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SUMMARY

B-Amyloid (A), a hallmark of Alzheimer’s disease, begins accumulating up to two
decades before the onset of dementia, and can be detected in vivo applying A PET
tracers such as carbon-11 labelled Pittsburgh Compound-B (PIB). A variety of
thresholds have been applied in the literature to define PIB-PET positivity, but the
ability of these thresholds to detect early A deposition is unknown, and validation
studies comparing PIB thresholds to post-mortem amyloid burden are lacking. In this
study we first derived thresholds for amyloid PET positivity using PIB-PET in 154
cognitively normal older adults with four complementary approaches: (1) reference
values from a young control group aged between 20 and 30 years, (2) a Gaussian
mixture model that assigned each subject a probability of being AB-positive or AB-
negative based on PIB index uptake, (3) a k-means cluster approach that clustered
subjects into AB-positive or AB-negative based on PIB uptake in different brain
regions (features), and (4) an iterative voxel-based analysis that further explored the
spatial pattern of early AP PET signal. Next, we tested the sensitivity and specificity
of the derived thresholds in 50 individuals who underwent PIB-PET during life and
brain autopsy (mean time PET to autopsy 3.1 + 1.8 years). Amyloid at autopsy was
classified using Consortium to Establish a Registry for Alzheimer's Disease (CERAD)
criteria, unadjusted for age. The analytic approaches yielded low thresholds (SUVR,,y
=1.21, DVRy,w=1.08) that represent the earliest detectable PIB signal, as well as high
thresholds (SUVRp;gn =1.40, DVRy;gn =1.20) that are more conservative in defining
PIB-PET positivity. In voxel-wise contrasts, elevated PIB retention was first noted in
the medial frontal cortex, then the precuneus, lateral frontal and parietal lobes, and
finally the lateral temporal lobe. When compared to post-mortem amyloid burden,

low proposed thresholds were more sensitive than high thresholds (sensitivities:

3
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DVRjow 81.0%, SUVR|oy 83.3%; DVRpigh 61.9%, SUVRyigh 62.5%) for CERAD
moderate-to-frequent neuritic plaques, with similar specificity (DVRyow 95.8%;
SUVRow, DVRpigh and SUVRyign 100.0%). A receiver operator characteristic analysis
identified optimal DVR (1.06) and SUVR (1.20) thresholds that were nearly identical
to the a priori DVR},,, and SUVR,y,. In summary, we found that frequently applied
thresholds for PIB-positivity (typically at or above DVRy;gn and SUVRy,;en) are overly
stringent in defining amyloid positivity. Lower thresholds in this study resulted in

higher sensitivity while not compromising specificity.

4
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INTRODUCTION

PET amyloid imaging has had a profound effect on aging and dementia research. The
first publication of a [p-amyloid-selective imaging agent, carbon-11 labelled
Pittsburgh Compound-B [''C]JPIB (Klunk et al., 2004) opened the door to in vivo
detection of a core aspect of Alzheimer’s disease pathology. Soon afterwards, ['*F]-
labeled amyloid imaging agents were developed and commercialized, widely
increasing the availability of this technology. The ability to detect and quantify
fibrillar brain amyloid-B (AB) in vivo has helped to establish models of disease
pathophysiology and biomarker progression (Jack et al., 2010, Bateman et al., 2012,
Jack et al., 2013) and guide the design of clinical trials (Salloway et al., 2014). These
studies offer the potential for a more complete understanding of the pathophysiology
of Alzheimer’s disease, along with the hope of early therapeutic intervention in

people who harbor amyloid pathology but do not yet express cognitive decline.

In studies of amyloid imaging, many investigators use an overall measure of
radioligand retention in the brain in order to dichotomize subjects into “amyloid
positive” and “amyloid negative” categories. However, A deposition occurs on a
continuum; at present there is no clear a priori way to separate individuals who have
pathologically relevant AP deposition from those who do not. Nevertheless, there are
important reasons to consider categorical classification of individual subjects.
Classification of individuals as amyloid “positive” or “negative” is relevant for
clinical diagnosis, for inclusion of subjects in anti-amyloid therapeutic trials, and for
distinguishing AP —dependent and AP —independent changes in cognition and in brain
structure and function. Measurements of 1.4 - 1.5 standardized uptake value ratio

(SUVR) units have often been traditionally used in the literature to identify Ap-
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positive subjects using PET scanning with PIB. These thresholds are based on
different categorization approaches such as the natural data breakpoints, the upper
confidence limit observed in cognitively normal older adults, the lower confidence
limits found in patients with clinical Alzheimer’s disease dementia, iterative outlier
removal, hierarchical clustering or Gaussian mixture modeling (GMM) (Pike et al.,
2007, Aizenstein et al., 2008, Jack et al., 2008, Hedden et al., 2009, Rowe et al.,
2010, Villemagne et al., 2011, Jack et al., 2012, Nordberg et al., 2013, Mormino et
al., 2014). It is unknown if these thresholds truly allow the earliest possible detection
point of pathologically relevant AB-PET signal. Identifying subjects with amyloid
deposition as early as possible is important to truly understand the Alzheimer’s
disease pathophysiological cascade, and to exclude early amyloid accumulators from
studies focusing on normal cognitive aging and “suspected non-Alzheimer’s disease

pathology” (SNAP)(Jack et al., 2012).

The main aim of this study was to identify and validate thresholds that detect
pathologically relevant PIB signal as early as possible. A secondary aim was to
examine the spatial pattern of early A PET signal. As a first step, we applied four
distinct statistical approaches to define a low threshold for AB PET positivity based
on [''C]PIB data from 154 older adults. Thresholds were defined based on (1)
reference values from a young control group, (2) a GMM, (3) a k-means cluster
approach, and (4) an iterative voxel-based analysis. The GMM and the cluster
analyses also allowed derivation of a higher threshold that might be favored when
reducing the rate of false positives is more important than detecting early PIB-PET
signal. The cluster and the voxel-wise analyses further allowed examination of the

spatial pattern of early AP PET signal. Because AP is hypothesized to start

6
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accumulating long before cognitive impairment is clinically evident, we derived the
thresholds based on data acquired in cognitively normal older adults. Thresholds were
derived for the two most common methods of PIB-PET quantification: SUVR units,

and distribution volume ratios (DVR).

Evaluating sensitivity and specificity of amyloid PET thresholds requires a “standard
of truth” which, for the detection of brain A, necessitates pathological examination
of the brain (Clark ef al., 2011). As a second step we therefore applied the derived
low and high SUVR and DVR thresholds to PIB-PET scans from 50 individuals
enrolled in longitudinal studies of aging and dementia who underwent amyloid
imaging and were also followed to autopsy. Classifications based on the proposed
thresholds were compared to the burden of amyloid at autopsy as measured by the
Consortium to Establish a Registry for Alzheimer's Disease (CERAD) scale (Mirra et
al., 1991). CERAD is a semi-quantitative scale of AP neuritic plaque (NPs), fibrillar
amyloid aggregates considered to be the primary A species that bind PIB in vivo

(Ikonomovic et al., 2008, Ikonomovic et al., 2012, Ni et al., 2013).

We hypothesized that the proposed low thresholds would have higher sensitivity for
significant A} burden (defined as CERAD moderate-to-frequent NPs), whereas the
proposed high thresholds would have higher specificity and result in fewer false
positives in brains with CERAD absent to sparse NPs. We also hypothesized that
cortical hubs of brain connectivity would be key regions of early PiB signal,
supporting the idea that regions of high connectivity are prone to earlier A}

deposition (Buckner ef al., 2009).

7
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MATERIALS AND METHODS

Threshold derivation

Participants

Table 1 shows the demographic data of 154 cognitively normal elderly and 18 young
adults included in the threshold derivation step. Older adults were from the Berkley
Aging Cohort (BAC) and from ongoing studies at the University of California Davis
(UCD) Alzheimer's Disease Center (see supplementary material for more details).
Written informed consent was obtained from participants under protocols approved

by the Institutional Review Boards of all participating institutions.

MR imaging and preprocessing

Structural T1-weighted MR images were obtained on different scanners
(supplementary material). All MPRAGE scans were processed with FreeSurfer
version 5.1 (http://surfer.nmr.mgh. harvard.edu/) to derive regions of interest (ROIs)
in each subject’s native space using the Desikan-Killiany atlas (Desikan et al., 2006).

These ROIs where then used to extract regional cortical PIB values.

PET imaging and preprocessing

All subjects underwent PIB-PET imaging at Lawrence Berkeley National Laboratory
(supplementary material). PIB-PET data were preprocessed using the Statistical
Parametric Mapping software package (SPMS; http://www.fil.ion. ucl.ac.uk/spm)
using a previously published protocol (Villeneuve ef al., 2014). All subjects included
in the threshold derivation received dynamic scans. DVRs were generated with Logan
graphical analysis, PIB frames corresponding to 35-90 minutes post-injection and a

native-space grey matter cerebellar mask as the reference region (Logan et al., 1996,

8
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100



Brain

Price et al., 2005). SUVRs were calculated by dividing the mean uptake 50-70

minutes post-injection by the grey matter cerebellar mask.

For each subject, both a DVR and a SUVR “PIB index” were derived from the native-
space image by averaging the weighted mean value from Freesurfer-derived ROIs in
frontal, temporal, parietal and posterior cingulate cortex using the Desikan-Killiany
atlas (Desikan et al., 2006) (supplementary Fig. 1A). The PIB index thus includes
cortical regions that show a high proclivity for PiB retention in AD and normal aging
(Price et al., 2005, Rabinovici et al., 2010). ROI —specific values were also extracted
from 76 ROIs from the same atlas (supplementary Table 1). Because of the linear
correspondence found between the DVR and the SUVR values, all statistical analyses
for the threshold derivation part of the manuscript were performed using DVRs and a
regression line (SUVR =-0.54 + 1.62*DVR, R=0.97) was applied to derive the

SUVR cutoffs corresponding to the DVR thresholds.

Statistical Analysis

We investigated optimal PIB Index cutoffs to detect early PIB-PET signal using 4
different methods: (1) a reference group of young adults, (2) GMM analysis, (3)

cluster analysis and (4) voxel-wise analysis.

Young adults analysis

There is strong evidence that adults under age 30 years are almost invariably free
from AP accumulation (Kok et al., 2009, Fleisher et al., 2012). Thus, the first
threshold we used in this study was defined as 2 standard deviations (SD) above the

group of 18 young subjects aged between 20 and 30 years. This approach was used in
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a previous publication from our group (Mormino et al., 2012). In that previous
publication, which included 11 of the 18 current young subjects, the cutoff was set at

DVR = 1.08.

Gaussian mixture models (GMM) analysis

A GMM is a probabilistic model assuming that the overall data distribution can be
estimated from a mixture of Gaussian distributions. Using that technique, we fit from
1 to 11 Gaussian distributions to our data and used a Bayesian information criterion
(BIC) to assess the optimal number of Gaussian distributions represented in our data.
We found that the best fit for our data was 2 Gaussian distributions, which is
consistent with a previous report using different data sets (Mormino et al., 2014).
Then, each subject was assigned a probability of belonging to each Gaussian
distribution. The two cutoffs derived using this technique represent the 90%
probability of belonging in the low (representing the PIB-negative subjects) or the
high (representing the PIB-positive subjects) distributions. While admittedly arbitrary,
we chose a probability of 90% based on thresholds applied to define abnormal scan
results in the literature (Jack et al., 2012). Notably, results were highly similar while

using a 95% probability (supplementary Table 3).

k-means Cluster analysis

This technique is similar to (and not totally independent from) the GMM analyses in
the sense that it defines how we can cluster, or group, the data together. In this
analysis, instead of examining the DVR PIB index we used the PIB DVR values
extracted from the 76 ROIs defined by the Desikan-Killiany atlas. We restricted the

analysis to two clusters, one that represents subjects with high AB deposition and the
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other representing subjects with low A deposition. The two cutoffs derived using
this technique represent the 90" percentile of the low cluster (representing the PIB-
negative subjects) or the 10™ percentile of the high cluster (representing the PIB-

positive subjects).

Voxel-wise analysis

In this analysis, we began by ranking all older normal subjects by their DVR PIB
index. We then created a reference group of 22 subjects with a mean index of 1.00 to
which we compared a series of subsequent groupings of the remaining participants
(referred to here as the group of interest). In other words, after selecting the 22
subjects that comprised the reference group, we took the 22 subjects with the next
highest PIB index values and performed voxel-wise contrasts between this group of
interest and the reference group. We then dropped the subject from the group of
interest with the lowest PIB index and added the subject with the next highest value
and again performed a voxel-wise comparison between that group of interest of 22
subjects to the same reference group. We continued this process, iteratively creating
groups of interest of 22 subjects by dropping the individual with the lowest PIB index
and adding the one with the next highest index, such that the “new” group of interest
differed from the previous group by only two subjects. In this way, groups of interest
gradually moved up the scale of PIB index DVRs, always using the same initial
reference group of 22 subjects (mean DVR=1.00) for comparison. This procedure was
repeated until the subject with the highest DVR was included. A DVR of 1.00 was
chosen for the reference group since this DVR value reflects a level of PIB retention
in the cortex equivalent to the cerebellum grey matter, and thus indicates no specific

tracer retention.
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Voxel-wise analyses were performed using SPMS software. First, the DVR scans
were warped to the MDT?2 template (Sun ef al., 2007). Then, images were smoothed
(Gaussian kernel of 10 x 10 x 10 mm), masked to exclude non-grey matter voxels
from the analyses, and two-sample t-tests were performed. All voxel-wise analyses
were corrected for multiple comparisons using a Family-Wise Error (FWE) at p < .05

and cluster size k£ >150.

The DVR threshold was defined as the mean PIB index DVR of the group of interest
when a statistically significant signal of elevated PIB retention was first detected.
Overall, 66 iterations were used to examine patterns of Af accumulation. In this
model, we assume that increasing DVR represents temporal progression, an

assumption that we recognize may not be entirely justified.

Threshold validation

Participants

Table 1 shows the demographic data of the 50 individuals who had both PIB-PET and
autopsy. Participants were from the University of California, San Francisco Memory
and Aging Center or the UCD Alzheimer’s Disease Center (supplementary material).
All but two of these participants were cognitively impaired and therefore not included
in the threshold derivation step. Clinical diagnosis was established at a multi-
disciplinary conference applying standard research criteria for mild cognitive
impairment (MCI) and dementia syndromes (McKhann et al., 1984, Roman et al.,

1993, Petersen, 2004, McKeith et al., 2005, Albert et al., 2011, Gorno-Tempini et al.,
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2011, McKhann et al., 2011, Rascovsky et al., 2011, Armstrong et al., 2013). This
report reflects data on 50 individuals who had both PIB-PET and autopsy as of May,

2014.

MR imaging and preprocessing

Structural T1-weighted MR images were obtained on different scanners
(supplementary material). T1-weighted images were used only for definition of the
cerebellum reference region, using FreeSurfer v5.1 software, and for spatial

normalization.

PET imaging and processing

All subjects underwent PET imaging on the same scanners with the same acquisition
parameters as for the threshold derivation study. 45 of these subjects underwent
dynamic PET imaging. The cerebellar grey normalized DVR image was then warped
to an anatomical T1-based template in MNI space using the subjects’ T1 MRIs as
reference images. Grey matter segmentation was defined for each subject in template
space, applying a probabilistic grey matter mask from the Montreal Neurological
Institute (MNI) T1 template using Statistical Parametric Mapping (SPMS). In 5
subjects, dynamic data were not obtained, but PIB data were collected from 50-70
min following tracer injection for calculation of SUVRs (in one subject, only data
from 55-70 min were available). SUVR and DVR images were subsequently
processed identically. All analyses for the threshold validation part of the manuscript

were preformed using both the DVR and the SUVR values.

13
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Similar to the threshold derivation study, we estimated mean cortical PIB retention
using a “PIB index”. However, due to a high failure rate of FreeSurfer-based
segmentation in MRIs derived from dementia subjects, the PIB index in this group
was created by combining frontal, temporal, parietal and posterior cingulate regions
defined within the Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et
al., 2002) and extracting values in template space. The AAL-defined regions were
highly analogous to those defined using the Desikan atlas (supplementary Fig. 1B),
and the two methods yield highly correlated mean DVR values (supplementary

materials).

Neuropathological Examination

Brain autopsies were performed at University of California, San Francisco Memory
and Aging Center (N = 38), University of California Davis (9), University of
Pennsylvania (1), University of California Los Angeles (1) and Mayo Clinic
Jacksonville (1). Pathological assessments were performed using institution-specific
protocols, as previously described (Chui et al., 2006, Forman et al., 2006, Grinberg et
al., 2013, Magaki et al., 2014, Murray et al., 2014). All autopsies included tissue
sampling in regions relevant to the differential diagnosis of dementia based on
published consensus criteria (Roman et al., 1993, Newell et al., 1999, McKeith et al.,
2005, Mackenzie et al., 2010, Hyman et al., 2012). Tissue staining included
hematoxylin/eosin and at least one of the following stains: thioflavin S, modified
Bielschowsky, Gallyas silver stain, or immunohistochemistry for AB (the latter was
available in 41/50 cases and is considered equivalent to older stains for the purposes
of CERAD staging in updated pathological criteria (Hyman et al., 2012). NP densities

were based on the assessment of sections stained with these methods. CERAD scores
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were based on the highest density of NPs found at autopsy. Sections were rated
unadjusted for age, as follows: 1-5 NPs in a 100x field were classified as CERAD-
sparse, 6-14 as CERAD-moderate and >15 as CERAD-frequent (Montine et al.,
2012). Immunohistochemistry for hyperphosphorylated tau, a-synuclein, ubiquitin,
and transactive response DNA binding protein 43 (TDP-43) was performed based on
institutional protocols. Alzheimer’s disease neuropathology was further characterized
by Braak stage (Braak and Braak, 1998) and the National Institute on Aging — Reagan
criteria (1997, Hyman and Trojanowski, 1997). In some cases neuropathologists had

access to the clinical histories and thus may not have been blinded to PIB-PET results.

Autopsy reports were reviewed by an experienced neurologist (GDR) who extracted
the primary and contributing neuropathological diagnoses, as well as CERAD, Braak
and NIA-Reagan scores for each case. The presence and degree of cortical diffuse
plaques (DPs) and cerebral amyloid angiopathy (CAA) in brain parenchyma (i.e. not
isolated to leptomeninges) was also recorded. Staging applying the updated NIA-AA
pathological criteria for Alzheimer’s disease (Hyman ez al., 2012) were only available
for a subset of participants since many of the autopsies preceded publication of these

new criteria.

Estimation of Sensitivity and Specificity

We assessed the relationship between classification of subjects as PIB-PET positive
or negative applying the derived low and high thresholds, and compared PET

categorization to the classification of subjects by autopsy as positive or negative for
significant NPs. To conform to previous PET-pathology studies (Clark et al., 2012,

Curtis et al., 2015), cases with CERAD scores of “absent” or “sparse” were

15
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categorized as pathologically negative for significant NPs, while “moderate” and
“frequent” CERAD scores were considered positive. Sensitivity and specificity for
each of these thresholds were estimated by the appropriate observed proportion, and
95% confidence intervals were generated based on the assumption that they follow a
binomial distribution. In order to explore whether the a priori thresholds we selected
were truly optimal, in a separate exploratory analysis we used receiver-operating
characteristic (ROC) curves to determine the PIB thresholds that maximized overall
classification accuracy of CERAD moderate-frequent cases versus CERAD absent-

Sparse cases.

Additional Statistical Analyses

For both the threshold derivation and validation steps, group differences in continuous
variables were examined using Student’s t-tests. Group differences in dichotomous
variables were compared using chi-square or Fisher’s exact tests. Statistical analyses

were implemented in PASW 21.0 (SPSS Inc.).

RESULTS
Threshold derivation

Young adults

The mean DVR of the young subjects was 1.01 (SD = .03), leading to a cutoff of 1.07
that is 2 standard deviations above the mean. Fitting a regression line between DVRs
and SUVRs (SUVR =-0.54 + 1.62*DVR, R = 0.97) showed that a DVR cutoff of

1.07 is equivalent to an SUVR cutoff of 1.19.

Table 2 shows the cutoffs for the four analytic techniques applied in this study.

16
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Gaussian mixture models

The two Gaussian distributions are presented in Fig. 1. Based on the model, each
subject was assigned a probability of belonging to either distribution. Two cutoffs
were derived: the lower threshold was DVR = 1.09 and corresponds to a 90%
probability of belonging in the low AP distribution; and the higher threshold was
DVR = 1.21 and corresponds to a 90% probability of belonging to the high A
distribution. Applying the DVR vs. SUVR regression line identified a low SUVR

cutoff of 1.23 and a high SUVR cutoff of 1.42.

Cluster analysis

The two clusters are presented in Fig. 2A, representing subjects with high and low
AP. Each row of each cluster represents one subject and each column represents one
significant feature (ROI), for a total of 13 features. Similar to the GMM approach,
each subject was assigned a probability of belonging to cluster A (low Ap) or cluster
B (high AB). Two cutoffs were derived: the lower threshold was DVR=1.09 and
corresponds to the 90" percentile of cluster A (low AP); and the higher threshold was
DVR = 1.19 and corresponds to the 10" percentile of Cluster B (high Ap). Fitting a
regression line between the DVR and the SUVR data suggest a low SUVR cutoff of

1.23 and a high SUVR cutoff of 1.39.

The 13 features represent the brain regions that best (or most significantly)
discriminate two clusters among the 76 ROIs tested in the model are shown in Fig.
2B. The anterior cingulate (left and right) and the precuneus (left and right) stood out

as key regions that differentiate the two clusters. The ROIs representing the 13

17
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significant features, that are mainly symmetrical, as well as their weights in the model

are shown in supplementary Table 2.

Voxel-wise analysis

The first significant difference between the reference group (n =22, mean DVR =
1.00, SD = 0.01) and the groups of interest (n = 22) was found when the group of
interest had a mean PIB index DVR of 1.07 (SD = 0.01) (Fig. 3, Video). In this
contrast, a cluster of significant PIB retention was limited to the medial frontal cortex;
at very slightly higher levels of mean PIB index DVRs (1.08), significant clusters
were found in the precuneus, followed by the lateral frontal and parietal lobes which
appeared when the mean PIB index DVR was near 1.14 (SUVR 1.31), and finally the
lateral temporal lobe (Fig. 3, Video). The DVR of 1.07 defining the first significant

cluster of voxels corresponds to an SUVR of 1.19.

Threshold validation

In the separate autopsy validation cohort, the mean interval between PET scanning
and death was 3.1 years (range: 0.2 — 6.4 years). At autopsy, the most common
neuropathological diagnoses were frontotemporal lobar degeneration, Alzheimer’s
disease (often with mixed pathology) and cerebrovascular disease (Table 1). The
distribution of CERAD scores was relatively bimodal, with most subjects classified as
CERAD absent or CERAD frequent. Only 4 subjects fell in the CERAD moderate

category.

The overall prevalence of AP deposits (in the form of NPs, DPs or CAA) at autopsy

was 84%, including 64% with NPs, 80% with DPs (data missing in 4 cases) and 50%
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with CAA (data missing in 6 cases). Some degree of amyloid pathology was present

at autopsy in 100% of ApoE4 carriers versus 77% of non-carriers (p=0.09).

Fig. 4 shows examples of PIB-PET scans in subjects representing the spectrum of
post-mortem amyloid burden. PIB-PET in the subject with CERAD sparse plaques
had DVR and SUVR values well below the low thresholds (Fig. 4, top row). PIB-PET
in the subject with CERAD moderate plaques had DVR and SUVR values positive by
the low thresholds and negative by the high thresholds (middle row). This subject has
relatively focal retention of PIB in the left temporal and parietal lobes. PIB-PET in the
subject with CERAD frequent NPs was well above the high DVR and SUVR

thresholds (bottom row).

Sensitivity and specificity for low and high DVR and SUVR thresholds are shown in
Table 3. While DVR,,,, and SUVR,,,, showed reasonable sensitivity for CERAD
moderate-to-frequent NPs (81% - 83%), DVRy;gh and SUVRy,qp, thresholds showed
surprisingly low sensitivity (~62%). Conversely, all thresholds showed very high
specificity. Even when applying liberal thresholds, there was only one false positive
result by DVRy4y, and none applying SUVR,,y. Overall, DVR and SUVR values were
highly correlated (r=0.98, p<0.001), and both measures showed comparable

sensitivity and specificity at both low and high thresholds.

Fig. 5 shows the relationships between DVR/SUVR values and CERAD scores. For
DVRy;gn, there were 8 false negatives (compared to 4 for DVR|ey,), while for SUVRyigh
there were 9 false negatives (compared to 4 for SUVR|oy). Similar plots comparing

values to Thal amyloid stages and NIA-AA pathological criteria for AD in the subset
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of patients in which these were available are shown in supplementary Fig. 4. While a
direct comparison between the SUVR and DVR methods of PIB quantification is
outside the scope of our study, it is worth noting that these methods yielded highly
correlated results, and performed comparably in predicting post-mortem amyloid

burden.

Supplementary Fig. 3 provides examples of misclassified cases. There was only one
false positive case in our series. Visual inspection of the image suggests that the
borderline positive DVR value may be due to relatively high PIB retention in white
matter, which could contaminate grey matter PIB signal via partial volume effects.
Scans were classified as false negatives (by one or both thresholds) for a variety of
reasons including focal amyloid accumulation, cortical atrophy and CAA in the grey
matter of the cerebellum (see supplementary material for more details). PET to
pathology intervals were no different in patients that were “false negatives” by one or

more standards versus other patients in the cohort.

The results of the ROC analysis are shown in supplementary Table 4. The empirically
derived optimal DVR (DVR = 1.06, AUC 0.89, sensitivity = 85.7%, specificity =
95.8%) and SUVR (SUVR = 1.20, AUC 0.88, sensitivity = 83.3%, specificity =
100%) thresholds were nearly identical to the a priori DVR,o, and SUVR oy,

thresholds, thus yielding similar sensitivity and specificity values.

DISCUSSION

The selection of threshold values to determine amyloid positivity has important

implications for studying mechanisms of Alzheimer’s disease pathogenesis and for
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diagnosis and selection of subjects for clinical trials. Although A deposition occurs
on a continuum, it is often necessary to dichotomize subjects as amyloid positive or
negative. Using different data analysis approaches, we found strong evidence that an
optimal threshold for early AP detection with PIB-PET should be set at a DVR index
of 1.08 (or an SUVR of 1.21). Our threshold derivation approaches also provide
evidence that a DVR cutoff of 1.20 (SUVR of 1.40) may be valuable when the
priority is to minimize false positive subjects. The validity of the low cutoff to detect
fibrillar AP plaque pathology was confirmed by an autopsy study of 50 individuals. In
fact, the low DVR threshold of 1.08 was optimal at detecting moderate-to-frequent
NPs (specificity = 95.5%; sensitivity = 81%) while the higher DVR threshold was
surprisingly insensitive to this burden of amyloid pathology (sensitivity = 61.9%;
specificity =100%). The results in the aggregate suggest that the currently used SUVR
thresholds of 1.40 (and higher) and DVR thresholds of 1.20 (and higher) are
insensitive and likely misclassify many individuals with substantial A NP

accumulation as amyloid negative.

The threshold derived from a group of young older adults highly likely to be free of
AP led to a DVR threshold of 1.07 or an SUVR threshold of 1.19, similar to the
threshold defined in a previous study from our group that included subset of the same
subjects (Mormino et al., 2012). The voxel-wise analysis approach also yielded a
DVR threshold of 1.07 which represented the lowest mean DVR at which statistical
PIB signal was detected. This seemingly low threshold value for DVR index has face
validity because regional PIB retention in the cases that would be classified as low
positives occurs in medial frontal and medial parietal cortex, brain regions known to

show early AP deposition. Furthermore, both a GMM and a cluster analyses

21
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 22 of 67



Page 23 of 67

Brain

suggested a similar DVR cutoff of 1.09 (SUVR = 1.23) to detect early PIB-PET
signal. Based on these results, we propose that an optimal threshold for the early
detection of AP with PIB-PET should be a DVR of 1.08, which represents the mean
point between 1.07 and 1.09. Based on an independent longitudinal study using a
similar processing method (Villemagne et al., 2013), there would be an estimated 7
year time window between our value defining a lower threshold (DVR = 1.08, SUVR
=1.21) and the time when a person reaches an SUVR of 1.40, allowing for potential

earlier therapeutic amyloid lowering interventions.

While a DVR cutoff of 1.08 (SUVR = 1.19) might be optimal to detect early PIB
signal, it might not be ideal in all circumstances and should be used with caution.
Indeed, a DVR cutoff of 1.08 will likely increase the number of false positive cases
due to partial volume effects of white matter binding, or other measurement errors.
Selection of thresholds for any given study needs to establish whether false positives
or false negatives are more problematic. If a study, or a clinical trial, needs to
emphasize specificity over sensitivity our GMM and cluster results analyses support
the widespread practice of using a DVR of 1.20 (SUVR = 1.40). While this higher
threshold might misclassify early accumulators, it will still capture subjects many
years before AP burden approaches a plateau (Villemagne et al., 2011, Jack et al.,
2013). Labeling individuals who fall below this high threshold as Ap-negative is
however problematic. In our cognitively normal cohort, 19% of individuals falling
below a DVR of 1.20 were classified as positive using the lower threshold. In studies
in which it is crucial to detect A accumulation as early as possible (e.g. in studies
making inferences about neurodegenerative processes that are independent of Ap),

low sensitivity can substantially bias conclusions when high thresholds are used.
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Relatively few studies have compared PIB-PET results during life with post-mortem
amyloid burden. In a small series of 6 individuals, 5 cognitively normal and 1 with
dementia, mean cortical DVR values were not strongly associated with NP scores,
although regional scores, especially in the precuneus, were notable for NP
accumulation above DVR values of 1.20 (our DVRyign) (Sojkova et al., 2011, Driscoll
et al., 2012). This sample was too small to estimate sensitivity and specificity. A
number of larger studies have assessed thresholds for F18-labelled amyloid PET
tracers in end-of-life populations. In an imaging-pathology series involving 59
subjects studied with the amyloid PET tracer [ISF]Florbetapir (Clark et al., 2012), a
pre-specified threshold SUVR of 1.10 (whole cerebellum reference) had a sensitivity
0of 97% and specificity of 100% for CERAD moderate-to-frequent NPs. This
threshold is comparable to a PIB SUVR of 1.40 (cerebellar grey reference, or our
SUVRieh) (Landau et al., 2014). It is difficult to directly compare our results to those
of ["*F]Florbetapir given the many differences not only in tracers but in methods of
analysis and subject selection. Recent efforts to standardize and cross-validate
amyloid PET values across tracers and analytic methodologies, including the
proposed “Centiloid” scale (Klunk ez al., 2015), will help aggregate results from
clinicopatahological studies of amyloid imaging in an effort to optimize early

detection.

In our series, the pathology-defined group with the highest rate of false negatives was
the CERAD moderate group, all of whom were classified as negative by the high
thresholds. Subjects with intermediate levels of plaque pathology are likely to be the

most problematic for detection, and only 8% of our cases (and 15% of cases in the
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florbetapir series (Clark ez al., 2012)) were in this category. In contrast, in a large
sample of subjects recruited from the community (with normal cognition, MCI, or
dementia), intermediate-level Alzheimer’s disease pathology (by CERAD and NIA-
Reagan criteria) accounted for between 20-30% of cases with Alzheimer’s disease as
the sole pathological diagnosis (Schneider ef al., 2009). Thus, existing studies, which
have recruited primarily either end-of-life or tertiary dementia center populations,
appear to under-sample a very common intermediate degree of amyloid pathology
that is most problematic for image-guided classification. Larger series including more
individuals with intermediate pathology will be required to accurately assess imaging-
pathological correlations. It is important to note that while a low number of
intermediate cases may have biased our study to over-estimate sensitivity, our cohort
included a larger proportion of individuals with sparse NP (16%). Reassuringly, there
were no false positives in this group (Fig. 5), which bodes well for the specificity of

our proposed low thresholds in future studies.

Many individuals with intermediate DVR/SUVR values (i.e. in between the low and
high thresholds) had advanced amyloid pathology at autopsy. Cases in which binding
appeared patchy on PET were usually found to have more extensive amyloid
deposition at autopsy. Individuals with primarily diffuse plaques or CAA were not
classified as PIB-positive, though PIB binds DPs and CAA in vitro (Lockhart et al.,
2007), and rare “false positive” PIB scans have been reported in individuals with
florid deposition of DPs or pure CAA (Kantarci et al., 2012, Ducharme et al., 2013).
Overall we conclude that PIB primarily detects relatively advanced A NP deposition,

and that even early PIB signal may merely represent the “tip of the iceberg” of

24
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100



Brain

underlying amyloid pathology. This observation suggests that a negative scan,

particularly with widely used high thresholds, does not exclude amyloid pathology.

A secondary goal of this study was to examine the spatial pattern of earliest Af3
accumulation detectable with PIB. In order to capture “progression” of A signal, we
ranked subjects based on their PIB Index DVR values and performed iterative voxel-
wise contrasts with a low DVR group using a sliding window. We found that early
PIB binding is seen in anterior cingulate cortex and other medial frontal regions (Fig.
3, Video), consistent with previous reports in preclinical AD (Sperling et al., 2009).
The anterior cingulate and precuneus were also the regions showing the highest
discriminant power in in the cluster analyses (Fig. 2). Anterior cingulate and
precuneus are highly inter-connected cortical hubs, and early PIB signal in these
regions reinforces the hypothesis that regions of high connectivity are prone to earlier
AP deposition (Buckner et al., 2009). Overall, our cross-sectional analysis suggests
that AP may spread from medial to lateral frontal and parietal regions, later involving
the lateral temporal lobe. By the time a person reaches the widely used SUVR
thresholds of 1.40 and 1.50, AP is already widespread across most of association
cortex, relatively sparing the occipital lobes and unimodal processing regions. Of
course these longitudinal inferences are based on cross-sectional data and should thus
be interpreted with caution. Furthermore, since PIB mainly binds to the fibrillar form
of AP, we cannot exclude the possibility that other forms of Af may have different

spatial patterns.

The major limitation of all studies trying to set a threshold for AP positivity is that

these thresholds are highly dependent on the specific imaging methodology
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employed. This includes the radiotracer used, the time period following injection
when the images are acquired, the reference region, and whether partial volume
correction is employed. For instance, previous studies showed that applying partial
volume correction increased PIB values by 10 to 20% in normal controls (Rabinovici
et al., 2010, Villemagne et al., 2011) while choosing the whole cerebellum as the
reference region decreased the values by about 6% (unpublished data). Since our four
analytical methods gave almost identical thresholds, one can argue that all of the
techniques used in this study were equivalent. Therefore, using a group of young
adults might be an efficient way to set a low threshold. Our autopsy validation cohort
consisted mainly of patients with dementia, many of whom had significant cortical
atrophy. This could potentially lower overall PIB retention values due to partial
volume effects, thus under-estimating sensitivity and over-estimating specificity of
low thresholds when they are applied to cognitively normal individuals who will
likely have less brain atrophy. Many autopsies were performed prior to publication of
the updated NIA-AA pathological criteria for AD, and Thal amyloid stages were
available only in a subset of cases. Our mean PET to autopsy interval was relatively
long compared to previous studies. While longer PET to post-mortem intervals have
been proposed as a possible explanation for false negative cases (presumably due to
continued A aggregation between the scan and death) (Clark et al., 2012), we found
no evidence of this in our series, with no difference in the PET-to-autopsy interval
between false negative cases and the rest of the cohort. PIB index was measured using
different processing pipelines in the derivation and validation cohorts. However, these
processing streams yield highly correlated values, and the robustness of the low
thresholds across two processing platforms strengthens our results. Finally, our study

was designed to define and test thresholds for mean cortical PIB retention.
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Approaches that examine region-specific binding should be explored, as they may
detect early signal prior to more global values becoming positive. We also did not
include the striatum in the PIB index — this region may be sensitive to early A}

accumulation in autosomal dominant forms of AD (Bateman et al., 2012).

In summary we found that the low PIB DVR=1.08 (or SUVR=1.21) thresholds
showed higher sensitivity than the higher thresholds typically applied in the literature
(DVR=1.20; SUVR=1.40) without compromising specificity. Further PET to
pathology correlative studies are needed to validate these findings, and to define

optimal thresholds for other AP tracers and image analysis approaches.
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TABLES

Table 1: Participant demographics

Threshold derivation study Threshold validation study

Young Older adults Older adults
n 18 154 50
Male (%) 8 (44%) 69 (45%) 33 (66%)
Age at PET 23.7(2.9) 76.0 (6.2) 69.8 (9.6)
Education 13.2 (6.2) 16.1 (2.5) 15.7 (2.9)
MMSE - 28.9 (1.2) 21.6 (6.8)
ApoE4 (%) 7 (47%)" 45 (31%)° 13 (27%)°
CDR - - 1.2 (0.8)
Time from PET to death (years) - - 3.1(1.8)
PIB index DVR 1.01 (.03) 1.12 (.20) 1.14 (.29)°
PIB+ (%), DVR cutoff 1.08 0 (0%) 57 (37%) 18 (40%)*
PIB+ (%), DVR cutoff 1.20 0 (0%) 34 (22%) 13 (29%)*
Clinical diagnosis at PET Normal (18) Normal (154)  FTD®(28), AD (11), MCI (7), AD/SIVD

(1), DLB (1), normal (2)

Primary neuropathological diagnosis - - FTLD® (25), AD (6), CVD (6), AD/CVD
(3), AD/DLB (3), AD/FTLD (4), TPD (1),
AGD (1), no pathological findings (1)

CERAD (absent, sparse, moderate, frequent) - - 18,8, 4,20

Shown are mean (standard deviation) unless specified otherwise.

a - 3 subjects were not genotyped

b - 8 subjects were not genotyped

¢ - 2 subjects were not genotyped

d- DVR data missing for 5 subjects

e - Clinical syndromes included: corticobasal syndrome (CBS; 8), behavioral-variant
FTD (6), FTD and amyotrophic lateral sclerosis (5), non-fluent variant primary
progressive aphasia (nfvPPA; 5), nfvPPA/CBS (1), semantic variant PPA (3).
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c- FTLD neuropathological subtypes: FTLD-TDP (12), corticobasal degeneration (7),
Pick’s disease (3), progressive supranuclear palsy (2), FTLD with non-specific 4
repeat tauopathy (1).

AD = Alzheimer’s disease; AGD = argyrophillic grain disease; ApoE =
Apolipoprotein E; CDR = Clinical Dementia Rating; CVD = cerebrovascular disease;
DVR = distribution volume ratios; MCI = mild cognitive impairment; DLB =
dementia with Lewy bodies; FTD = frontotemporal dementia; FTLD = frontotemporal
lobar degeneration; MMSE = Mini mental state examination; PIB = Pittsburgh
compound B; SIVD = subcortical ischemic vascular disease; TPD = tangle-

predominant dementia.
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Table 2: Cutoffs for capturing early amyloid PET positivity

2 SD above Voxel-wise  Cluster GMM Optimal

Young (n=18) analysis analysis analysis Cutoff
DVR 1.07 1.07 1.09 1.09 1.08
SUVR 1.19 1.19 1.23 1.23 1.21

Shown are the optimal cutoffs derived using four independent data analysis
techniques as well as the optimal thresholds proposed based on the results of these
four analyses. The analyses were performed using the DVR data and a regression line
(SUVR =-0.54 + 1.62*DVR) was fit between the DVR and the SUVR data to
calculate the corresponding SUVR cutoffs.

DVR = distribution volume ratio; GMM = Gaussian mixture modeling; SUVR

standardized uptake value ratio.
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Table 3. Sensitivity and specificity for the detection of CERAD moderate-

frequent neuritic plaques.

Sensitivity Specificity
Low Thresholds
DVR =1.08 81.0% (57.4% - 93.7%) 95.8% (76.9% - 99.8%)
SUVR =1.21 83.3% (61.8% - 94.5%) 100.0% (84.0% - 100%)
High thresholds
DVR =1.20 61.9% (38.7% - 81.0%) 100.0% (82.8% -100%)
SUVR =1.40 62.5% (40.8% - 80.4%) 100.0% (84.0% - 100%)

95% confidence intervals shown in parantheses.

DVR = Distribution Volume Rato; SUVR = standradized uptake value ratio
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FIGURE LEGENDS:

Fig. 1: Gaussian mixture model (GMM) containing 2 mixtures (distributions) that
best fit the Pittsburgh compound B (PIB) index values. The blue line represents the
distribution associated with low AP values while the red line represents the
distribution associated with high AP values. The two Gaussian distributions are
superimposed on the subject density histogram for all PIB index values in older

subjects.

Fig. 2: Cluster analysis containing 2 clusters (groups) representing individuals with
low and high amyloid burden (A), as well as the 13 features (brain regions) that
helped identify these two clusters (B). Cluster 1 (on the left) represents subjects with
low AP values while cluster 2 (on the right) represents subjects with high AB values.
Warmer colors are associated with higher distribution volume ratio (DVR) values (see
the DVR color scale ranging from 0.5 to 2.5 on the right side of the figure). For each
cluster, each row represents one subject and each column represents one of the 13
features that helped identify the two clusters. From left to right, the 13 features are:
rostral anterior cingulate left hemisphere (lh), rostral anterior cingulate right
hemisphere (rh), precuneus rh, precuneus lh, medial orbitofrontal rh, rostral middle
frontal lh, rostral middle frontal rh, inferior parietal rh, medial orbitofrontal lh,
superior orbitofrontal rh, posterior cingulate rh, superior orbitofrontal lh. These 13
features are also projected on a brain with the lighter colors corresponding to the
features that have the highest weight in the model (see Table 3 for the weight of each

feature in the model).

Fig. 3: Pattern of early detectable PIB binding in cognitively normal older adults.

Each row of each image reflect a voxel-wise contrast of 22 subjects with the mean

42
ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100



Brain

values for the DVR/SUVR index listed on the left compared to a reference group (n =
22) with a DVR index of 1.00. Significant voxels first appeared when the group mean
is DVR = 1.07 (see also Video showing all the voxel-wise analyses).

Threshold set at p <.05 after family-wise error correction, k > 150.

DVR = distribution volume ratio; SUVR standardized uptake value ratio

Fig. 4: PIB-PET versus post-mortem amyloid. Trans-axial PIB slices from a patient
with CERAD sparse (top row), moderate (middle row) and frequent (bottom row)
neuritic plaques. PIB-PET Trans-axial slices are presented in neurological orientation.
Photomicrographs of AP immunohistochemistry are shown at 10x (top and bottom
rows) or 20x (middle row) magnification.

DVR = Distribution Volume Rato; SUVR = standradized uptake value ratio; L = left;

R =right.

Fig. 5: Scatterplots of PIB index DVR (left) and SUVR (right) versus CERAD rating.
Low thresholds are signified by dotted horizontal lines, and high thresholds by solid
horizontal lines.

ABS = absent; MOD = moderate; FREQ = frequent

Video In order to capture “progression” of AP, we ranked subjects based on their
DVR index values and performed repeated voxel-wise analyses using a sliding
window. Using this technique, we found that early PIB binding is found in the medial
frontal lobe, including the anterior cingulate/orbitofrontal cortex, at a mean DVR of
1.07. Our findings also suggest that fibrillar A may spread from medial to lateral

frontal and parietal cortex, and later to the lateral temporal lobe. In this model, we
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assume that increasing DVR represents temporal progression, an assumption that we

recognize may not be entirely justified.
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Fig. 1: Gaussian mixture model (GMM) containing 2 mixtures (distributions) that best fit the Pittsburgh
compound B (PIB) index values. The blue line represents the distribution associated with low AB values while
the red line represents the distribution associated with high AB values. The two Gaussian distributions are
superimposed on the subject density histogram for all PIB index values in older subjects.
102x103mm (300 x 300 DPI)
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Fig. 2: Cluster analysis containing 2 clusters (groups) representing individuals with low and high amyloid
burden (A), as well as the 13 features (brain regions) that helped identify these two clusters (B). Cluster 1
(on the left) represents subjects with low AB values while cluster 2 (on the right) represents subjects with
high AB values. Warmer colors are associated with higher distribution volume ratio (DVR) values (see the
DVR color scale ranging from 0.5 to 2.5 on the right side of the figure). For each cluster, each row
represents one subject and each column represents one of the 13 features that helped identify the two
clusters. From left to right, the 13 features are: rostral anterior cingulate left hemisphere (lh), rostral
anterior cingulate right hemisphere (rh), precuneus rh, precuneus lh, medial orbitofrontal rh, rostral middle
frontal |h, rostral middle frontal rh, inferior parietal rh, medial orbitofrontal lh, superior orbitofrontal rh,
posterior cingulate rh, superior orbitofrontal |h. These 13 features are also projected on a brain with the
lighter colors corresponding to the features that have the highest weight in the model (see Table 3 for the
weight of each feature in the model).
176x144mm (300 x 300 DPI)
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Group mean PIB
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1.08/1.21

1.09/1.23

1.11/1.26

1.14/1.31

1.20/1.40

Fig. 3: Pattern of early detectable PIB binding in cognitively normal older adults. Each row of each image
reflect a voxel-wise contrast of 22 subjects with the mean values for the global DVR/SUVR listed on the left
compared to a reference group (n = 22) with a global DVR of 1.00. Significant voxels first appeared when

the group mean is DVR = 1.07 (see also Video 1 showing all the voxel-wise analyses).
Threshold set at p < .05 after family-wise error correction, k > 150.
DVR = distribution volume ratio; SUVR standardized uptake value ratio
141x139mm (300 x 300 DPI)
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DVR = 0.95, SUVR = 1.15 CERAD sparse
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Fig 4: PIB-PET versus post-mortem amyloid. Trans-axial PIB slices from a patient with CERAD sparse (top
row), moderate (middle row) and frequent (bottom row) neuritic plagques. PIB-PET Trans-axial slices are
presented in neurological orientation. Photomicrographs of AB immunohistochemistry are shown at 10x (top
and bottom rows) or 20x (middle row) magnification.

DVR = Distribution Volume Rato; SUVR = standradized uptake value ratio; L = left; R = right.
224x188mm (300 x 300 DPI)
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SUVRyq,=1.40

SUVR,,=1.21

Fig 5: Scatterplots of PIB index DVR (left) and SUVR (right) versus CERAD rating. Low thresholds are
signified by dotted horizontal lines, and high thresholds by solid horizontal lines.

ABS = absent; MOD = moderate; FREQ = frequent
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Supplementary Material

Supplementary Methods

Threshold derivation

Participants

For the derivation thresholds, 109 subjects were from the Berkley Aging Cohort
(BAC) (Marchant et al., 2012, Oh et al., 2013, Wirth et al., 2014), and 44 were
recruited from ongoing studies at the University of California Davis (UCD)
Alzheimer's Disease Center (Reed et al., 2014, Villeneuve et al., 2014). All young
subjects were enrolled in the BAC. None of the subjects included in the current study

were participants in ADNIL.

The Mini Mental State Exam (MMSE) (Folstein ef al., 1975) was used as a standard
clinical measure of global cognition. Cognitively normal elderly all had a MMSE >
26 and, when applicable, a CDR of 0. The CDR was not available for the BAC
subjects, but the latter had an exhaustive neuropsychological evaluation in order to
exclude the presence of cognitive deficits (Oh et al., 2013, Wirth et al., 2014). Severe
or unstable medical illness, neurologic or psychiatric disorders that could significantly
affect brain function or structure, alcohol or substance abuse or significant head injury
were also exclusion criteria. Participants from UCD and the Aging Brain project were
recruited to emphasize vascular risk factors, and 13 subjects with cortical stroke were

excluded from this study.

MR imaging and preprocessing

Structural T1-weighted MR images were obtained on two 1.5 T instruments (Siemens

Avanto and GE Signa Genesis), a 3T instrument (Siemens Tim Trio) or a 4T
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instrument (Siemens MedSpec Syngo); scans were used only for definition of regions
of interest (ROIs) for PET data analysis. Acquisition parameters have been described

previously (Marchant et al., 2012, Wirth et al., 2013, Villeneuve et al., 2014).

PET imaging and processing

All subjects underwent PIB-PET imaging at Lawrence Berkeley National Laboratory
on a Siemens ECAT EXACT HR PET scanner (Siemens Medical Systems, Erlangen
Germany) or a Siemens Biograph scanner. PIB was synthesized at LBNL using a
published protocol (Mathis ef al., 2003). After ~15 mCi of [''C] PIB was injected
into an antecubital vein, dynamic acquisition frames were obtained over 90 minutes in
3D mode (35 frames total: 4 x 15 seconds, 8 x 30 seconds, 9 x 60 seconds, 2 x 180

seconds, 10 x 300 seconds, and 2 x 600 seconds) (Villeneuve et al., 2014).

For each subject, both a DVR “PIB index” and a SUVR “PIB index” were derived
from the native-space image by averaging the weighted mean value (weighted by size
of the ROI) from FreeSurfer-derived ROIs in frontal (cortical regions anterior to the
precentral gyrus), temporal (middle and superior temporal regions), parietal
(supramarginal gyrus, inferior/superior parietal lobules and precuneus) and posterior
cingulate cortex (Villeneuve ef al., 2014) using the Desikan-Killiany atlas (Desikan et
al., 2006) (supplementary Fig. 1A). These regions consistently show high PIB

retention in studies of AD and aging (Rabinovici ef al., 2010, Mormino et al., 2011).

Threshold validation

Participants
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For the validation thresholds portion of the study, participants were enrolled in
longitudinal studies of aging and dementia at the University of California, San
Francisco Memory and Aging Center (UCSF, N=41) or the University of California,
Davis Alzheimer’s Disease Center (UCD, N=9). Among the 50 subjects, PiB to
autopsy data were presented on 11 patients from the UCSF cohort (Rabinovici et al.,
2011) and none of the UC Davis subjects in other previous publications. UCSF
recruitment was enriched for patients with Alzheimer’s disease or frontotemporal
dementia (Rabinovici et al., 2011), whereas at UCD recruitment focused on

individuals at high vascular risk (Villeneuve et al., 2014).

Fifty-six subjects underwent PET imaging and autopsy. Three subjects were excluded
because they had been unable to complete an MRI examination necessary to generate
quantitative values for PIB retention. Two subjects were excluded for technical
reasons, one because of excessive head motion resulting in uninterpretable images,
and one because of a failed injection. One additional subject underwent brain autopsy
but did not have postmortem measures of AP (autopsy diagnosis was prion disease).
Thus, the sample for analysis included 50 individuals with both quantitative PIB-PET

data and AP assessment at autopsy.

The clinical evaluation at both centers included a structured neurobehavioral history
and examination, caregiver interview, neuropsychological testing, apolipoprotein E
(ApoE) genotyping and MRI (DeCarli ef al., 2008, Rabinovici et al., 2011,

Villeneuve et al., 2014).

MR imaging and preprocessing
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Structural T1-weighted MR images were obtained on one of two 1.5 T instruments
(Siemens Avanto and Siemens Vision), a 3T instrument (Siemens Tim Trio) or a 4T
instrument (Brucker). Acquisition parameters have been described previously (Rosen
et al., 2002, DeCarli et al., 2008, Mueller et al., 2009, Mormino et al., 2012, Zhou et

al., 2012).

PET imaging and processing

To estimate mean cortical PIB retention, we created a “PIB index” region of interest
(Rabinovici et al., 2010) by combining the following regions defined within the
Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002):
superior frontal gyrus, middle frontal gyrus, frontal superior/middle/inferior orbital
gyri, superior medial frontal gyrus, inferior operculum, inferior triangularis, rolandic
operculum, supplementary motor areas, rectus, olfactory bulb, insula, anterior
cingulate, superior/middle/inferior temporal, superior/inferior parietal lobule,
supramarginal gyrus, angular gyrus, posterior cingulate, precuneus, and middle
cingulum (supplementary Fig. 1B). These regions consistently show high PIB
retention in studies of AD and aging (Rabinovici ef al., 2010, Mormino et al., 2011).
We calculated mean SUVRs and DVRs per subject in template space across voxels
with a grey-matter probability of at least 30% within the PIB index region of interest.
In order to compare values to more widely used SUVR values, all subjects who
underwent dynamic scanning also had data from 50-70 min post injection averaged
and divided by the grey matter cerebellar mask to calculate SUVRs. In 3 subjects,
regions of cortical stroke were masked and not included in the target ROI for
calculation of PIB index. In sum, DVR data were available for 45 individuals and

SUVR data for 50.
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Supplementary Results

Threshold validation

Applying NIA-Reagan criteria, 28% of patients were negative for Alzheimer’s
disease, 14% had low-likelihood Alzheimer’s disease, 6% had intermediate-likelihood
Alzheimer’s disease, 30% had high-likelihood Alzheimer’s disease and 22% were

unclassifiable due to lack of concordance between CERAD and Braak staging.

Supplementary Fig. 3 provides examples of misclassified cases. There was only one
false positive case in our series (top row). The DVR value was just above the DVR 4y,
threshold while the SUVR was just below the SUVR|q,, threshold. Autopsy 5.3 years
later revealed progressive supranuclear palsy. A immunohistochemistry showed no
evidence of NPs, DPs or CAA. Visual inspection of the image suggests that the
borderline positive DVR value may be due to relatively high PIB retention in white
matter, which could contaminate grey matter PIB signal via partial volume effects.
Scans were classified as false negatives (by one or both thresholds) for a variety of
reasons. Focal amyloid accumulation could lead to intermediate or low global DVR
and SUVR measures (second and third rows, see also Fig. 4 middle row). Significant
cortical atrophy also likely contributed to low values (third row). In one instance,
borderline positive DVR (1.10) and SUVR (1.23) values in a patient with NIA-
Reagan Alzheimer’s disease high-likelihood were explained by the presence of
significant CAA in the grey matter of the cerebellum, increasing tracer retention in
the reference region and thus lowering cortical PIB values (data not shown). PET to

pathology intervals were no different in patients that were “false negatives” by one or
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more standards (N=11, mean PET-to-autopsy 2.7+1.2 years) versus other patients in

the cohort (N=39, 3.1£1.9 years, p=0.36).
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Supplementary Tables and Figures

Threshold derivation

Brain

Supplementary Table 1: ROIs included in the cluster analysis

1 Left-amygdala 39 | Right-amygdala

2 Left-caudate 40 | Right-caudate

3 Left-hippocampus 41 | Right-hippocampus

4 Left-pallidum 42 | Right-pallidum

5 Left-putamen 43 | Right-putamen

6 Left-thalamus-Proper 44 | Right-thalamus-Proper

7 Left-caudalanteriorcingulate 45 | Right-caudalanteriorcingulate
8 Left-caudalmiddlefrontal 46 | Right-caudalmiddlefrontal
9 Left-cuneus 47 | Right-cuneus

10 | Left-entorhinal 48 | Right-entorhinal

11 | Left-frontalpole 49 | Right-frontalpole

12 | Left-fusiform 50 | Right-fusiform

13 | Left-inferiorparietal 51 | Right-inferiorparietal

14 | Left-inferiortemporal 52 | Right-inferiortemporal

15 | Left-insula 53 | Right-insula

16 | Left-isthmuscingulate 54 | Right-isthmuscingulate

17 | Left-lateraloccipital 55 | Right-lateraloccipital

18 | Left-lateralorbitofrontal 56 | Right-lateralorbitofrontal
19 | Left-lingual 57 | Right-lingual
20 | Left-medialorbitofrontal 58 | Right-medialorbitofrontal
21 | Left-middletemporal 59 | Right-middletemporal
22 | Left-paracentral 60 | Right-paracentral
23 | Left-parahippocampal 61 | Right-parahippocampal
24 | Left-parsopercularis 62 | Right-parsopercularis
25 | Left-parsorbitalis 63 | Right-parsorbitalis
26 | Left-parstriangularis 64 | Right-parstriangularis
27 | Left-pericalcarine 65 | Right-pericalcarine
28 | Left-postcentral 66 | Right-postcentral
29 | Left-posteriorcingulate 67 | Right-posteriorcingulate
30 | Left-precentral 68 | Right-precentral
31 | Left-precuneus 69 | Right-precuneus
32 | Left-rostralanteriorcingulate 70 | Right-rostralanteriorcingulate
33 | Left-rostralmiddlefrontal 71 | Right-rostralmiddlefrontal
34 | Left-superiorfrontal 72 | Right-superiorfrontal

35 | Left-superiorparietal 73 | Right-superiorparietal

36 | Left-superiortemporal 74 | Right-superiortemporal
37 | Left-supramarginal 75 | Right-supramarginal

38 | Left-temporalpole 76 | Right-temporalpole

Shown are the 76 ROIs included in the cluster analysis and extracted from the

Desikan-Killiany atlas.
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Supplementary Table 2: Weight of each feature in the cluster analyses.

Brain

Features Weight
Rostral anterior cingulate Ih  .038
Rostral anterior cingulate th .036
Precuneus rh .033
Precuneus lh .030
Medial orbitofrontal rh .028
Rostral middle frontal Th .028
Rostral middle frontal rh .028
Inferior parietal rh .026
Medial orbitofrontal 1h .025
Superior orbitofrontal rh .022
Posterior cingulate rh .022
Superior orbitofrontal lh .021

Shown are the names and the weights of the 13 significant features in the cluster

analyses.

lh: left hemisphere, rh = right hemisphere.
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Supplementary Table 3: Cutoffs for capturing early amyloid PET positivity based

on 95%, 90% and 50% thresholds.

95% 90% 50 %
GMM;ow 1.05 1.09 1.16
GMMy;en  1.23 1.21 1.16
Clusterjow 1.11 1.09 1.02
Clusterhigh 1.19 1.19 1.32

Shown are the cutoffs derived using the Gaussian mixture modeling (GMM) and the
Cluster analyses while using 95%, 90% and 50% probabilities for the GMM and the
95% (5%), 90% (10%) and 50% (50%) percentile for the Cluster analyses. With a
cutoff of 95%, the main results of the study would still be that an optimal cutoff to
define a low threshold would be set at 1.08 (i.e., the mean of the four techniques
would still be 1.08). Using 50%, than the mean of the four techniques would now be

1.09, which is still highly similar.

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100



Brain

Threshold validation

Supplementary Table 4: Receiver operating characteristic (ROC) results for the

detection of CERAD moderate-frequent neuritic plaques.

DVR (N=45) SUVR (N=50)
AUC .891 (0.769-1.000) .878 (0.760-0.997)
Optimized threshold 1.06 1.20
Sensitivity 85.7% (62.6%- 96.2%) 83.3% (61.8%-91.5%)
Specificity 95.8% (76.9%-99.8%) 100% (84.0%-100%)

95% confidence intervals shown in parantheses.
DVR = Distribution Volume Rato; SUVR = standradized uptake value ratio;

AUC = area under the curve
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Threshold derivation

Supplementary Fig. 1

Global PIB index Global PIB index
(Threshold derivation) (Threshold validation)

Figure legend: Shown is the global PIB index used in the threshold derivation part of

the study (A) and in the threshold validation part of the study (B).
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Supplementary Fig. 2

SUVR

.8 1.0 1.2 1.4 1.6 1.8 20
DVR

Figure legend: Shown is the correlation between the DVR and the SUVR values of
the cognitively normal older adults included in the threshold derivation study

(=0.93).
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Threshold validation
Supplementary Fig. 3
Pathology: PSP

CERAD absent
Braak |

False positive
(DVRow)

Pathology: CBD
1 CERAD frequent
| % Braakll

False negative
(SUVRyign)

SUVR =1.22

Pathology: AD/DLB
CERAD frequent
Braak VI

False negative
(DVR,,,,/ SUVR,,,)

DVR =0.91, SUVR = 1.12

Pathology: FTLD-TDP
CERAD moderate
Braak IV

False negative
(DVRyo,/ SUVRy,y,)

DVR = 0.95, SUVR = 1.06

Figure legend: Examples of misclassified PIB-PET scans. The thresholds that
misclassified the scans are listed in the left column. PIB-PET trans-axial slices are
presented in neurological orientation in the middle column, with SUVR and DVR
values listed below each scan. Primary neuroptahological diagnosis, CERAD and
Braak scores are shown in the right column. See text for discussion.

PSP = progressive supranuclear palsy; CBD = corticobasal degeneration; AD =
Alzheimer’s disease; DLB = diffuse Lewy body disease; FTLD-TDP =

frontotemporal lobar degeneration, TDP-43 positive; L = left; R = right.
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Supplementary Fig. 4
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Figure legend: Scatterplots of PIB index SUVR (top) and DVR (bottom) versus Thal

and the new HIA-AA rating criteria. Low thresholds are signified by blue lines and

high thresholds by red lines.
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Supplementary Fig. 5

R? Linear = 0.846

2.10

1.90

1.70

1.50
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(threshold derivation method)
o
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[ | I | I
1.30 1.50 1.70 190 210
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Figure legend: Shown is the correlation between the PIB index of 26 AD subjects that
passed the FreeSurfer pipeline and that were further processed in template space using

the threshold validation method. DVR values are presented.
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