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Abstract
We evaluated the region-to-region correlation, laterality and asymmetry of amyloid deposition in
subjects with mild cognitive impairment (MCI) or Alzheimer's Disease (AD) using the amyloid
tracer, Pittsburgh-Compound B (PiB). Seventeen subjects, including 7 with MCI (MMSE 26.7 ± 2.4)
and 10 with AD (MMSE of 24.8 ± 2.7) underwent PiB imaging. Measures of laterality (i.e. group-
wise predilection for right or left) and asymmetry (i.e. group-wise predilection for unequal PiB
retention between the two hemispheres) were calculated for seventeen Regions of Interest (ROIs).
Regional correlations were calculated along with within-group and between-groups statistical
analyses of laterality and asymmetry metrics. The median correlation between PiB retention across
all pairs of ROIs was 0.65, with highest correlations found in areas of highest PiB retention, (r =
0.74). Overall, PiB retention was symmetric bilaterally, but there was PiB laterality in MCI in dorsal
frontal cortex [(t(6) = 3.05, p = 0.02, L>R] and sensory-motor area [t(6) = 3.10, p = 0.02, L>R] and
in AD in the occipital pole (t(9) = −2.63, p = 0.03, R>L). The most significant asymmetries in PiB
retention were found in sub-cortical white matter (t(6) = 3.99, p = 0.01) and middle precuneus [(t(6)
= 3.57, p = 0.01] in MCI, and in lateral temporal cortex (t(9) = 3.02, p = 0.01) and anterior ventral
striatum [t(9) = 2.37, p = 0.04] in AD. No group differences (AD versus MCI) were detected in
laterality [F (1,15)= 0.15, p= 0.7] or asymmetry [F (1, 15) = 0.7, p = 0.42].
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Introduction
Alzheimer's disease (AD) is the most common cause of clinical dementia of the elderly,
diagnosed definitively after autopsy based upon the presence of two pathologic hallmarks:
neurofibrillary tangles and amyloid plaques (Khachaturian, 1985; Mirra, 1991; NIA/Reagan
Workgroup, 1997). Structural neuroimaging can be used to identify characteristic patterns of
atrophy and to exclude other clinical conditions in order to support the diagnosis of AD (Husain
and Garrett, 2005). However, molecular imaging of individuals at risk for AD has the potential
to allow for definitive, even pre-symptomatic, diagnosis, evaluation of the effect of disease
modifying drugs, and provide a better understanding of the underlying pathophysiology of the
disease (Jagust, 2004). Such work also may result in a better understanding of mild cognitive
impairment (MCI), which is thought to represent a transition phase between healthy aging and
dementia (Petersen, 2004).

One such molecular imaging tool is Pittsburgh Compound-B (PiB), a thioflavin-T derivative
that crosses the blood brain barrier and binds with high affinity to amyloid allowing for in
vivo visualization using positron emission tomography (PET) (Klunk et al. 2004). The purpose
of this study was to better understand patterns of amyloid deposition in MCI and AD, as
measured by PiB PET, with respect to correlation of PiB retention across brain areas, the
laterality of this retention, and the symmetry across hemispheres. To our knowledge, there have
been no neuropathological or neuroimaging studies addressing the issue of region-to-region-
correlation, laterality and symmetry of amyloid deposition. In the case of neuropathology
research studies, this may be because only one side of the brain is typically examined
histopathologically at autopsy (Braak et al, 2006). PiB PET is an ideal tool to measure
symmetry and laterality of amyloid deposition, since the whole brain can be assessed
simultaneously in vivo. The presence or absence of symmetrical amyloid deposition and region-
to-region correlation of amyloid deposition have implications for the natural history of AD. Is
amyloid deposition a global, symmetric phenomenon, that correlates across most of the brain,
or does it appear lateralized on one side of the brain or in certain brain regions? For this study,
we focused only on persons with AD or MCI as they consistently have measurable PiB
deposition. Cognitively normal subjects were not included in this study as 75-80% lack
detectable amyloid burden as measured by PiB (Klunk et al., 2004; Mintun et al., 2006).

Materials and Methods
Subjects

Approval for this study was granted by the Institutional Review Board of the University of
Pittsburgh. Subjects and their caregivers provided informed consent for the PiB PET scanning
protocol and related evaluations. All participants were recruited and evaluated through the
University of Pittsburgh Alzheimer Disease Research Center (ADRC) and underwent detailed
neurobehavioral evaluations before being given consensus diagnosis by neurologists,
neuropsychiatrists, psychiatrists, and a neuroradiologist. The AD subjects met NINDS-
ADRDA criteria for Probable AD (McKhann et al, 1984) and MCI subjects were classified
using previously reported criteria (Lopez et al. 2000). Each subject had a Mini Mental State
Exam (MMSE) administered within one day of the PiB scan. No significant differences
between MCI and AD groups in either age [t(15) = 0.6, p = 0.58 ] or MMSE ](t(15) = 1.5, p =
0.15] were detected (Table 1). All subjects were right handed.

In order to focus on the symmetry of specific PiB retention to amyloid binding sites and to
avoid low signal, only PiB-positive MCI and AD subjects were included in this study (i.e., no
controls or PiB-negative MCI subjects (Lopresti et al., 2005). PiB-positivity was based on a
subjective visual read of the image and an objective quantitative criterion requiring a
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standardized uptake value ratio (SUVR, see below) value of ≥1.8 units in at least one cortical
ROI.

PET Imaging
Synthesis of PiB was conducted as described previously (Lopresti et al, 2005). PiB has been
shown in prior work to have a high binding affinity (Kd = 1.4 nM) and specificity to amyloid
in AD brains (Mathis et al, 2003) (Ikonomovic et al. 2008), (Klunk et al. 2003), (Klunk et al.
2005). PET scans were acquired using an ECAT HR+ PET scanner (Siemens Medical
Solutions, Erlangen, Germany) in three-dimensional mode (63 transaxial planes, 2.4-mm
thickness; in-plane resolution = 4.1 mm full-width at half-maximum over a 15.2-cm field-of-
view). Following a 10-min. transmission scan acquired using rotating rods of 68Ge/68Ga, a
subject's emission imaging immediately followed intravenous injection of 14.8 ± 1.6 mCi high
specific activity (approximately 1 Ci/micromole) PiB. PET scanning was performed for 90
minutes and the data were corrected for radioactive decay and scatter using a model-based
approach. PET image reconstruction was performed using filtered back-projection for a final
reconstructed image resolution of about 6 mm.

MR Imaging
Magnetic resonance (MR) imaging was performed in all subjects to guide region-of-interest
(ROI) placement and for performing partial volume correction. MR images were acquired
using a Signa 1.5 Tesla scanner (GE Medical Systems, Milwaukee, WI) with a standard head
coil. PET analysis focused on T1-weighted volumetric spoiled gradient-recalled (SPGR)
magnetic resonance (MR) images. The SPGR sequence (TE = 5 ms, TR = 25 ms, flip angle =
40 degrees, NEX = 1; section thickness = 1.5 mm with no gap) was acquired in the coronal
plane. PET-MR registration was accomplished using Automated Image Registration (Woods
and Cherry, 1993).

Regions of Interest (ROIs)
ROIs were traced on the co-registered MR images according to anatomic landmarks using
guidelines established within the laboratory and transferred to the dynamic PET data for
regional sampling (Price et al., 2005). Each region was sampled bilaterally and data were
measured from the precuneus (PRC), parietal (PAR), frontal (FRC), somatosensory-motor
cortex (SMC), occipital cortex (OCC), occipital pole (OCP), the sub-cortical white matter
(SWM), mesial temporal cortex (MTC; including amygdala, hippocampus, and a portion of
the parahippocampal gyrus), cerebellum (CER), lateral temporal cortex (LTC), anterior
cingulate gyrus (ACG), anterior-ventral striatum (AVS), and thalamus (THL). The frontal
cortex was subdivided further into the dorsal frontal cortex (DFC; 5 planes above the genu of
the corpus callosum) and ventral frontal cortex (VFC; 5 planes below the genu of the corpus
callosum). The precuneus was subdivided further into precuneus upper (PCU; 5 planes above
the most superior point of the parieto-occipital sulcus), precuneus middle (PCM; 5 planes below
PCU), and precuneus lower (PCL; 5 planes below the PCM). The majority of these regions
have been defined previously (Price et al., 2005). PiB retention in each ROI was reported as
standardized uptake values (SUV) normalized to retention in the cerebellum during the 40-90
minute time interval (i.e., the SUVR90 as reported in Lopresti et al., 2005). The cerebellum
was selected as a reference region because this area has relatively little neuritic amyloid plaque
deposition (Mirra et al., 1994). The data were corrected for local grey matter atrophy (Meltzer
et al., 1990; Meltzer et al., 1996).

Quantitative Analysis of PiB Laterality and Symmetry
All data were analyzed using Statistical Package for Social Science (SPSS, SPSS Inc, Chicago,
IL). The laterality score was calculated using the following formula:
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Determination of the group mean LS, while useful in classifying laterality of PiB retention,
could miss significant asymmetries. For example, if an equal number of subjects had similar
right- and left-predominant laterality in an ROI, this non-lateralized asymmetry would cancel
out when the group mean was determined. To evaluate such asymmetries without regard for
laterality, the absolute value of the laterality score was calculated and termed the asymmetry
score (AS).

An LS distribution was considered significant if the 95% confidence interval did not include
zero; left-greater-than-right if it was above 0 and right-greater-than-left if it was below 0.
Within group analyses of AS were conducted by calculating standardized scores and doing
paired t-tests between these scores by comparing each ROI to the region in each group that had
the lowest standardized score between the mean AS and 0 (i.e. the lowest value of mean/
standard deviation). This “least asymmetric region” was assumed to be symmetric for the
purpose of this analysis. This proved to be the ACG for MCI and the OCP for AD. Standard
distances from 0 were also calculated for LS. The AS and LS between the MCI and AD groups
were compared using ANOVA with one between-subject factor (group status in this case).

To understand if PiB retention in one ROI correlated with retention in other areas, a correlation
analysis was done. The Pearson correlation value, r, was computed for each ROI and median
r values obtained for all ROIs and those ROIs with highest PiB retention (i.e., the subdivisions
of the frontal cortex, precuneus, parietal lobe, and lateral temporal cortex).

Results
There were two main findings in this study. First, there is a high intercorrelation among the
levels of PiB retention across all brain areas. The median r among all regions was 0.65 (p<0.01)
and the largest intercorrelations were seen among areas of highest PiB retention (median r =
0.75), suggesting that amyloid deposition across brain regions is more of a global or
multicentric phenomenon than a focal one (See Table 2).

The second main finding was that PiB retention (and presumably amyloid deposition) is
bilaterally symmetric in MCI and AD. Figure 1a shows mean LS (+/− 95% CI) for each ROI
examined in MCI and the same is shown for AD in Figure 1b. Most areas show no laterality
of PiB retention. While significant left-greater-than-right (L>R) laterality in PiB retention was
observed in MCI in the dorsal frontal cortex (t(6) = 3.05, p = 0.02) and sensorimotor cortex [t
(6) = 3.10, p = 0.02] (Table 3) and a significant right-greater-than-left (R>L) laterality was
identified in the AD patients in the occipital pole (t(9) = −2.63, p = 0.03) (Table 3b), the small
differences in LS and AS in all brain regions were not significant after correcting for multiple
comparisons (Bonferroni correction threshold p = 0.003). Overall, the regional MCI-LS
correlated significantly with the AD-LS (r=0.85; p=0.0001), suggesting that lateral preference
extends across levels of disease severity, at least into early AD (Figure 2).

Similarly, within-group analysis of AS showed little asymmetry of PiB retention in MCI and
AD. In MCI, these asymmetries differed significantly from the least asymmetric region (ACG)
only in the middle precuneus and sub-cortical white matter (Table 4a). In AD, the asymmetries
differed significantly from the least asymmetric region (OCP) only in the AVS and LTC (Table
4b). In contrast to the correlations between LS in MCI and AD, MCI-AS and AD-AS were not
correlated significantly with each other (r = 0.35, p = 0.17).

Finally, in an effort to identify between-group differences in the extent of the laterality and
asymmetry in PiB disposition, we completed two MANOVAs using all 17 ROIs, with Group
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as the between-subject factor. Overall, there were no significant between-group differences in
LS (F (1,15)= 0.15, p= 0.7, Partial Eta2 = 0.01) or AS (F (1, 15) = 0.7, p = 0.42, Partial Eta2 =
0.05). Thus, the extent of laterality and asymmetry across all 17 regions did not differ between
groups.

Discussion
Our data indicate that the degree of PiB retention in one region of the brain was highly
correlated with PiB retention in other brain areas, including those that serve very different
cognitive functions. As expected, the size of this association was strongest in ROIs with highest
PiB retention. This has implications for studies in which cognitive function or other imaging
measures are correlated with PiB retention. A significant correlation between PiB retention in
a given brain area and another measure (cognitive or imaging), does not necessarily mean that
amyloid deposition in that particular brain area is driving the correlation, since the levels of
amyloid across most brain regions appear to be highly correlated. One approach to this problem
may be to correlate the cognitive (or imaging) parameter of interest with PiB retention across
all brain regions and identify the brain area with the highest correlation. False-positive regional
correlations could still result from this approach, however.

PiB deposition is generally symmetric in MCI and AD. Group status (i.e. AD or MCI) did not
affect the extent of laterality or asymmetry metrics. DFC and SMC had small, yet significantly
higher levels of amyloid (L>R) in the MCI subjects, as shown with LS. There was a R>L
laterality in the occipital pole of AD. Bilaterally unequal PiB retention was found in SWM and
PCM in MCI and in LTC and AVS in AD. Because we cannot completely exclude subcortical
white matter from cortical ROIs, SWM asymmetry could potentially contribute to as well as
mask the asymmetry measured in the MCI group. This does not apply to the AD group since
there was no SWM asymmetry in this group or to our laterality findings since significant
laterality was not detected in SWM. In addition, the importance of any asymmetry in SWM,
is questionable because 1) such asymmetry was not significant upon correction for multiple
comparisons; 2) there is no amyloid plaque in this region in neuropathological examination;
and 3) PiB retention there mainly represents non-specific binding (Klunk et al., 2004). PiB
retention therefore reflects a bilaterally symmetric phenomenon of amyloid deposition in MCI
and AD. Understanding the relationships among patterns of regional PiB deposition is
important; future studies that utilize latent structure analysis techniques (McIntosh, 1994) may
be able to address this key question.

Because our calculation of the LS and AS involved normalization to the PiB retention in each
brain region, it is possible that this procedure blunted real asymmetries in PiB retention in those
areas with the highest PiB retention (i.e., in areas where the denominator would be largest).
To address this concern, we repeated the analysis using a simple subtraction score between left
and right ROIs and the results were identical to those reported above.

To our knowledge, this is the first study to use an in vivo tracer to analyze laterality and
symmetry of amyloid deposition in MCI and AD. While caution should be taken in generalizing
our results to females since the majority of subjects in this study were male, there have not
been pathological studies in AD that suggest significant differences between males and
females. Future studies should examine the symmetry of amyloid deposition in PiB-positive
cognitively normal subjects to assess whether or not asymmetry is a component of the earliest
phases of amyloid deposition in developing AD. The study of PiB positive subjects across the
spectrum of normal aging, MCI, and AD will allow a better understanding of how PiB retention
in a given brain area co-varies with that in other regions. The results of such studies may also
provide a neuropathological/neuroimaging metric that could be useful to evaluate the role of
amyloid, regional atrophy, and regional dysfunction on the expression of cognitive
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abnormalities, as well as provide further markers for evaluation of anti-amyloid therapeutics
studies.
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Figure 1a.
Mean LS and 95% Confidence Intervals per ROI in MCI
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Figure 1b.
Mean LS and 95% Confidence Intervals per ROI in AD
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Figure 2.
Scatter Plot of MCI versus AD Laterality Scores
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Table 1
Human Subjects Characteristics

Group MCI AD
MMSE 26.7±2.4 24.8±2.7

Age 74.4±8.9 69.3±7.7
Gender (6M/1F) (10M/0F)
Demographic information on the study participants.
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