the
ventromedial surface was included. Intraclass correlation coefficient (ICC) was
calculated to estimate the reliability of measurements. ICC was estimated on two
occasions on 10 repeated measurements and was on both occasions above 0.91.
Tracings of other frontal regions were done following Suzuki et al (Suzuki et al., 2005).
For dorsolateral prefrontal cortex we summarized the grey matter volume of the
superior frontal gyrus with grey matter volume of the middle frontal gyrus. ICC for
other cortical regions has been reported previously (Lindberg et al., 2009).
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