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Abstract
The development of amyloid imaging compounds has allowed in vivo imaging of amyloid
deposition. In this study, we examine the spatial patterns of amyloid deposition throughout the
brain using Pittsburgh Compound Blue (11C-PiB) PET data from the Baltimore Longitudinal
Study of Aging. We used a new methodology that allows us to approximate spatial patterns of the
temporal progression of amyloid plaque deposition from cross-sectional data. Our results are
consistent with patterns of progression known from autopsy studies, with frontal and precuneus
regions affected early and occipital and sensorimotor cortices affected later in disease progression
– here, disease progression means lower-to-higher total amyloid burden. Furthermore, we divided
participants into subgroups based on longitudinal change in memory performance and
demonstrated significantly different spatial patterns of the estimated progression of amyloid
deposition between these subgroups. Our results indicate that the spatial pattern of amyloid
deposition is related to cognitive performance and may be more informative than a biomarker
reflecting total amyloid burden, which is the current practice. This finding has broad implications
for our understanding of the relationship between cognitive decline/resilience and amyloid
deposition, as well as for the use of amyloid imaging as a biomarker in research and clinical
applications.
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Introduction
The hallmark pathologies of Alzheimer’s disease are histology-confirmed amyloid plaques
and neurofibrillary tangles. Currently, disease progression must usually be estimated from
cross-sectional data and is defined as lower-to-higher total pathology. As shown in a large
series of post-mortem brains studied by Braak and Braak (Braak and Braak, 1997b), the
progression of amyloid plaque deposition (both diffuse and neuritic) follows characteristic
spatially unique stages rather than uniform deposition throughout the brain. There are
substantial inter-individual variations in spatial patterns of amyloid deposition, but frontal,
lateral temporal, and parietal regions are affected early, with relative sparing of the occipital
lobe and motor cortices until later in disease progression.

Spatial heterogeneity of patterns of amyloid deposition have also been found using recently-
developed in vivo amyloid tracers (Lockhart et al., 2007). Across studies, elevated amyloid
deposition has been found in frontal cortex, lateral temporal cortex, and precuneus,
especially in subjects with dementia of the Alzheimer type (DAT), with less consistent
binding in the occipital cortex (Klunk et al., 2004; Lopresti et al., 2005; Rowe et al., 2008;
Wong et al., 2010). A significant proportion of cognitively normal subjects also display
elevated cortical amyloid burden (Jack et al., 2008; Pike et al., 2007), with some likely in the
preclinical stages of DAT. In addition, patients with mild cognitive impairment (MCI) show
a bimodal distribution, such that some subjects exhibit amyloid deposition similar to that of
DAT subjects while other subjects exhibit deposition similar to healthy controls (Mintun et
al., 2006; Villemagne et al., 2011; Villemagne et al., 2008). Furthermore, MCI subjects who
exhibit amyloid burden similar to DAT subjects are more likely to progress to DAT,
compared to subjects who exhibit levels of amyloid burden similar to healthy controls
(Forsberg et al., 2008).

Mean or regional cortical amyloid burden are the typical biomarkers measured in in vivo
amyloid imaging studies. Advances in in vivo imaging techniques methods now allow us to
investigate temporal changes in amyloid deposition and relation to other imaging modalities
in greater detail (Shoghi-Jadid et al., 2002; Sojkova et al., 2011b). Moreover, the
spatiotemporal dynamics of amyloid deposition have not been studied in detail, in part due
to the relatively recent availability of amyloid imaging radiotracers and the time lag in
acquiring sufficient longitudinal data. In the current study, we use a pseudo-dynamic image
analysis method, similar to that used by Braak and Braak, estimating the progression of
amyloid deposition from cross-sectional images of older individuals. In particular, nonlinear
regional fits are used to determine regional amyloid burden as a function of total amyloid
load, thereby generating maps that indicate how much amyloid must be accumulated
globally in the brain before a given brain region is affected. This is accomplished by making
an assumption that total amyloid burden is related to temporal dynamics, i.e., a cortex will
have lower total amyloid load earlier in the disease progression, and progressively higher
amyloid load later in the disease progression, albeit a spline smoothing process is used to
handle deviations from this assumption. Pseudo-temporal maps can then be generated from
cross-sectional data. These maps are herein found to provide insights into the dynamics of
amyloid spread throughout the brain that are not evident in conventional group comparisons.

While cross-sectional studies of relationships between amyloid burden and cognition have
yielded mixed results, higher amyloid burden has been associated with greater longitudinal
memory decline in a number of studies (for a review, see (Resnick and Sojkova, 2011)). In
prior work, we have demonstrated associations between rates of longitudinal change in
verbal episodic memory performance and structural/functional changes in the cortex (Clark
et al., in press). Thus, in the present study, we aimed to use rates of change in California
Verbal Learning Test (CVLT) scores to group participants for comparison of amyloid
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progression patterns. Decline in verbal episodic memory is typically the earliest change
during the prodromal phase of DAT (Grober et al., 2008).

Analyses of amyloid deposition patterns in relation to cognitive performance that have been
based on region-of-interest or voxel-wise approaches have resulted in heterogeneous
findings. Generally, the regions that appear to be more involved in episodic memory
changes include the precuneus, also the frontal, posterior cingulate, and lateral parietal
cortices (Rentz et al., 2011), and the (frontal and lateral) temporal regions (Chetelat et al.,
2011; Resnick et al., 2010). Although these analyses begin to address differential
associations between cognition and amyloid deposition across the cortex, they are
confounded by high inter-individual variability introduced by the fact that different
individuals enrolled in a study are generally at different stages of amyloid progression,
which may obscure relationships between the spatial distribution and progression of amyloid
and cognition. In other words, the same value of amyloid burden at a given spatial location
might relate differently to cognitive decline, depending on the overall spatial pattern of
deposition and the stage of the disease. Moreover, amyloid imaging, based on conventional
measurements obtained from cross-sectional snapshots, is not very informative of the
dynamics of disease progression. In order to mitigate this problem, we undertook to
investigate spatial patterns of amyloid deposition as a function of total amyloid burden
throughout the brain, such that total amyloid burden is used as a proxy for the underlying
stage of disease progression in the absence of a more precise measure. Furthermore, we
sought to determine whether the spatial patterns of amyloid deposition between subgroups
would show a striking and significant divergence when individuals are classified according
to longitudinal change in cognitive performance. A varying spatial pattern may indicate an
earlier involvement of many specific brain regions in cognitive decliners (CD) compared
with a relatively more constrained amyloid spread in cognitively stable (CS) individuals.

Methods
Participants

A series of 64 participants (35 men, 29 women; age [SD] 76.61 years [6.89]; cortical
distributed volume ratio [SD] 1.16 [0.26]) from the Baltimore Longitudinal Study of Aging
(BLSA) neuroimaging sub-study were included. Additional participants were evaluated but
excluded due to clinical stroke (N=2), brain injury (N=1), and intolerance of MRI (N=1). At
baseline, BLSA neuroimaging participants were excluded for the following conditions: CNS
disease, severe cardiovascular disease, severe pulmonary disease, or metastatic cancer. The
participants included in this study were representative of the entire BLSA group with respect
to baseline age, sex, race, and education. For participants with multiple 11C-PiB scans, only
the last available scan was included for analysis.

All participants also underwent thorough neuropsychological evaluation in conjunction with
each neuroimaging visit. Participants were followed for an average of 12 years (SD = 1.8
years) and were tested approximately once per year, resulting in an average of 11 test time-
points per participant (SD = 1.57). A battery of 12 neuropsychological tests was
administered at each neuroimaging visit to evaluate mental status, word knowledge and
verbal ability, memory, language, verbal fluency, attention, executive function, and spatial
ability. Mental status was assessed with the Mini-Mental State Examination (MMSE);
verbal memory was assessed using the CVLT; and visual memory with the Benton Visual
Retention Test (BVRT). Ten participants had a score of 0.5 or higher on the Clinical
Dementia Rating (CDR) scale (Morris, 1997), of whom three were clinically diagnosed with
MCI at the time of the scan, and one had a dementia diagnosis with subsequent autopsy-
confirmed DAT. The CDR scale, typically informant-based, was administered in
conjunction with 11C-PiB PET imaging, and was also administered during earlier imaging
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visits if participants scored 3 or more on the Blessed Information Memory Concentration
test and at each visit for autopsy study participants (around 50% of the sample) (Blessed et
al., 1968).

11C-PiB PET Imaging
Dynamic 11C-PiB PET studies (29 time frames over 70 minutes) were performed in 3D
mode on a GE Advance scanner. Participants were fitted with a thermoplastic mask for PET
imaging to minimize motion artifacts. The PET scanning started immediately after IV bolus
injection of a mean (SD) 14.65 (0.9) mCi of 11C-PiB. Dynamic images were reconstructed
using filtered back-projection with a ramp filter (image size = 128 × 128, pixel size = 2 × 2
mm, slice thickness = 4.25 mm), yielding a spatial resolution of approximately 4.5 mm
FWHM at the center of the field of view.

Quantification of 11C-PiB distribution volume ratios (DVRs)
In conjunction with 11C-PiB PET imaging, each participant also underwent structural MRI
imaging with a T1-weighted volumetric protocol. MRI images were co-registered to the
mean of the first 20-minute dynamic PET images for each participant using the mutual
information method in the Statistical Parametric Mapping software (SPM2; Wellcome
Department of Cognitive Neurology, London, UK). In addition to the cerebellum, which
was used as a reference region, 15 regions of interest were manually drawn on the co-
registered MRIs and used for region-of-interest (ROI) definition on the PET scans (Price et
al., 2005).

The DVRs of ROIs were estimated by simultaneous fitting of a simplified reference tissue
model using linear regression with spatial constraints (SRTM-LRSC) to the 15 measured
ROI time activity curves (Zhou et al., 2003; Zhou et al., 2007). The mean cortical DVR
(cDVR) was calculated by averaging the mean DVR values from the orbitofrontal,
prefrontal, superior frontal, parietal, lateral temporal, occipital, and anterior and posterior
cingulate regions (Villemagne et al., 2008). The cerebellar grey matter was used as the
reference region. For voxel-wise analysis, parametric images of DVR were generated by
spatially normalizing using an R1 template (R1 = K1/K1 [reference tissue], the target to
reference tissue ratio of tracer transport rate constant from vascular space to tissue) (Zhou et
al., 2007).

Pseudo-temporal analysis of cross-sectional data via ranking
For voxel-wise analysis, parametric images of DVR were spatially normalized using SPM2
with an R1 template. As defined above, the cDVR value approximates average amyloid
deposition in grey matter throughout the brain. To extract the spatial dynamics of amyloid
deposition, participants were ranked based on their individual cDVR score, resulting in an
across-group waveform for each voxel such that the x-axis is the participants’ cDVR score
and the y-axis is the DVR value associated with that voxel across the group. When these
waveforms were examined, the general pattern was the relative absence of DVR increase,
followed by a linear increase in voxel-wise DVR with respect to cDVR value (Figure 1).
The aim of the present study was to determine whether some voxels are relatively spared
relative to other voxels, e.g., whether the inflection point at which the DVR value in a given
voxel starts increasing occurs at a larger cDVR value compared to other voxels. For a given
voxel, the signal intensity for N subjects may be expressed as:

(1)

These signal intensities may be pseudo-temporally organized using a function r(i):
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(2)

which in this case was increasing cDVR score, forming a pseudo-temporal waveform Sx(t):

(3)

The inflection point may be found from this waveform by finding the point t at which the
derivative is maximized.

The assumption is that there is a spatial spread of amyloid deposition, and by determining
when the amyloid increases, the spatial extent of the amyloid “wavefront” can be extracted.
To extract this information, each voxel waveform was fitted using a piece-wise linear fit.
Each fit was automatically calculated and included least-squares optimization to reduce the
squared 2-norm of the residual between the fitted curve and the original waveform. Due to
spline smoothing of the data inherent in the fitting process, individual deviations from the
assumption of less amyloid deposition earlier in disease progression have less effect over the
general pattern.

For each spatial (voxel) location in the brain, three characteristics in relation to amyloid load
were quantified from the 11C-PiB PET signal across the group: an inflection point that
estimates how much total amyloid must be present in the brain before the voxel exhibits
signs of amyloid accumulation, the initial signal intensity (or average 11C-PiB PET signal
before the inflection point), and a measure intended to be related to total amyloid
accumulation (measured via integration of the signal change after the onset of amyloid
accumulation at that point) (Figure 1b). The initial signal intensity is the magnitude of
the 11C-PiB PET signal when presumably no amyloid is present, and its spatial distribution
is most likely related to blood flow and tracer delivery. The improvement in statistical power
using this approach was quantified using simulated data (Supplementary Methods).

Non-specific white matter signal may introduce noise for voxels located within the white
matter. Although it is fairly difficult to account for this, our method assumes that there is
little to no amyloid accumulation in white matter and we show only surface maps of
inflection points or accumulation. Furthermore, this signal should vary randomly across
subjects and would introduce a slight increase in the baseline values, resulting in slightly
later inflection values if white matter did accumulate amyloid. However, when performing
the piece-wise linear fit, we found little evidence of accumulation in white matter
(Supplementary Materials).

Subgroup formation
Since change in immediate verbal recall is among the earliest cognitive changes detected
during the preclinical phase of Alzheimer’s disease (Grober et al., 2008), we used the
immediate free recall score (sum of the five learning trials) from the CVLT (Delis et al.,
1987) to form sub-groups of stable and declining individuals. The choice to use CVLT is
supported by a number of studies on different subject groups showing correlations between
composite (i.e., non-temporal) cognitive scores that are highly related to or include the
CVLT (Chetelat et al., 2011; Forsberg et al., 2010; Mormino et al., 2009; Pike et al., 2007;
Rentz et al.; Storandt et al., 2009; Villemagne et al., 2008). These sub-groups were defined
based on cognitive dynamics, or the slope of performance change over all years of each
individual’s CVLT scores in the years prior to and concurrent with the initial PiB
assessment. CVLT slopes were calculated with mixed-effects linear regression using an
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interval model with random intercept and slope (no other covariates were included). The
cognitively stable (CS) group was defined by individuals in the highest 20% of the CVLT
slopes, while the cognitively declining (CD) group showed a pronounced cognitive decline,
with CVLT slopes in the lowest 20%. At the time of the PET scan, in the CD group, one
subject was diagnosed with MCI and another subject was determined to be cognitively
impaired. Later, in the CS group one subject was diagnosed with probable DAT and another
developed MCI, while in the CD group one subject was diagnosed with probable DAT,
while the MCI and impaired subjects maintained their status. Group demographics are
shown in Table 1.

Since the CD group was significantly older and had a trend of higher cDVR values
compared to the CS group, we repeated our analyses using age- and cDVR-balanced groups
(N=19). The results were similar to those found using the top and bottom 20% CVLT slope
groups, and thus we chose the 20% group definition for consistency with previously
published literature. Furthermore, we chose to define groups rather than perform regression
since our whole-group analysis indicated highly non-linear amyloid deposition progression
and regression analyses rely on the assumption of linearity. There were no significant
differences in the percentage of amyloid-positive subjects in each group based on either of
two previously published thresholds of 1.2 (Sojkova et al., 2011a) and 1.5 (Jack et al.,
2009a).

Permutation testing
To determine the significance of the group differences, a permutation test was performed.
Subjects in the top and bottom 20% cognitive groups were randomly assigned to two new
groups and analyzed as in the original groups. Due to computational constraints and small
group sizes, ROIs were manually delineated and the averaged waveform from voxels within
the ROI were analyzed. One full analysis requires approximately 5 hours of computation
time, arising mostly from the non-linear optimization needed for each voxel-wise spline fit.
Beyond computational constraints, the small group sizes prohibit voxel-based comparisons
since the fit is less exact (i.e., there is less data) and corrections for multiple comparisons at
the voxel-wise level would result in no significantly different voxels. Although it is possible
to dramatically decrease computation time by using a vectorized implementation, this
approach is incompatible with the non-linear optimization for the spline fits.

Four areas were defined: left and right sensorimotor areas, and left and right temporal areas.
These areas were chosen based on large differences in inflection points between the CD and
CS groups. An additional four ROIs were also delineated for comparison to previous
studies: the left and right precuneus, and the left and right frontal areas. ROIs were not
restricted to grey matter, since the images were not segmented, and thus may include some
white matter voxels. The probabilities were corrected for multiple comparisons using the
False Discovery Rate (FDR) method (Benjamini and Hochberg, 1995). The permutation test
was performed 10,000 times to obtain distributions of group differences in inflection
(relative sparing) and signal increase (accumulation).

Results
To investigate amyloid distribution as a function of total amyloid burden – our proxy to
amyloid deposition dynamics – we analyzed voxel-wise 11C-PiB PET scans from 64
subjects using the aforementioned spline fitting method. By spatially mapping the inflection
points and accumulation, patterns of relative sparing of some regions compared to other
regions may be observed. In other words, much higher total amyloid burden must be reached
before relatively spared regions become affected, and this is reflected in the inflection point
maps (called IPMs herein).
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For better visualization and interpretation of the IPMs, voxels that show relatively late
amyloid accumulation (inflection points at higher cDVR values are color-coded in blue,
whereas red represents brain regions that are affected early, i.e., at relatively lower cDVR
levels. These IPMs are consistent with the histological findings from Braak et al., 1997, in
that there is relative sparing of the sensorimotor and occipital cortices at earlier stages of
amyloid deposition (Figure 2.I). This pattern is not observed in the initial signal intensities,
indicating that it is the signal change due to amyloid deposition that is detected by the
inflection points rather than the signal level at the start. Consistent with previous amyloid
imaging studies, the precuneus and frontal cortices are affected early, i.e., these regions
begin accumulating amyloid when the total amyloid burden for the cortex is relatively low
(Figure 2.II).

Spatial Patterns and Cognitive Status
Each subgroup consists of 13 subjects, corresponding to the individuals having the top and
bottom 20% CVLT slope scores. As expected, the CVLT slope scores are significantly
different. The positive CVLT slope in the CS group reflects a trend of better performance
over time due to practice from repeated testing. Age is also significantly different between
groups, but total amyloid load expressed as the cDVR score is not significantly different.
However, there is a trend of higher cDVR values for the declining group.

Despite the lack of significant differences in mean cortical amyloid load, the spatial patterns
of the inflection points between the two groups were found to be divergent in two regions:
the temporal lobe and the sensorimotor cortices (Figures 3 and S4). For the CS group, these
two regions are relatively spared at early stages, while these regions are impacted earlier
(i.e., at lower cDVR levels) in the CD group. In contrast, the patterns for baseline signal
intensities and signal increases are not noticeably different between groups, except for
greater overall accumulation for the CD group due to the trend of higher cDVR values.

To determine whether the spatial differences in amyloid distribution are significant, we
defined four regions of interest (ROIs) in the areas that visually differ: the left and right
sensorimotor areas, and the left and right temporal areas (Figure S5). An additional four
ROIs were also delineated for comparison to previous studies: the left and right precuneus,
and the left and right frontal areas. Permutation of group membership and analysis of the
average amyloid signal for voxels within these ROIs for 10,000 permutations resulted in a
distribution that could be used to determine significance for the original groups. The results
of permutation testing revealed significant differences in inflection and accumulation for the
left temporal area, accumulation in the left sensorimotor area, and inflection in the right
sensorimotor area (Table 2). Conversely, although there is a trend toward lower
accumulation for the frontal areas and right precuneus in the CS group, these trends do not
remain significant after correction for multiple comparisons.

Discussion
Spatial Patterns of Amyloid Deposition

We obtained estimates of the spatial progression of amyloid deposition in older adults
using 11C-PiB PET imaging and an image analysis method that assumed that the total
amyloid burden is a reasonable approximation of the stage of the pathology. This
assumption allows the approximation of spatiotemporal patterns from cross-sectional data,
leading to estimation of relative sparing of certain brain regions as reflected by relatively
later inflection points in regional amyloid signal.

The IPM maps are relative, such that they can only be interpreted in the context of what is
occurring elsewhere in the cortex. A lower cDVR inflection point in a particular region
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means that this region begins to accumulate amyloid while the rest of the cortex remains
relatively free of amyloid.

The spatial patterns are noteworthy in that they synthesize previous findings from both
histological and imaging studies. Similar to histological and imaging studies, there is clear
sparing of the occipital and sensorimotor areas and evident deposition in the precuneus and
frontal regions at early stages of amyloid deposition. Furthermore, there are some
noteworthy new findings. Histologically, it was found that subjects exhibited amyloid
deposition in a basal-to-apical pattern, but there was no detectable basal-to-apical pattern in
the analysis of 11C-PiB PET imaging, a finding similar to other imaging studies. This
discrepancy could be due to divergent approaches to quantifying amyloid load. Braak et al.
used a silver-pyridine method, which is more selective for nucleation sites (Braak and
Braak, 1997a). 11C-PiB labels fibrillar Aβ, i.e., plaques that contain Aβ sheets, and also
labels cerebrovascular amyloid angiopathy.

Cognitive Status is related to the Pattern of Amyloid Deposition
Visually, there are large differences in the pattern of amyloid deposition based on cognitive
performance, with CD subjects displaying involvement of most of the brain at relatively
early stages (low cDVR levels), whereas CS subjects showed relative sparing of the
sensorimotor and temporal cortex at low cDVR levels. Also, as the subgroups were defined
(top/bottom 20%), the trend of higher DVR values in the declining group plus higher
maximum DVR resulted in generally higher accumulation values. Despite the trend of
higher DVR, though, direct group comparisons lack the statistical power to detect significant
differences. Furthermore, comparison of two groups with matched DVR values achieved
similar results for inflection points and accumulation.

Atrophy is a potential confound when analyzing PET imaging data (Meltzer et al., 1990).
When we examined atrophy maps for the CS and CD groups, there were significant
differences in atrophy in the temporal lobes, the precuneus, and the medial frontal areas,
with the CD group having consistently less grey matter than the CS group (Figure S6).
Although it is known that there is atrophy, the effect of atrophy on the amyloid deposition
analysis is not straightforward. Theoretically, less tissue density would imply less amyloid
accumulation and lower PiB-PET signal intensity, such that the entire across-group cDVR
curve would shift downwards. If atrophy became more pronounced in conjunction with
higher amyloid burden, the rate of amyloid accumulation may also decrease. Since the
declining group has significantly more atrophy, the effect would be less difference between
the stable and declining groups in regions containing atrophy (Figure S7). Furthermore, the
pattern of atrophy does not perfectly coincide with the regions that had significantly
different amyloid deposition patterns, indicating that it is not the driving force behind the
differences between the cognitively stable and declining groups.

In the original Braak & Braak study (Braak and Braak, 1991), it was noted that there was
large inter-subject variability in the amyloid patterns, even for subjects with similar total
amyloid burden, resulting in definition of only three stages of amyloid deposition
progression. This large variability may be due to different spatiotemporal patterns of
amyloid deposition, which may in turn be related to differences in cognitive performance, as
association cortex may be affected earlier or later depending upon the individual’s amyloid
deposition trajectory. More importantly, these results suggest that the spatial pattern of
amyloid deposition might be a powerful early biomarker of cognitive decline. The current
study introduces such a biomarker based on the IPMs and related measures.

A popular model of the developmental course of DAT suggests that one of the earliest
detectable changes is increased amyloid load (Jack et al., 2010). Thus the viability of using
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CSF Aβ42 or 11C-PiB PET imaging as biomarkers for the early detection of Alzheimer’s
disease has been investigated (Nordberg et al., 2010; Resnick and Sojkova, 2011). However,
differences in amyloid deposition may be subtle, especially for individuals who are
cognitively declining but remain clinically nondemented. In our sample, a direct comparison
of mean amyloid signal between groups showed a non-significant trend within the ROIs,
demonstrating that our IPM-based analysis approach is a more distinctive biomarker of
amyloid progression.

Our results indicate that one difficulty of using amyloid as a cross-sectional biomarker for
DAT may stem from the fact that it is the spatial pattern that is related to cognitive
performance (and perhaps disease progression) rather than the actual amount of amyloid
present in the brain at a given time. However, the extent to which amyloid deposition or
another neurodegenerative process, e.g., tangle formation, actually triggers cognitive decline
remains unclear (Hardy, 2009). Several processes may occur simultaneously and multiple
biomarkers may be most informative in predicting cognitive decline. For example, a cross-
modality study of regional cerebral blood flow (rCBF) and 11C-PiB load showed divergent
patterns of rCBF changes between high- and low-PiB groups, but the pattern included both
increases and decreases in rCBF, which is unlikely to be driven solely by amyloid deposition
(Sojkova et al., 2008; Vlassenko et al., 2010). More recently, high risk for subsequent
cognitive impairment has been shown in cognitively normal individuals with DAT-like
cortical thinning and low CSF Aβ (Dickerson and Wolk, 2012).

Furthermore, only one of the subjects in this study was diagnosed with DAT (but not
included in the cognitive subgroup analysis), which raises the question whether subjects
with DAT have their own unique spatial patterns of amyloid deposition. There is some
evidence for this, since studies of these populations have indicated that high 11C-PiB PET
signal is most relevant in the bilateral frontal and cingulate cortices in discriminating DAT
from healthy subjects, a finding that was not found in our subject pool (Forsberg et al., 2008;
Grimmer et al., 2009; Klunk et al., 2004; Price et al., 2005; Rowe et al., 2007). Amyloid
load may asymptote at a maximum or plateau, but for the data analyzed in this study, there
was no clear upper asymptote, indicating that the complete amyloid load trajectory has not
been fully analyzed (Engler et al., 2006; Jack et al., 2009b; Kadir et al., 2010). Furthermore,
our method may not be applicable to subject pools that consisted of only amyloid-positive
individuals. In this case, there may be an insufficient number of low DVR values, so all
regions may be fully saturated with amyloid and appear as an unchanging signal intensity.

Despite the exclusion of DAT subjects in the cognitive subgroup analysis, significant
differences were still found within our subject pool when they were grouped based on
cognitive performance. Since a large difference was found in a limited sample consisting
only of non-DAT subjects, it highlights the potential influence of the spatial pattern of
amyloid deposition on cognitive performance in a preclinical disease state. Extension of the
analysis approach used in this study to more individuals with mild cognitive impairment
might shed light on its relevance for early detection of DAT.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The inflection point is related to the approximate total amyloid load (cDVR) that a
subject must reach before amyloid begins accumulating within a region
Shown are three waveforms extracted from a spatial map of inflection points: (a) a voxel
that is affected early in the disease progression, (c) a voxel that is affected late in the disease
progression, and (b) a voxel between the two extremes. The fitted piecewise linear curve
provides information about the initial signal intensity before the inflection point, the total
amyloid burden (cDVR) at which the amyloid begins increasing (inflection), and the integral
of the curve after the inflection point (accumulation). Colorbar units are cDVR values at
which a voxel begins accumulating amyloid. For plots, the x-axis is the cDVR and the y-axis
is 11C-PIB signal strength (arbitrary units).
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Figure 2. Shown are surface maps of estimated inflection point, initial signal intensity, and
accumulation
(I.a) The inflection point at which the voxel-wise PiB signal begins increasing estimates
the pattern of progression of amyloid deposition. Higher cDVR needs to be reached
before blue/green regions are affected. The occipital and sensorimotor cortices are relatively
spared. Units are in total amyloid burden (cDVR) at which the signal begins increasing at a
particular voxel. (I.b) The initial signal intensity has no apparent pattern of sparing.
This suggests that the spatial patterns for the IPM and accumulation maps are due to
amyloid signal increase. (I.c) The amount of amyloid accumulation may be reflected via
integration of the curve after the inflection point. Relatively spared areas are similar to
those found via spatial analysis of the inflection point, i.e., the sensorimotor and occipital
cortices. Units are signal intensity increase multiplied by cDVR. (II) Both the precuneus
and frontal regions are affected early, i.e., for low cDVR values. A map of inflection
points along the sagittal midline shows that the precuneus and frontal regions begin
accumulating amyloid when the total amyloid burden is relatively low.
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Figure 3. Cognitive status and relative sparing of cortical areas with respect to amyloid load may
be related
Shown are surface maps of the IPMs, initial signal intensity, and amyloid accumulation
(area under the curve). (a,d) Relative sparing in the IPM -- in the CS group, the
sensorimotor and temporal cortices, plus some other smaller regions, are relatively spared.
In the CD group, these regions show signs of amyloid accumulation at relatively low total
amyloid burden. The spatial patterns for the IPMs are different. Units for each voxel are
cDVR at which the signal at that voxel begins increasing. (b,e) Initial signal intensity –
Based on visual inspection, the initial signal intensity appear to be similar for both groups.
Units are average voxel-wise signal intensity. (c,f) Accumulation – Since there is a trend of
higher cDVR values for the CD group, there is more accumulation for this group than for the
CS group. However, the ratios of values between voxels are highly similar for both groups,
meaning that the spatial patterns are highly similar, with the largest difference being a
constant offset. Units are signal intensity increase multiplied by cDVR. The implication is
that although the spatial distribution of amyloid accumulation is not very different between
these groups, the IPMs (a,d) indicate that the spatial pattern of estimated inflection points in
amyloid accumulation is the most important discriminant.
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Table 1

Group demographics, CVLT, cDVR, and number of amyloid-positive subjects (mean ± standard deviation
[range])

Cognitively Stable (CS) (N=13) Cognitively Declining (CD) (N=13) p-value

Age 75.70 ± 5.38 [67.06 – 90.96] 80.70 ± 4.81 [73.47 – 89.48] 0.020

Sex 8 females, 5 males 4 females, 9 males 0.130*

Education (years) 17.15 ± 2.41 (12 – 20) 16.08 ± 2.53 (12 – 19) 0.139

APOE ε4 4 positive 5 positive 0.709*

MMSE 28.92 ± 0.79 (27 – 30) 27.50 ± 2.78 (23 – 30) 0.057

CVLT Slope 1.072 ± 0.403 [0.59 – 2.07] −0.771 ± 0.654 [−2.81 – −0.25] 1.741e-09

cDVR 1.138 ± 0.206 [0.92 – 1.60] 1.267 ± 0.292 [0.91 – 1.72] 0.207

cDVR > 1.2 5 positive 7 positive 0.458

cDVR > 1.5 1 positive 3 positive 0.305

*
Wilcoxon ranked-sum test
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Table 2

P-values from permutation testing

ROI Inflection Accumulation

Left Temporal Area 0.029* 0.009*

Right Temporal Area 0.097 0.077

Left Sensorimotor Area 0.106 0.015*

Right Sensorimotor Area 0.020* 0.100

Left Frontal Area 0.293 0.036

Right Frontal Area 0.219 0.045

Left Precuneus 0.268 0.105

Right Precuneus 0.056 0.078

Subject groups were permuted to calculate significance of ROI differences between CS and CD groups in inflection (relative sparing) and signal
change (accumulation).

*
Significant after correction for multiple comparisons using FDR (p < 0.05).
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