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SUMMARY

Neurodegenerative disorders are pathologically characterized by the deposition of abnormal proteins
in the brain. Itis likely that future treatment trials will target the underlying protein biochemistry and
it is therefore increasingly important to be able to distinguish between different pathologies during
life. The aim of this study was to determine whether rates of brain atrophy differ in neurodegenerative
dementias that vary by pathological diagnoses and characteristic protein biochemistry. Fifty-six
autopsied subjects were identified with a clinical diagnosis of dementia and two serial head MRI.
Subjects were subdivided based on pathological diagnoses into Alzheimer's disease (AD), dementia
with Lewy bodies (DLB), mixed AD/DLB, frontotemporal lobar degeneration with ubiquitin-only-
immunoreactive changes (FTLD-U), corticobasal degeneration (CBD) and progressive supranuclear
palsy (PSP). Twenty-five controls were matched by age, gender, and scan interval, to the study cohort.
The boundary-shift integral was used to calculate change over time in whole brain (BBSI) and
ventricular volume (VBSI). All BSI results were annualized by adjusting for scan interval. The rates
of whole brain atrophy and ventricular expansion were significantly increased compared to controls
in the AD, mixed AD/DLB, FTLD-U, CBD and PSP groups. However, atrophy rates in the DLB
group were not significantly different from control rates of atrophy. The largest rates of atrophy were
observed in the CBD group which had a BBSI of 2.3% and VVBSI of 16.2%. The CBD group had
significantly greater rates of BBSI and VBSI than the DLB, mixed AD/DLB, AD and PSP groups,
with a similar trend observed when compared to the FTLD-U group. The FTLD-U group showed
the next largest rates with a BBSI of 1.7% and VBSI of 9.6% which were both significantly greater
than the DLB group. There was no significant difference in the rates of atrophy between the AD,
mixed AD/DLB and PSP groups, which all showed similar rates of atrophy; BBSI of 1.1, 1.3 and
1.0% and VBSI of 8.3, 7.2 and 10.9% respectively. Rates of atrophy therefore differ according to
the pathological diagnoses and underlying protein biochemistry. While rates are unlikely to be useful
in differentiating AD from cases with mixed AD/DLB pathology, they demonstrate important
pathophysiological differences between DLB and those with mixed AD/DLB and AD pathology,
and between those with CBD and PSP pathology.
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INTRODUCTION

Neurodegenerative disorders are defined pathologically by the deposition of abnormal proteins
in the brain. The most common proteins are p-amyloid (Glenner and Wong, 1984), the
microtubule-associated protein tau (Goedert et al., 2001), the synaptic vesicle protein a-
synuclein (Spillantini et al., 1997), and the proteasomal protein ubiquitin (Hershko and
Ciechanover, 1998). The protein TDP-43 has also recently been reported in association with
ubiquitin inclusions however its specificity needs to be confirmed (Neumann et al., 2006). The
most common neurodegenerative disease is Alzheimer's disease (AD), which is characterized
by the presence of B-amyloid plaques and tau-positive neurofibrillary tangles (NFT) (NIA,
1997). Dementia with Lewy bodies (DLB) is the second most common neurodegenerative
dementia and is characterized by the presence of a-synuclein-positive Lewy Bodies (McKeith
et al., 2005; Spillantini et al., 1997). While AD and DLB account for the majority of cases of
dementia over the age of 65 frontotemporal lobar degeneration (FTLD) has been shown to be
as common as AD in subjects under the age of 65 (Ratnavalli et al., 2002). The pathologies
underlying FTLD are heterogeneous, however the most common variant, which accounts for
almost 60% of cases of FTLD in some series (Josephs et al., 2004a), is frontotemporal lobar
degeneration with ubiquitin-only-immunoreactive neuronal changes (FTLD-U). In FTLD-U
ubiquitin-positive inclusions are found in the frontotemporal cortices and the dentate cell layer
of the hippocampus (Josephs et al., 2006¢; McKhann et al., 2001). Other pathological variants
of FTLD are characterized by the presence of tau-positive inclusions. These include disorders
such as corticobasal degeneration (CBD), progressive supranuclear palsy (PSP) (Dickson,
1999), and Pick disease (PiD).

It is likely that future treatment trials will target the biochemistry underlying each of these
diseases and it is therefore increasingly important to be able to distinguish between these
different pathologies. In fact, a phase lla treatment trial aimed at reducing the burden of B-
amyloid was recently undertaken (Gilman et al., 2005). While there is a relatively good
correlation between the clinical and pathological diagnoses of AD, with 80-90% of
pathologically confirmed AD accurately diagnosed during life (Galasko et al., 1994),
misdiagnosis is common between cases with AD, DLB and those with mixed AD/DLB
pathology (Luisetal., 1999; McKeith etal., 2000; Merdes et al., 2003). In addition, the different
pathological subtypes of FTLD do not map neatly onto the various clinical syndromes of
frontotemporal dementia, making it difficult to predict pathology during life (Forman et al.,
2006; Hodges et al., 2004; Josephs et al., 2006a; Josephs et al., 2006¢; Kertesz et al., 2005).
Hence, there is a need for sensitive and specific biomarkers to aid in the differentiation of these
diseases.

Magnetic resonance imaging (MRI) has become increasingly important in the assessment of
brain atrophy in neurodegenerative diseases. The majority of studies have been cross-sectional
in design assessing patterns of whole brain and regional atrophy in subjects with dementia.
These studies have provided valuable information concerning patterns of atrophy in the
different neurodegenerative dementias (Barber et al., 1999; Burton et al., 2002; Jack et al.,
1992; Whitwell et al., 2006; Whitwell et al., 2005), but are limited both by the large degree of
inter-individual variability in brain morphology and by the fact that most studies assess
clinically defined subjects without pathological confirmation. Longitudinal studies allow the
assessment of brain changes over time in individual subjects using multiple serial MRI scans
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and therefore have the advantage of reducing the problem of inter-individual variation. They
can also provide information about the trajectory of the disease (Chan et al., 2003). Automated
registration and subtraction techniques have been developed that provide quick and
reproducible measurements of brain volume loss and ventricular expansion over time. One
such technique is the boundary shift integral (BSI) which calculates the integral change in the
brain/CSF boundary over the interior and exterior surfaces of the brain (Freeborough and Fox,
1997; Gunter et al., 2003). Rates of atrophy have been shown to be excellent biomarkers of
disease progression in clinical cohorts and are already routinely being used as outcome measure
in clinical trials (Fox et al., 2005; Jack et al., 2003).

The aim of this study was therefore to assess and compare the rates of whole brain atrophy and
ventricular expansion in pathologically confirmed subjects with AD, DLB, FTLD-U, CBD,
PSP and PiD.

The neuropathology files of the Mayo Clinic were used to identify all cases that had come to
autopsy and had been given a diagnosis of AD, DLB, FTLD-U, CBD, PSP, or PiD and that
had at least two volumetric head MRI scans of adequate quality for the BSI measurements.
Cases with mixed AD and DLB were also included. The pathological criteria used to define
these groups are outlined in detail below.

All subjects had been studied prospectively. The medical records of all cases were reviewed
by a behavioral neurologist (KAJ). In order to be included in the study all subjects had to fulfill
strict clinical criteria: all pathologically defined AD cases had to have fulfilled clinical criteria
for AD (McKhann et al., 1984) at the time of scan. All pathologically defined DLB cases had
to have fulfilled recent clinical criteria for dementia with Lewy Bodies (DLB) or Parkinson's
disease with dementia (McKeith et al., 2005) at the time of scan. The cases with mixed AD
and DLB pathology had to have fulfilled criteria for either AD or DLB at the time of the scans.
All FTLD-U, CBD, PSP and PiD cases must have fulfilled clinical criteria for one of the
disorders considered to lie under the frontotemporal dementia spectrum. These include
behavioral variant frontotemporal dementia, semantic dementia, progressive non-fluent
aphasia, PSP, corticobasal syndrome (Boeve et al., 2003), or apraxia of speech (Josephs et al.,
2006¢; Neary et al., 1998). Cognitive ability across groups was assessed using the Mini-Mental
Status Examination (MMSE) (Folstein et al., 1975) and the Clinical Dementia Rating scale
(CDR) (Hughes et al., 1982).

The baseline scan was selected as the first scan of adequate quality performed after each subject
fulfilled criteria for the clinical diagnoses described above. In most cases, repeat scans were
performed between one and two years later. Subjects were rejected if the scan interval was less
than six months or greater than four years. All MRI scans were visually assessed (JLW and
CRJ). Scans were rejected for poor quality (such as motion artifact) or the presence of other
pathologies (such as stroke, tumor or other structural lesion) that may influence either the
structural analysis or clinical presentation.

A total of 133 autopsy confirmed cases with a pathological diagnosis of AD, DLB, mixed AD/
DLB, FTLD-U, CBD, PSP, and PiD were identified. Of these, 56 cases fulfilled the imaging
inclusion criteria of having two volumetric head MRI scans: 12 AD, nine DLB, 13 mixed AD/
DLB, 12 FTLD-U, five CBD and five PSP. No cases of PiD identified had two usable head
MRI. A group of 25 healthy living controls with two volumetric MRI scans were then matched
by age, gender, and scan interval, to the study cohort. All the healthy control subjects were
initially recruited into the Mayo Clinic Alzheimer Disease Research Center (ADRC), or the
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Alzheimer Disease Patient Registry (ADPR), and were identified from the ADRC/ADPR
database. Controls were identified as individuals who a) were independently functioning
community dwellers, b) did not have active neurologic or psychiatric conditions, ¢) had no
cognitive complaints, d) had a normal neurological and neurocognitive examination, and €)
were not taking any psychoactive medications in doses that would affect cognition.

Pathological Assessment

Neuropathological examinations were performed according to the recommendations of the
Consortium to Establish a Registry for Alzheimer's Disease (Mirra et al., 1991). In all cases
pathological assessment and diagnosis was conducted by one of two expert neuropathologists
(DWD or JEP). After removal, the brain was divided into right and left hemibrains. One
hemibrain was fixed in 10% buffered formaldehyde for 7 to 10 days, and then sectioned.
Routinely sampled brain areas included: middle frontal gyrus (Brodmann area [BA] 9), inferior
parietal lobule (BA 39), superior temporal gyrus (BA 22), calcarine cortex (BA 17), anterior
cingulate gyrus (BA 24), hippocampus at the level of the lateral geniculate body, amygdala,
transentorhinal and entorhinal cortices at the level of the mamillary bodies, nucleus basalis,
cerebellum, dorsomedial thalamus with subthalamic nucleus, midbrain with substantia nigra,
pons, and medulla. Samples were processed in paraffin and stained with hematoxylin and eosin,
stained with modified Bielschowsky silver impregnation, and immunostained with antibodies
to -amyloid (clone 6F/3D, 1:10 dilution; Novocastra Vector Labs, Burlingame, CA), t(clone
ATS, 1:1,000 dilution; Endogen, Woburn, MA), a-synuclein (clone LB509, 1:200 dilution;
Zymed, San Francisco, CA), neurofilament (DAKO clone 2F11, 1:75 dilution; DAKO,
Carpinteria, CA), and ubiquitin (DAKO polyclonal, 1:100 dilution).

Pathological Criteria

Alzheimer's disease—Subjects were classified as AD if on semiquantitative analysis based
on the highest neuritic plaque count of the middle frontal gyrus, superior temporal gyrus,
inferior parietal lobule, hippocampus and entorhinal cortex, and midbrain, the subject had
frequent neuritic plaques and met CERAD diagnostic criteria C for definite AD (Mirra et al.,
1991). Plaque count was done with the modified Bielschowsky silver stain. In addition, the
subject had to have had a Braak neurofibrillary stage of 5 or 6 (Braak and Braak, 1996) and
therefore fulfill NIA-Reagan criteria for high probability AD (NIA, 1997). We excluded any
subjects with Lewy bodies including amygdala only Lewy bodies (Uchikado et al., 2006).

Dementia with Lewy Bodies—Subjects were classified as DLB if there was evidence of
widespread a-synuclein positive Lewy bodies in limbic or neocortex that met published criteria
for neocortical or limbic variant of dementia with Lewy bodies (McKeith et al., 2005). In
addition, to be included in this category, on semiquantitative analysis of the neuritic plaque
count as describe above, the subject must have no histological evidence of probable or definite
Alzheimer's disease based on the CERAD criteria (Mirra et al., 1991), a Braak score of 1-3
(Braak and Braak, 1996), and low NIA-Reagan (NIA, 1997).

Mixed AD/DLB—Subjects were considered to have mixed AD/DLB if there were evidence
of mixed pathologies. That is, if there were findings of neuritic plaque deposition density that
met CERAD criteria C for Alzheimer's disease, had a Braak stage 5 or 6, and a high probability
of AD based on NIA-Reagan criteria as described above, plus findings of widespread
neocortical or limbic Lewy bodies that met published criteria for neocortical or limbic variant
of Lewy body disease (McKeith et al., 2005). We excluded subjects with amygdala only Lewy
bodies (Uchikado et al., 2006).

FTLD-U—Frontotemporal lobar degeneration with ubiquitin-only-immunoreactive changes
was diagnosed if there were inclusions that stained positive for ubiquitin, yet stained negative
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for tau, neurofilament, and a-synuclein, in frontal or temporal cortex, and the hippocampus
dentate granular cells without any evidence of motor neuron degeneration as previously
described (FTLD-U) (Josephs et al., 2006b), and meeting established research criteria
(McKhann et al., 2001). Cases with pathological evidence of motor neuron disease were
excluded.

Progressive supranuclear palsy—Subjects were diagnosed as PSP if there were neuronal
loss and gliosis, as well as characteristic tau-positive lesions including tufted astrocytes, coiled
bodies and globose neurofibrillary tangles in cardinal nuclei (subthalamic nucleus, thalamic
and brainstem nuclei, etc.) that met diagnostic criteria for PSP (Hauw et al., 1994).

Corticobasal degeneration—Subjects were given a pathological diagnosis of CBD if there
were cortical neuronal loss and gliosis with balloon neurons and tau-positive lesions including
astrocytic plaques, corticobasal bodies, and abundant neuropil threads that were located in
cardinal regions that met diagnostic criteria for CBD (Dickson et al., 2002).

Exclusion criteria—With the exception of the mixed AD/DLB subjects, only subjects that
were found to have a primary pathological diagnosis were included. Therefore subjects were
excluded if in addition to the primary pathological diagnosis described above for each category,
there were any additional findings of large cortical infarcts, diagnosis of another
neurodegenerative disease, or brain tumors.

Image analysis

All MRI studies were performed at 1.5T with a standardized imaging protocol that included a
coronal T1-weighted 3-dimensional volumetric spoiled gradient echo (SPGR) sequence with
124 contiguous partitions and 1.6mm slice thickness (22x16.5cm FOV, 25° flip angle).

Rates of change of the whole brain and ventricles were made using a software algorithm that
has been developed in our lab and described in detail elsewhere (Gunter et al., 2003). Inputs
for the algorithm included the baseline and repeat MR scans plus preprocessed brain and
ventricular volumes. Whole brain masks were created for all baseline scans using MIDAS
image analysis software (Freeborough et al., 1997). This is a semi-automated brain
segmentation algorithm that performs an intensity thresholding step, and a series of erosions
and dilations to remove non-brain structures. Manual editing was then performed in order to
remove any “non-brain” structures from the segmentation. Ventricular segmentations were
performed on all repeat scans for each subject using the autotrace subprogram in Analyze/
AVW plus manual editing of anatomic outlines. The ventricular region included the lateral
ventricles, the temporal horn of the lateral ventricles, and the third ventricle. Serial scan pairs
were then registered, i.e. spatially matched, using a 9 degrees of freedom (dof) rigid body
registration. This algorithm combines a 6dof rigid registration (three translations, three
rotations), which matches the position and orientation of the two brain volumes, with an
additional three scaling parameters to correct for drifts in gradient calibration over time. The
algorithm also incorporates a correction for intensity inhomogeneity (Sled et al., 1998). Change
in brain and ventricle volume was calculated automatically from each registered scan pair using
the boundary shift integral (BSI) (Freeborough and Fox, 1997; Gunter et al., 2003). All BSI
results were annualized by adjusting for scan interval and atrophy rates were calculated as a
percentage change from the baseline volume.

A further scan quality assessment was performed after the scans had been pre-processed. All
registered scan pairs were viewed side-by-side to check for consistency of acquisition over

time. These assessments were performed without reference to the BSI results. Five scan pairs
were thought to have inconsistencies in scan contrast, signal-to-noise, or general scan quality
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across the two scans. Three cases were diagnosed with mixed AD and DLB, and two had pure
DLB. The whole brain BSI results for these five subjects were removed from the final analysis.
The ventricular BSI measurements were thought to be more robust to slight quality changes
over time due to the well-defined brain-CSF boundary in the ventricles. Therefore, all
ventricular BSI data was analyzed.

Statistical analysis

RESULTS

Statistical analyses were performed utilizing the JMP computer software (JMP Software,
version 6.0.0; SAS Institute Inc, Cary, NC) with statistical significance set at p < 0.05. Gender
ratios were compared across groups using a Chi-squared test and Fisher's Exact test for cells
with small numbers. Kruskal-Wallis test was used to compare age at scan, education, disease
duration (defined as time from disease onset to the time of first MRI scan), and time from
second MRI scan to death, Mini-Mental State Examination (MMSE), Clinical Dementia Rating
(CDR) sum of boxes, Braak score (Braak and Braak, 1996), CERAD, NIA Reagan (NIA,
1997) and the BSI variables, including scan interval, whole brain and ventricular BSI, across
groups. NIA Reagan and CERAD data were converted to a ordinal scale for analysis (i.e. NIA
low = 1, NIA intermediate = 2, NIA high = 3, and CERAD 0=0, A=1, B=2, C=3). Because
the control group was by definition cognitively normal, we excluded controls from tests of
differences in cognitive scores. For analyses which were significant, post hoc testing was
performed using the Mann-Whitney U test. This two-stage strategy controls for type 1 errors,
even without correcting the p-values for the pair-wise tests through the same mechanism that
is employed to control type 1 error in Fisher's Protected Least Significant Differences approach.
This mechanism means that pair-wise comparisons are not deemed significant in the absence
of a significant global test (Fisher, 1935; Rencher, 2002). Because the global tests were
significant, type 1 error on the pair-wise comparisons has been controlled without further
corrections for multiple comparisons. Spearman rank correlations were used to assess the
relationship between rates of atrophy and disease duration, age at scan, and change over time
in the MMSE and CDR. A Linear regression model was used to adjust for any variables
predicting the BSI.

Demographic information for all subjects is shown in Table 1. There was no difference across
the groups in age at baseline scan, years of education, and gender ratios. Within the disease
groups there was also no difference in the time from disease onset to baseline scan. However,
there was a difference in the time from baseline scan to death. The mixed group was the furthest
from death, while the DLB group was the closest to death. There was no difference in MMSE
or CDR across the disease groups, although the PSP group had the largest median MMSE score
and lowest CDR, while the CBD group had the smallest median MMSE score. By design, there
were significant differences in median CERAD score across the disease groups, with the AD
and mixed AD/DLB group showing significantly higher scores than the DLB, FTLD-U, CBD
and PSP groups. Braak score was also significantly higher in the AD and mixed groups. The
NIA Reagan was low in the FTLD-U, CBD, PSP, and DLB groups, but high in the AD and
mixed AD/DLB groups.

All 12 patients with a pathological diagnosis of AD also had a clinical diagnosis of probable
AD (McKhann et al., 1984) by inclusion criteria. Similarly all nine cases of DLB had a clinical
diagnosis of probable DLB (McKeith et al., 2005); none met criteria for Parkinson's disease
dementia (McKeith et al., 2005). Nine of the 13 cases with mixed pathological features of AD/
DLB had a clinical diagnosis of AD, two had a clinical diagnosis of DLB, and in two cases the
diagnosis was considered to be either AD or DLB. Ten of the 12 FTLD-U cases met criteria
for behavioral variant frontotemporal dementia, while the other two met criteria for language
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variant frontotemporal dementia (Neary et al., 1998). Of the pathologically confirmed PSP
cases two were given a clinical diagnosis of apraxia of speech (Josephs et al., 2006a), and one
each behavioral variant frontotemporal dementia, corticobasal syndrome, and probable PSP
(Litvan et al., 1996). The clinical diagnoses in the five cases of pathologically confirmed CBD
were apraxia of speech, corticobasal syndrome, behavioral variant frontotemporal dementia,
degenerative dementia, and probable PSP.

The median interval between the two MRI scans ranged from 1.2 to 2.0 years across the groups,
with no significant inter-group differences observed (Table 2). The smallest interval was 6
months, while the largest was 3 years 6 months. There were significant differences in both
whole-brain and ventricular atrophy rates across the groups (Table 2 and Figure 1). The results
of post hoc testing assessing differences between all groups are shown in Table 3. Rates of
both whole brain and ventricular change were larger in the mixed, AD, FTLD-U, CBD and
PSP groups compared to controls. There was no significant difference between the DLB group
and the control group in either measure. The largest rates of atrophy were observed in the CBD
group which had a rate of whole brain atrophy of 2.3% per year and ventricular expansion of
16% per year. The CBD group had significantly greater rates of whole brain BSI and ventricular
BSI than the DLB, mixed AD/DLB, AD and PSP groups. There was also a trend for the rates
of atrophy in the CBD group to be larger than those observed in the FTLD-U group. The FTLD-
U group showed the next largest rates with a rate of whole brain atrophy of 1.7% per year and
ventricular expansion of 10% per year which were significantly greater than the rates observed
in the DLB group. The rate of whole brain atrophy in the FTLD-U group was also significantly
greater than those observed in the mixed AD/DLB and PSP groups. There was no significant
difference in the rates of atrophy between the AD, mixed AD/DLB and PSP groups, which all
showed rates of whole brain atrophy of approximately 1% per year and rates of ventricular
expansion varying from 7 to 11% per year. No correlations were found between rates of whole
brain atrophy or ventricular expansion and disease duration, baseline MMSE or CDR within
any of the disease groups or across all disease groups. However age at baseline scan correlated
with whole brain atrophy (r=0.3; P <0.05) and ventricular expansion (r=—0.5; P< 0.0001) across
all groups. After adjusting for age at scan, pathology remained strongly associated with whole
brain atrophy and ventricular expansion (P< 0.0001 for both), and we did not find age at scan
to be a confounder or an effect modifier.

DISCUSSION

We report rates of whole brain atrophy and ventricular expansion in a number of different
pathologically confirmed neurodegenerative disorders characterized by the deposition of
different proteins. The results demonstrate differences between the groups with the lowest rates
of atrophy observed in the patients with DLB and the highest rates in the CBD and FTLD-U
groups. The rates were very similar between the AD group, the group of subjects with mixed
AD/DLB, and the PSP group. These results therefore show that rates of cerebral atrophy do
differ according to the underlying pathology and protein biochemistry.

The median rate of whole brain atrophy in the AD subjects was 1.1% per year, with a ventricular
expansion of 8.3% per year. The rates of atrophy were significantly greater than in the control
group. These rates are comparable with previous studies that have investigated clinical cohorts
of subjects with AD (Fox and Freeborough, 1997; Gunter et al., 2003; Jack et al., 2004). These
results support previous clinical studies showing that rates of atrophy are good discriminators
of AD from controls, but add extra weight because this is a pathologically confirmed sample.

The DLB subjects showed a much lower rate of atrophy compared to the AD group, with rates
of whole brain atrophy of only 0.4% per year and ventricular expansion of only 4.8% per year.
These rates were not significantly different from the control group suggesting that very little
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global brain atrophy occurs over time in this group and perhaps that the deposition of a-
synuclein itself does not result in wide-spread neuronal loss. However, the subjects with both
AD and DLB pathology had larger rates of atrophy which were similar to those observed in
the AD group. Therefore, the presence of the AD-type pathological changes is likely driving
the loss of brain volume in these subjects. Similarly, a previous study demonstrated that atrophy
of the temporal lobe correlated with the presence of AD-type pathology in pathologically
confirmed cases of DLB (Harvey et al., 1999). Although there was a large degree of overlap
between the groups, rates of both whole brain and ventricular change were substantially larger
in the mixed subjects than those with DLB suggesting that rates of atrophy may help
differentiate these groups of subjects which are notoriously difficult to differentiate clinically.
For example, a subject presenting with a clinical diagnosis of DLB with a low rate of atrophy
is more likely to show pure DLB pathology, whereas a subject presenting with a clinical
diagnosis of DLB and a high rate of loss is more likely to show mixed AD/DLB pathology.
Interestingly, of the 13 subjects with mixed AD/DLB pathology the majority had a clinical
diagnosis of AD rather than DLB. This suggests that the memory deficits characteristic of AD
are the most likely presentation in cases of mixed pathology. No previous studies have assessed
rates of brain atrophy on MRI in pathologically confirmed cohorts of subjects with DLB
pathology, although a number of studies have cross-sectionally assessed subjects with a clinical
diagnosis of DLB (Ballmaier et al., 2004; Brenneis et al., 2004; Burton et al., 2002; Hanyu et
al., 2005; Whitwell et al., In Press) and looked at gross atrophy patterns using post-mortem
brains (Cordato et al., 2000). A number of cross-sectional studies have found patterns of brain
loss similar to those found in AD (Ballmaier et al., 2004; Burton et al., 2002), although others
have suggested that subjects with DLB show more focused loss in the basal areas of the brain
(Brenneis et al., 2004; Hanyu et al., 2005; Whitwell et al., In Press). Rates of whole brain
atrophy have also been reported to be similar in subjects clinically diagnosed with DLB and
AD (O'Brien et al., 2001). The rate observed in DLB was 1.4% per year which is more similar
to the rate we observed in the mixed pathology group rather than the pure DLB group,
suggesting that the cohorts of subjects diagnosed with DLB on purely clinical criteria are likely
to contain subjects with mixed AD/DLB pathology.

The pathological diagnosis of FTLD-U is the most common pathology to underlie the clinical
diagnosis of frontotemporal dementia (Josephs et al., 2004a). The rates of whole brain atrophy
were 1.7% per year with rates of ventricular expansion of 9.6% per year in this group. There
was a trend for these rates to be greater than those observed in the AD group. One previous
study has reported rates of whole brain atrophy of 3% per year in a clinical cohort of subjects
with frontotemporal dementia (Chan et al., 2001). While these rates were larger than those
reported in our FTLD-U cohort these subjects were not pathologically confirmed and were
approximately 10 years younger than those in our study. They did however similarly
demonstrate a trend for greater rates of loss in frontotemporal dementia than AD, although in
contrast to our study they observed a large overlap in rates between controls and the
frontotemporal dementia subjects (Chan et al., 2001).

Corticobasal degeneration and PSP can also underlie frontotemporal dementia (Josephs et al.,
2006¢; Kertesz et al., 2005). Both CBD and PSP are tau-positive disorders whereas FTLD-U
is tau-negative. Previous cross-sectional pathological and imaging studies have suggested that
patterns of brain atrophy do not differ between tau-positive and tau-negative FTLD pathologies
(Broe et al., 2003; Kril et al., 2005; Mann and South, 1993; Whitwell et al., 2004). However,
these studies have tended to lump the different pathological subtypes of tau-positive and tau-
negative FTLD. The rates of atrophy observed in this study differed across the FTLD-U, CBD
and PSP groups suggesting that it is more informative to separate the specific pathological

diagnoses. In fact, previous MRI studies have similarly demonstrated different patterns of

cerebral atrophy in pathologically confirmed FTLD-U, CBD, PSP and Pick disease (Josephs
et al., 2006e; Whitwell et al., 2006; Whitwell et al., 2005). Unfortunately we had no cases of
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Pick disease with two volumetric head scans, and therefore we were unable to investigate
differences from FTLD-U, CBD and PSP.

The rates of whole brain atrophy and ventricular expansion were significantly greater in the
CBD group compared to the PSP group even though both had clinically demented subjects.
The rates of whole brain atrophy in the PSP group were 1% per year with a ventricular
expansion of 11% per year which were similar to those rates observed in the AD group, and
those that we have previously published (Josephs et al., 2006d). Although in earlier reports,
dementia has been considered one of the discriminators against pathologic confirmed PSP
(Josephs and Dickson, 2003), recent studies have demonstrated that PSP can underlie a
dementia presentation (Forman et al., 2006; Josephs et al., 2006a; Kertesz et al., 2005). Similar
rates of atrophy have previously been reported in a clinically diagnosed PSP cohort without
dementia (Paviour et al., 2006). Interestingly, the rates of loss between our PSP subjects and
their PSP subjects were similar despite the fact that our subjects presented with a dementia
syndrome as opposed to a more classic extrapyramidal presentation. The rates of atrophy in
CBD were larger than those observed in all other groups, with rates of whole brain atrophy of
2.3% per year and ventricular expansion of 16.2 % per year. No previous longitudinal MRI
studies have reported rates of atrophy in CBD, although cross-sectional studies have shown
cortical atrophy affecting the frontal and parietal lobes in pathologically confirmed CBD
(Josephs et al., 2004b; Josephs et al., 2006¢), and demonstrated greater atrophy cross-
sectionally in CBD compared to PSP on MRI and pathologically (Boxer et al., 2006; Groschel
etal., 2004; Josephs et al., 2006¢; Schofield et al., 2005). The extent and magnitude of cortical
atrophy has also been shown to be larger in subjects with CBD compared to an age, gender
and severity matched group of AD subjects (Kitagaki et al., 2000). The increased rates of
atrophy in CBD, along with the fact that the CBD patients performed worse on tests of clinical
severity than the PSP patients, yet had a similar time from disease onset to scan, suggests that
CBD is a more rapidly progressive disease. These results suggest first that rates of atrophy will
be useful in the differentiation of subjects with pathological CBD from PSP. This
differentiation is particularly important since the clinical syndromes associated with these
diseases overlap to a large degree and misdiagnosis is common (Boeve et al., 2003). Up to 50%
of subjects that are given a clinical diagnosis of CBD actually have PSP on pathology (Josephs
et al., 2006c¢), and subjects with PSP on pathology are most often misdiagnosed as CBD
clinically (Josephs and Dickson, 2003). Secondly, these results suggest that it is not just the
biochemistry that determines the rates of brain atrophy, but that the distribution and lesion
burden may also be important.

There was a trend for the CBD group to have a greater rate of atrophy compared to the FTLD-
U group. This was observed for both whole brain atrophy and ventricular expansion, and may
have reached significance if our subject groups were larger. Recently, many clinicians and
scientists have recognized that CBD pathology may underlie an FTD presentation (Forman et
al., 2006; Hodges et al., 2004; Josephs et al., 2006c; Kertesz et al., 2005) and that FTLD-U
pathology can underlie a CBS presentation (Benussi et al., 2006; Grimes et al., 1999; Masellis
et al., 2006). It is therefore important to be able to differentiate these two pathologies
antemortem. Imaging-pathological studies with a larger number of subjects per group may
reveal that rates of atrophy calculations can differentiate CBD from FTLD-U pathology.

While the rates of atrophy appear to differ across different pathologies, the role of the specific
protein biochemistry is also important. Although most researchers consider one protein to be
the primary protein in each of the main pathologies, in some cases there are mixed protein
biochemistries. In AD, B-amyloid is considered by many researchers to be the primary protein
(Cummings, 2003; Hardy and Selkoe, 2002; Selkoe, 2002), although tau-positive NFT (NIA,
1997) are also present and as important for the pathological diagnosis (NIA, 1997). In addition,
while a-synuclein is considered the primary protein in DLB, the majority of cases also have
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diffuse -amyloid-positive senile plaques, albeit not of the neuritic type required for a diagnosis
of AD (NIA, 1997). These plaques are considered to be similar to those found in pathological
aging (Dickson et al., 1989). The fact that our study has shown very low rates of brain atrophy
in the subjects with DLB would suggest that neither a-synuclein nor g-amyloid cause wide-
spread neuronal loss, although one study has shown that Lewy body density correlates with
frontal atrophy in cases of DLB (Cordato et al., 2000). Yet, while the results from the DLB
group suggest that the presence of B-amyloid do not result in large degrees of brain loss, it is
unclear whether it is the combination of -amyloid and tau, or only tau that drive the brain loss
in AD subjects. In one study there was a correlation between levels of brain amyloid identified
on 11C-PIB positron emission tomography and rates of brain atrophy in AD (Archer et al.,
2006). This study may suggest a role for amyloid causing atrophy in AD. However, it is almost
certain that the results were affected by the presence of tau-positive pathology, since subjects
with a large amount of amyloid will also have a high density of tau-positive lesions as both
NFT and the neuritic components of the AD plaques are tau-positive. A number of studies have
demonstrated correlations between the presence of temporal lobe atrophy and the presence and
severity of neurofibrillary tangles (Jack et al., 2002; Nagy et al., 1996), as well as cerebrospinal
fluid levels of tau in AD (Hampel et al., 2005). In fact one study found a better correlation
between temporal lobe volume and neurofibrillary tangle density than with the density of
amyloid plaques (Nagy et al., 1996). Similarly, correlations have been demonstrated between
the density of NFT and regional atrophy in PSP (Cordato et al., 2000). The distribution of
pathology in PSP also correlates to the distribution of brain atrophy observed on MRI (Paviour
et al., 2004; Yagishita and Oda, 1996).

The question of whether the specific protein inclusions in FTLD-U contribute directly to the
pattern and degree of brain atrophy is less certain. It has been suggested that ubiquitin-positive
inclusions may not play a critical role in the neurodegenerative process in FTLD-U (Kersaitis
et al., 2006), and cases of FTLD-U have been reported with a high density of inclusions that
have no brain atrophy at post mortem (Josephs et al., 2006f).

The major strengths of this study are that all cases had undergone a detailed autopsy analysis
and the biochemical diagnoses were made with strict criteria and not complicated by other
secondary pathologies. The groups were also well matched demographically and the clinical
diagnoses were made prospectively using modern clinical criteria. However, a limitation of
the study is the fact that the control subjects did not have autopsy confirmation. Although it is
possible that some of these subjects may show biochemical abnormalities on pathology it is
unlikely given the low rates of atrophy and the fact that most of the subjects had been followed
for several years and remained clinically normal. A potential confounder to the comparison of
CBD and PSP is the fact that the PSP subjects had a larger average scan interval than the
subjects with CBD. A large scan interval reduces the accuracy of a linear approximation of the
data, while any errors or noise within the measurements are amplified over shorter intervals.
Itis however difficult to predict the net affect of these factors on our observed rates. The number
of subjects in the CBD and PSP groups was also small. However, both groups are
representative, in terms of disease onset, duration and severity, of a larger pathological cohort
that we have previously published (Josephs et al., 2006c). In addition to the underlying
pathology and biochemistry, age at scan does also seem to be playing a role in the rates of brain
atrophy. Further investigation of this finding is warranted. It is possible that regional rates of
atrophy may also be useful in differentiating the different pathological groups (Paviour et al.,
2006). Future studies employing highly deformable registration algorithms, rather than a rigid-
body registration algorithm, would enable an assessment of local changes throughout the entire
brain.

In summary, this study has demonstrated for the first time increased rates of whole brain
atrophy and ventricular expansion in subjects with pathologically confirmed AD, mixed AD/
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DLB, FTLD-U, CBD and PSP compared to controls, yet low rates of change in subjects with
pure DLB pathology. These rates may help differentiate the mixed cases from the cases with
pure DLB, although will not help to differentiate the mixed cases from cases with AD. Large
differences were also observed between cases with CBD and PSP pathology, with larger rates
in the CBD subjects. Therefore, rates of atrophy differ across different pathological disorders
and may prove valuable for future disease modifying treatment trials which will target the
protein biochemistry underlying each of these diseases.
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Figure 1.

Box-plots showing rates of whole brain loss and ventricular expansion for all groups. Negative
rates represent a decrease in volume over time, whereas positive rates represent an increase in
volume. Therefore, a brain volume loss is represented as negative rates, and ventricular
expansion is represented as positive rates. The horizontal lines of the boxes represent the
25t 50t (median), and 75™ percentiles of the distributions. The vertical lines extending from
the boxes stop at the most extreme data point within 1.5 inter-quartile ranges of the box.

Brain. Author manuscript; available in PMC 2009 September 25.




Page 17

Whitwell et al.

ybiH = H ‘aleipawaiul = | ‘Mo = 7 uediyiubis Jou = SN ‘8jqedijdde 1ou = wN ‘Buiby Jo axmnsu| jeuoneN = VIN ‘Buney

enuswsa [edlul|D = ¥dod ”:o_ymc_mem_ snyels [elusN-IulAl = 3SININ .Ammcm\_v uelpaw se UMoys si ejeg sdnoJb dSd pue ddo .D.Dn_._.n_ .n_< ,wa_E .m_n_h_ SS0Jde UwE\_oth SeM ]1Sa) m>>.__mv_m3._v_._.
4100°0> M1 a1 a1 (HH)H HHH a1 WN uefiesy VIN
4 T00°0> vN VN (cor (9'9) 9 (9'9) 9 (ene VN 21005 Yeeig
4100°0> (To)o (T'o)o (T'0)o (ee)e (ee) e (To)o VN avydao
SN (01'2) 9 (ss0t 8DV oy (0TM 9 aras (0'0)o aujaseq Je ¥AD
4SN (ez'sT) T2 (o€ ‘'€2) 82 (62'6T) 52 (62'TT) ¥2 (8z'eT) €2 (62'6T) ¥Z (0e'v2) 62 aujaseq ye ISNIN
(s14) yreap 01
459000 Wav ©v (8'1)9 (9'¢) g (6'¢) L (CRIR WN UeDS aul|aseq ol awlL
(s1A) ueas auljaseq
4SN (eDe v (D¢ 6DV (oT'0) ¥ (S0 v VN 01 135U0 LUOY BLIL
SN (ot'g) ¢t (81'2T) 9T (81'8) ST (81'8) ¥T (0z') 2T (0z'zr) 91 (0z'8) v1 (s1K) uoneanp3
SN (TL'ev) 69 (8L'79) T2 (28'58) 2L (06'28) 2L (98'29) 92 (z8'69) 2L (28'19) 92 (s1A) suijaseq 1e aby
SN ' e 8 8 19 €9 ZTEeT (orewad :a[eN) J0pUsD

sanfeA d (s=u) ago (§=u) dsd (z1=u) N-a1Ld (z1=U) av (eT=U) PaxIN (6=u) @1a (Gg=u) sjonuod

solydesBowsp 108lgns
TalqelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Brain. Author manuscript; available in PMC 2009 September 25.



Page 18

Whitwell et al.

1591

sI[[eM-[eXsnIM ay) Buisn paje|nojed aJe sanjeA d "aWnjoA Ul asealoul ue Juasaldal sarel aAlIsod sealaym ‘sl JoA0 aWINJOA Ul 3Sealoap e Juasaidal sajel anlebaN (abuel) uelpaw se umoys si ereq

(ree'etn) (r'eT'6'9) (L'ee'98) (09T 'v'2) (821'1T9) (921 '5°0) (52'8°2-) 1S9
1000°0> z9T 60T 96 ] L 8y 1€ JTenoLus A
(55-'6'T-) (§1-'8°0-) (95-'6'0-) (8- "v'0) (82-'90) (Tz-20) (80-21) 1S9 urelq
1000°0> €T 01— LT TT- €T- 70— €0- 3JoUM
(17'6°0) (g€ (z'2's0) (92'90) (L2'80) (gz'o1) (Lz'om) [ensaul
SN 0T 02 T A T €T A ueds

senjeA d ago dsd Nn-aiid av PaXIA g1a $]041U0D

sdnoJB |e J0J e1ep JBINJLIIUSA PUR Ulelq 8]OYAN
Z9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Brain. Author manuscript; available in PMC 2009 September 25.



Page 19

Whitwell et al.

200 EJRIBUEYN

6000 ureig dSd

S0°0 260 39LIUBA

600 ¥0°0 ureig n-aiild
1000 €0 600 ETRIDUEYN

200 00T 900 ureig av
9000 [440] 900 ¢L0 EIRIBULYY

100 06°0 700 690 ureig paxiAl
9000 100 G000 6T°0 900 ElRIIEAN

¢T00 ¢To £00°0 €10 600 ureig a1da
¥000°0 90000 T000°0> 20000 T000°0> 100 S|01UBA
¥000°0 9000 1000°0> ¥00°0 2000 80 ureig sjonuod
ado dSd n-aiid av PaxXIN a1a 1S9 dnoto

1581 N Asunypn-uuelA 8yl Buisn pawioyiad |Sg JRINILIUSA pue Uleid ajoyMm Jo suosiiedwod dno.B-Jaiul [[e Jof sanjen d

NIH-PA Author Manuscript

€9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Brain. Author manuscript; available in PMC 2009 September 25.



