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Abstract

INTRODUCTION: Neuroimaging biomarkers are important for early diagnosis of Alzheimer’s
disease and comparing multimodality neuroimaging to autopsy data is essential.

METHODS: We compared the pathologic findings from a prospective autopsy cohort (n=100) to
PiB-PET, FDG-PET and MRI. Correlations between neuroimaging biomarkers and
neuropathologic schemes were assessed.

RESULTS: PiB-PET showed strong correlations with Thal amyloid phase and CERAD score and
categorized 44% of Thal phase 1 participants as positive. FDG-PET and MRI correlated modestly
with Braak tangle stage in Alzheimer’s-type pathology. A subset of participants with “none” or
“sparse” neuritic plaque scores had elevated PiB-PET signal due to diffuse amyloid plaque.
Participants with findings characterized as “suspected non-Alzheimer’s pathophysiology” (SNAP)
represented 15% of the group.

DISCUSSION;—PiB-PET is associated with Alzheimer’s disease, neuritic plaques and diffuse
plaques. FDG-PET and MRI have modest correlation with neuropathologic schemes. Participants
with findings characterized as SNAP most commonly had primary age-related tauopathy.
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1.0 Introduction

Pittsburgh compound B (PiB-PET) and other ligands are used to infer the presence of
amyloid-B (AB) plaque accumulation in the brain [1-5]. Structural MRI and 18F-
fluorodeoxy-glucose PET (FDG-PET) are used to infer neuropathology [6]. Diagnostic
guidelines for Alzheimer’s disease dementia and preclinical Alzheimer’s disease now
include biomarkers in the diagnostic algorithm [7]. Neuroanatomic distribution of
neurofibrillary tangle pathology is characterized by a staging scheme described by Braak
and Braak [8] has been validated in clinicopathologic studies investigating correlates of
cognitive impairment [8-12]. The Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) score is a semi-quantitative assessment of neuritic plaques [13], which
has been shown to correlate with a range of fibrillar AR deposits that should have signal on
amyloid-PET as suggested by early pathologic correlation [14, 15]. CERAD does not assess
diffuse plaques, characterized as non-compact Ap deposits without neuritic components,
which are commonly found in aged brains [11]. Similar to the Braak tangle staging, Thal
amyloid phase describes the topographic distribution of Ap deposits in the brain [16]. Thal
amyloid phase has been incorporated into recent neuropathologic assessment guidelines,
along with Braak tangle stage and CERAD neuritic plague score [17, 18]. It is important to
understand the pathologic underpinnings of antemortem imaging to allow more accurate
assessments of /n vivo neuropathologic changes [19].

Existing neuropathologic and antemortem neuroimaging studies are mostly limited to single
modality imaging studies for amyloid-PET [1, 2, 4, 14, 15, 20, 21], FDG-PET [22-24], and
MRI [25-33], with a few small multi-modality studies [30, 34, 35]. We previously showed
the association of Thal amyloid phase and amyloid-PET [36]. Nevertheless, larger
multimodality studies are needed. In addition, a group of individuals with no or mild
cognitive impairment who have neurodegenerative biomarker abnormalities without
evidence of Ap deposits on PET or CSF studies have been reported, a cohort referred to as
“Suspected Non-Alzheimer Pathophysiology (SNAP)” [37] and have yet to be correlated
with pathology. The contribution from diffuse plaques to amyloid-PET is debated [4, 15],
and has yet to be well defined using neuropathologic data. Therefore, our goal was to
investigate the relationship of multimodal neuroimaging and neuropathology in a
prospective autopsy series to interrogate these issues.

2.0 Materials and Methods

2.1 Participants

Participants were part of the Mayo Clinic Study of Aging (MCSA) or Mayo Clinic
Alzheimer’s Disease Research Center (ADRC) as described previously [38]. All participants
or their designees provided written consent with approval of Mayo Clinic and Olmsted
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Medical Center Institutional Review Boards. There were 1678 participants enrolled between
March 2006 and July 2017. Of the 234 who died, 111 came to autopsy and 100 had
complete multimodality imaging data within 5 years of death and complete autopsy data.
Antemortem clinical information about age of onset of cognitive symptoms, education, and
Mini-Mental State Examination (MMSE) score [39] were abstracted from clinical records.

2.2 Neuroimaging

These 100 participants all had PiB-PET, FDG-PET and MRI on average two years prior to
death. MRIs were performed a median of 7 days prior to FDG- and PiB-PET imaging. PiB-
PET with parietal, prefrontal, orbitofrontal, temporal, anterior cingulate, posterior cingulate,
and precuneus composite regions normalized to cerebellar crus, FDG-PET with angular and
posterior cingulate composite regions normalized to pons, MRI AD signature thickness of
entorhinal, fusiform, parahippocampal, middle temporal, inferior temporal and angular
composite cortices, and MRI hippocampal volumes represented the respective regions
sampled. Additional participant and imaging methods are shown in the Appendix A.

2.3 Neuropathology methods

Brains were sampled according to the CERAD protocol [13] (See Appendix A for tissue
processing). The neuritic plaque score is a 4-point semi-quantitative assessment: 0=none,
1=sparse, 2=moderate, and 3=frequent (neuritic plaque score differs from the CERAD score
in that we did not include an age component with neuritic plaque score but are analogs in
scoring and herein we consider them interchangeable). AB immunohistochemistry in the
neocortex, hippocampus, basal ganglia and cerebellum was used to assign Thal amyloid
phase as: Phase 1-neocortex; Phase 2-CAl/subiculum; Phase 3-basal ganglia or dentate
fascia of the hippocampus; Phase 4-midbrain or CA4 of the hippocampus; and Phase 5-
cerebellum. Diffuse plaques were scored as 0=none, 1=sparse, 2=moderate or 3=frequent,
according to National Alzheimer Coordinating Center Neuropathology Guidelines, Version
9. The distribution of Lewy bodies was classified as brainstem, limbic or diffuse Lewy body
disease following guidelines of Kosaka [40].

For the purposes of statistical analyses, cases were considered consistent with AD if they
had a Braak tangle stage of IV and at least sparse neuritic plaque score. Cases were defined
as pathological aging [41] (also referred to as Alzheimer changes insufficient to diagnose
AD) if they had a Braak tangle stage of 111 or less, at least a moderate diffuse plague score,
and no more than a sparse neuritic plaque score. Cases were defined as senile change if they
had a Braak tangle stage of 11l or less, at least sparse diffuse plaques, and no neuritic
plaques. To facilitate translation of our findings, senile change and pathological aging cases
were re-assigned as primary age-related tauopathy (PART) if they met published criteria —
Braak tangle stage IV or less and Thal amyloid phase 2 or less [42]. Frontotemporal lobar
degeneration (FTLD) with TDP-43[43] corticobasal degeneration (CBD)[44] and
progressive supranuclear palsy (PSP)[45] were diagnosed according to standard criteria.
Lewy body disease (LBD) was classified following guidelines of Kosaka [40] and a recent
consensus report [46]. Based upon the distribution and severity of Lewy bodies and neurites,
cases were classified as: diffuse (neocortical) (DLBD), transitional (Limbic) (TLBD),
brainstem-predominant (BLBD), amygdala-predominant (ALB), or olfactory bulb only,
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according to standard criteria [46]. Neurofibrillary tangle predominant dementia [47] and
hippocampal sclerosis (HpScl)[48] were diagnosed as previously described.

2.4 Statistical Analyses

The imaging measures were PiB-PET SUVr, FDG-PET SUVr, MRI AD signature thickness
and MRI hippocampal volume. Four pathology measures were: Braak tangle stage, Thal
amyloid phase, neuritic plaque score, and diffuse plaque score. Spearman’s rank correlation
was used to assess the relationship between imaging and pathology variables. To assess
correlations for A, Thal, neuritic plaque, and diffuse plaque variables were correlated with
PiB-PET. Braak and Thal variable were correlated with FDG-PET and MRI. Sensitivity and
specificity were calculated by using NIAA “not” and “low” as negative and “intermediate”
and “high” as positive as compared to each imaging modality cut point [49]. Choi’s large
sample test of equality of dependent correlations was used to assess particular PiB-PET and
FDG-PET combinations of cortical sampling (see Appendix A) (gray matter (GM) or gray
matter plus white matter (GM+WM) region sampling) or partial volume correction (PVC)
produced optimal correlations with pathology measures [50]. Correlations of Braak tangle
stage and Thal amyloid phase with FDG-PET AD specific regions and MRI AD signature
thickness were further measured in subgroups of participants based on pathology
classification: AD, pathological aging and senile change (AD spectrum) versus all other
diagnoses. Fisher’s r-to-z transformation was used to evaluate the difference between the
two correlation coefficients found in these two independent samples. All analyses were
performed using R Statistical Software (v3.4.1).

A group of SNAP participants were identified for descriptive purposes as having abnormal
AD signature thickness and/or abnormal FDG SUVr with normal PiB-PET SUVr and a
clinical diagnosis of normal or MCI.

The findings in inconsistent cases were reviewed for descriptive purposes. Respective
images of PiB-PET, FDG-PET and MRI, clinical data, correlative pathology and AB
antibody staining to supplement Thal amyloid phase scoring was performed. Participants
with normal PiB-PET plus Thal amyloid phases 3-5 (n=4); elevated PiB-PET plus Thal
amyloid phase 0 (n=3); and elevated PiB-PET plus no neuritic plaques (n=7) were reviewed.

3.0 Results

3.1 Characterization of multimodal imaging and autopsy cohort

The participants with multimodal imaging who came to autopsy were pathologically
heterogeneous. There were 71 men and 29 women. The most frequent primary pathologic
diagnoses (n=52) were in the AD spectrum. AD participants had more severe cognitive
deficits (average MMSE 17) with the exception of DLBD. Details of the study cohort are
shown in Table 1.

3.2 PIiB-PET correlation with Neuropathology

There were meaningful relationships between the three Ap-related neuropathologic
measures and PiB-PET (Fig 1D; rho 0.68-0.78). Statistically there were no differences in the
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correlation of PiB-PET sampling methods with the neuropathologic measures (Figures C1—
C3). PiB-PET values cited hereafter are produced with GM segmentation and PVC.
Sensitivity and specificity vs NIA-AA were 95% and 53%. There were 7/23 (30%)
participants with neuritic plaques score of “none” who had elevated PiB-PET values and
5/15 (33%) participants in the “sparse” plagues score category without elevated Af on PiB-
PET. As neuritic plaque score does not include diffuse plaques, we also classified
participants by diffuse plaques scores (Fig 1A and 1B, call out boxes) which showed that
participants with frequent or moderate diffuse plaques often had elevated PiB-PET. Among
moderate or frequent diffuse plaques groups, 73/76 (96%) of participants had elevated PiB-
PET. Notably, there were several participants (15%) that had either “frequent,” “moderate,”
or “sparse” diffuse plaques who had elevated PiB-PET with either “no” or “sparse” neuritic
plaques (callout box Fig 1C). The mean PiB-PET SUVr of these 15 participants was 1.99
+ 0.52 (range 1.49-3.19) compared to 2.11 £ 0.67 (range 1.18-4.37) for the other 85.

The distribution of PiB-PET SUVTr for different primary pathologic diagnoses is shown in
Fig 2. Two participants with pathologically-diagnosed AD didn’t have elevated PiB-PET.
One of these two participants (SUVr=1.42) was considered possible AD dementia clinically
when scanned (3 yr, 10 months prior to death) and neuropathologically had sparse neuritic
plaques and sparse diffuse plaques with a Braak tangle stage of IV. The other was clinically
unimpaired when scanned (4 yrs prior to death), had a PiB-PET SUVr =1.37 and was Braak
tangle stage V and Thal phase 5. Most participants with diffuse or transitional Lewy body
disease had elevated SUVr values (15/17, 88%). Participants with pathological aging as
either a primary or a secondary diagnosis (Fig 2, call out on lower right) most often had
elevated PiB-PET SUVr values (15/17, 88%).

3.3 FDG-PET correlation with Neuropathology

The distribution of FDG-PET SUVTr for different primary neuropathologic diagnoses is
shown in Fig 3. Most in the group showed abnormal SUVr by using an AD-specific cutoff
value. Spearman correlations of various FDG-PET calculation measures and Braak tangle
stage ranged from rho = —0.36 to —0.45 (Supplementary Figure C4). The correlation was
better (rho = —0.61 (p=<0.001) when only those in the AD disease spectrum were included
(Figure 4a). Sensitivity and specificity vs NIA-AA were 95% and 11%. Correlations with
Thal stage were weaker (rho=—0.24). This is not unexpected as in those with low Thal stage
and non-AD neurodegenerative diseases, the metabolism may be reduced, even in AD-
typical brain regions, because of hon-AD pathology.

3.4 MRI correlation with Neuropathology

Participants in the AD neuropathologic spectrum had similar correlation using MRl AD
signature thickness measurement with Braak tangle stage as compared to the entire
population (rho = —0.49 vs rho = -0.42). Hippocampal volume correlation with Braak was
no better than MRI thickness (Fig 4, Supplementary Figure C5). Correlations with Thal
stage were weaker (rho=-0.20). Sensitivity and specificity vs NIA-AA were 88% and 36%.
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3.5 Characterization of the SNAP Cohort

SNAP criteria excluded most pathologic AD participants in this study (except for 1 of the 2
AD, PiB-PET negative participants described above), most pathological aging (often with
elevated PiB-PET), and most Lewy body dementia participants (one BLBD by path was
PiB-PET negative). Table B1 (supplemental) summarizes the features of the SNAP cohort,
which represents 15% (15/100) of the entire autopsy cohort. There were 11/15 (73%)
participants with a primary (n=8) or secondary (n=3) pathologic diagnosis of PART. Other
neurodegenerative disorders included AGD (n=2, 13%), PSP (n=2), brainstem type LBD
(n=1), AD (n=1; met SNAP criteria 4 years prior to death, see 3.2 above), and ALS (n=1).
These findings suggest a role of these disorders in the abnormal neurodegenerative findings
on MRI or FDG-PET in the characterization of SNAP participants. All FTLD-TDP cases
(n=3) were symptomatic and were therefore not categorized as SNAP.

3.6 Observations from Inconsistent Cases

In those with normal PiB-PET by SUVr who were also assigned Thal amyloid phases 3-5, 2
of the 4 were positive on visual assessment (Fig 5, B and C) and had pathological aging.
FDG-PET and MRI findings were also inconsistent with AD in some and helped categorize
FTLD (A) and LBD (C).

Participants with elevated PiB-PET SUVr and a Thal phase of 0 (Fig 5, E and F) were
visually negative suggesting that high WM PiB-PET signal may have influenced the
“falsely” elevated SUVr. These had abnormal FDG-PET and MRI findings and suggested
nonspecific atrophy (E) and LBD (F). There were 7 participants with elevated PiB-PET and
no neuritic plaques (examples, Fig 5, G-I) with diffuse or asymmetric plaque likely causing
the PiB-PET findings. FDG-PET and MRI findings were also instructive demonstrating
LBD (G) and vascular disease (H).

4.0 Discussion

We made several important observations in this study. First, about half of the participants
with Thal amyloid phase 1, most with Thal amyloid phase 2 or greater and most with sparse
to frequent neuritic plaques had elevated PiB-PET SUVr. Second, diffuse plaques were
strongly related to greater AP load as seen on PiB-PET. Third, there were modest
correlations of MRI and FDG-PET AD measures with neuropathologic schemes in the
whole group consistent with non-specificity of both of these biomarkers. However,
correlations between FDG PET were stronger when only the AD spectrum subset was
considered, consistent with the AD-specific ROI that was used. Fourth, a significant number
of participants (15%) were “SNAP” by multimodality biomarker criteria, none of whom had
neuropathologic features of AD but most commonly had PART on neuropathology.

Thal amyloid phase assesses the topographic distribution of AB across multiple brain
regions. Since Thal amyloid phase 1 indicates amyloid deposition limited to neocortex
without deposition in limbic or subcortical areas, a PiB-PET scan could be expected to be
positive. However, the definition for Thal amyloid phase 1 includes participants with as little
as a single neocortical Ap plaque pathologically [16], and does not distinguish participants
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with few vs. numerous cortical deposits. Accordingly, Thal amyloid phase 1 participants
with little AR burden may reasonably be negative on PiB-PET. In our population Thal
amyloid phase 1 participants had either normal or elevated PiB-PET. Improved correlation
with Thal 1 would necessitate additional neuropathologic measures that consider not only
presence, but also density of neocortical Ap deposits. While the measurement of global PiB-
PET SUVr did not include measurement of the related allocortical regions, eg. striatum, that
define higher Thal amyloid phases, PiB-PET correlated well with Thal amyloid phase and
can be seen as correlating with the implied cortical Ap worsening inherent in Thal amyloid
phase.

Neuritic and diffuse plaque scores are measures of lesion density in the most severely
affected cortex rather than topographic distribution. Correlations seen between diffuse
plaque score vs. PiB-PET and neuritic plaque score vs. PiB-PET were similar and was
expected given that the scores differ only in the presence of dystrophic neurites (in neuritic
plaques). The contribution of diffuse plaques to PiB-PET signal was evident in participants
with “moderate” or “frequent” diffuse plaques who had “sparse” or “none” neuritic plaque
scores (Fig 1C) and can lead to high PiB SUVr even with sparse neuritic plaque scores
(Figures 1B and 5). These participants often had pathological aging [41] (also referred to as
Alzheimer changes insufficient to diagnose AD [51]) either as a primary or secondary
neuropathologic diagnosis. These findings indicate that PiB-PET identifies both neuritic and
diffuse Ap.

We observed variable correlations of MRI and FDG-PET with neuropathologic measures
depending on the group selected. In 20 autopsy participants Toledo et al, found that occipital
FDG-PET hypometabolism accurately classified DLB and hippocampal sclerosis showed
lower hippocampal volume on MRI [35]. Kantarci used PiB-PET and MRI in 5 autopsy
participants and showed that occipital and posterior parietotemporal lobe hypometabolism is
a distinguishing feature of DLB and is independent of the Ap pathology [34]. These studies
described the regional imaging features of DLB and AD while we focused on AD centric
imaging regions to assess correlations with AD pathology in a broader group of participants.
A previous literature review [52] of MRI findings in participants with autopsy showed that
AD neuropathology is associated with whole-brain and hippocampal atrophy [32, 53]. The
reviewed literature also showed that atrophy is not specific for AD and this was best
demonstrated when population samples with a variety of neuro pathology were studied [27,
33, 54]. Higher tau burden in AD associated best with atrophy in one report [53]. These
findings concur with our findings of MRI volume loss associated with Braak stage and
emphasize the importance of considering the variety of neuropathology in the groups
studied. Our findings are also consistent with prior work verified by autopsy that regional
FDG-PET metabolic abnormalities predict progression of AD by Braak Stage [24].
Quantitative neurofibrillary tangle data rather than Braak stage could potentially improve the
correlations. More specific neurodegenerative biomarkers, potentially tau-PET, may add
diagnostic specificity to the neurodegenerative imaging multimodalities in aging cohorts.
The finding that the Braak tangle stage scheme was highly correlated with FDG in the AD
neuropathological spectrum, helps to validate FDG as a neurodegenerative biomarker for
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AD [7]. Correlations with Thal amyloid phase for both FDG and MRI (by either
hippocampal volume or AD signature cortical thickness) were poor.

Multiple modalities as used in this study allowed for the characterization of SNAP
participants in whom any neurodegeneration observed is presumed to be attributable to non-
Alzheimer etiologies and support the validity of this construct. We observed 1 SNAP
participant who had AD pathology at death, 50 months after imaging. Interestingly, this
participant (shown on Fig 5, D) was clinically unimpaired at the time of imaging but had
positive MRI suggesting that neurodegeneration may have preceded AD pathology. There
were 6 other SNAP participants with Thal amyloid phases 1-3 all with non-AD spectrum
neuropathologic diagnoses. Together these findings suggest the imperfect sensitivity of PiB-
PET vs. low AB density not defined on Thal phase. Neuropathologic disorders found in
SNAP participants included argyrophilic grain disease, LBD, ALS, PSP, PART, and
cerebrovascular disease--PART being the most common. The implication in the aging
population is that the presence of multiple neuropathologies and their effects on
neurodegenerative imaging biomarkers needs to be considered for appropriate diagnosis.
The premise that having an elevated amyloid scan is necessary for the neuropathological
diagnosis of AD, even in the early stages, is largely supported by the neuropathologic data
seen in this SNAP group. Our findings are consistent with those reported by Vos et al. [55],
in 4 SNAP participants, none of whom met neuropathologic criteria for AD.
Neurodegeneration in that study was characterized by cerebrospinal fluid testing. Taken
together, the two studies provide evidence supporting the construct of SNAP as a
heterogeneous set of non-Alzheimer disorders leading to AB-independent
neurodegeneration.

We observed that some falsely normal and falsely elevated PiB-PET SUVr findings in our
inconsistent participant group were better understood with visual analyses and assessment of
all 3 imaging modalities. In some participants (Fig 5) we noted the presence of asymmetric
PiB-PET signal. Presumably, small focal areas of elevated A signal could be averaged in
the PiB-PET metaROI and produce a negative SUVT. In addition, some low plaque burdens
(ranging from none to moderate) were undetected by PET imaging. In Thal phase 0 and/or
no neuritic plague cases, the intensity of WM PiB-PET signal was sometimes high and may
have influenced the “falsely” elevated SUVr. Overall, diffuse plaques, high WM PiB-PET
signal, and asymmetric PiB signal likely contributed to some of the discrepant PiB-PET
findings seen. Others in this group likely had elevated PiB-PET signal due to diffuse plaque
only. FDG-PET was helpful in characterizing 3 cases as LBD. MRI was supportive showing
non-AD related atrophy and vascular disease in some. Assessment of the full range of
abnormalities on FDG-PET and MRI can be instructive in understanding mixed pathology
that can confound quantitative assessment. Use of more disease specific regions for both
FDG-PET and MRI would help improve specificity in this cohort [56].

4.1 Study limitations

Limitations of our study include neuroimaging data obtained a few years (but not more than
5 years) before autopsy. Our ability to refine PiB-PET and FDG-PET SUVTr, or MRI AD
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signature thickness cutoffs for individual neuropathologic categorization was challenged by
low numbers in some categories.

4.2 Summary

This study shows that PiB-PET is a reliable biomarker of underlying A neuropathologic
burden, as demonstrated by correlation with Thal amyloid phase, neuritic plaque score and
diffuse plaque score. It demonstrates that diffuse plaques contribute significantly to elevated
PiB-PET signal. Neurodegenerative imaging with FDG-PET and MRI associate modestly
with neurodegenerative AD pathology findings. SNAP participants accounted for 15% of the
autopsy group in this study and can be well defined by multimodality imaging. To the extent
that SNAP is a diagnosis of “not-AD,” more disease-specific neurodegenerative markers to
characterize non-AD neurodegenerative disorders in the aging population are needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in Context:

Systematic review: The authors reviewed the literature using traditional (e.g.,
PubMed) sources and meeting abstracts and presentations. The correlation of
antemortem imaging and autopsy in dementia cohorts has been performed in
some small groups with single imaging modalities. These publications are
appropriately cited.

Interpretation: Our findings demonstrate the contributions of multimodality
neuroimaging findings to diagnosis and demonstrate the impact of multiple
neuropathologies on antemortem imaging findings.

Future directions: The manuscript suggests possible improvement in
pathological and imaging data techniques and analyses that could be
considered to improve correlations.

Examples include further understanding: (a) quantification of amyloid burden
in neuropathologic assessments. (c) development and inclusion of new,
specific neurodegenerative imaging biomarkers and (b) inclusion of visual
interpretation of neuroimaging data.

Alzheimers Dement. Author manuscript; available in PMC 2020 July 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lowe et al. Page 15

A. Thal amyloid phase

e e MY & o
o e M W ST
: .
2

- a : o
-1 ° Diffuse plaque score
5 s ® Frequent
T "} 0 © Moderate
B Q_@& © Sparse
; © None
T T T T T T

1.5 2.0 25 3.0 3.5 4.0
*Square indicates longer time (3 to 5 years) from imaging to autopsy.
PiB-PET SUVr (crus, GM, PVCY)

B. Neuritic plaque score

Frequent —| " ig = o5 e
Moderate —
2 - Diffuse plaque score
Sparse —| Se — ® Frequent
© Moderate
None - O Sparse
: © None
T 1 T T 1 T
1.5 2.0 25 3.0 35 4.0
*Square indicates longer time (3 to 5 years) from imaging to autopsy.
PiB-PET SUVr (crus, GM, PVCY)
C. Diffuse plaque score
Frequent — = o o
Moderate -
Sparse
None — @ No neuritic plagues
: © Sparse neuritic plagues
T T T T T T
1.5 2.0 25 3.0 35 4.0

*Square indicates longer time (3 to 5 years) frem imaging to autopsy.
PiB-PET SUVTr (crus, GM, PVCY)

D. Spearman rank correlation (p-value)

Method Thal Neuritic plaques Diffuse plaques

PIB crus, GM, PVCN 0.75 (p<0.001) 0.69 (p<0.001) 0.78 (p<0.001)
PIB crus, GM, PVCY 0.77 (p<0.001) 0.71 (p<0.001) 0.77 (p<0.001)
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Figure 1. PiB-PET SUVr and Amyloid Neuropathologic Measures.
Relationships between PiB-PET and Thal amyloid phase (A), neuritic plague score (B) and

diffuse plague score (C) are shown. PiB-PET SUVr is based on the crus reference region
with GM segmentation and partial volume correction (crus, GM, PVCY). Spearman rank
correlation rho (p-value) between different PiB-PET analysis methods and pathology score
are shown (D). Call out boxes in the panels A and B show subcategorizations for diffuse
plaque scores in colors and in the panel C show SUVTr for “sparse” neuritic plaques score
(green) or “none” neuritic plagues score (purple). Dotted line on the “x”axis represents the
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PiB cutoff of 1.47. Squares indicate 3-5 years from imaging to autopsy. PiB-PET
correlations with Thal amyloid phase was not statistically different with the various methods
of PiB-PET quantitative analysis (Choi’s test comparing analytic methods; p-value range:
0.08 to 0.3) (D, Appendix Figure C1). PiB-PET and neuritic plaque scores also correlated
strongly regardless of the method of PiB-PET quantitative analysis with Spearman’s rho
ranging from 0.68 to 0.71 (Choi’s test comparing analytic methods, p-value 0.09 to 0.6; D,
Appendix Figure C2). Correlations of diffuse plaques with PiB-PET were high and
indistinguishable for the various methods of quantitative analyses (C) with rho ranging from
0.77 to 0.78 (Choi’s test comparing analytic methods, p-value 0.29 to 0.97; Appendix Figure
C3).
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Figure 2: PiB-PET, FDG-PET and MRI by Primary Neuropathologic Diagnoses.
Imaging modality findings are shown vs. neuropathologic diagnosis. Subgroups noted in the

call-out box show additional secondary neuropathologic diagnoses of AD (triangle), PA (X),
and PART (square). Dotted line on the “x” axes represents the imaging modality cut points.
All modalities are abnormal in most of the cohort. This represents the high sensitivity of the
tests with limited specificity in the AD centric quantitation methods.
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Figure 3: FDG-PET correlation with Neuropathologic Measures in the AD spectrum.
FDG-PET by Thal amyloid phase (A) and by Braak neurofibrillary tangle stage (B). In the

AD spectrum, FDG-PET association with Thal amyloid phase is poor. Most participants
have an SUVr below the FDG cutoff even for low Thal amyloid phase and Braak stage
demonstrating nonspecificity and a probable influence in the regions from multiple
neurodegenerative diseases. FDG-PET identified 45/48 (96%) participants as abnormal
among Braak neurofibrillary tangle stage stages Il or greater in the AD spectrum and 21/25
(84%) in the entire cohort (Appendix Figure C4) with a Braak neurofibrillary tangle stage of
2 or less as abnormal. The correlations were larger (better) when only those in the AD
disease spectrum (AD, pathological aging, or senile change) were included vs. participants
with non-AD pathologic diagnoses (rho = -0.61 and —0.13, respectively; Fisher’s r-to-z
transformation p=0.005).
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Figure 4. MRI correlation with Neuropathologic Measures in the AD spectrum.
MRI by Thal amyloid phase (A) and by Braak neurofibrillary tangle stage (B) with both AD

signature ROI and hippocampal volume assessments. Call out boxes in panels show
subcategorizations for disease groups. Dotted line on the “x” axes represents the MRl AD
signature cutoff of 3.50mm. In the AD spectrum, MRI association with Thal amyloid phase
is poor by either quantitation method. The MRI AD signature thickness cut point of < 3.5
identified 44/48 (92%) participants with a Braak neurofibrillary tangle stage of 111 or greater
in the AD spectrum as abnormal and 19/25 (76%) in the entire cohort (Appendix Figure C5)
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with a Braak neurofibrillary tangle stage of 2 or less as abnormal. Among the 3 diagnostic
groups in the AD neuropathologic spectrum, AD (triangles, n=42, 2.82mm) and SC
(diamonds, n=2, 2.75mm) had the thinnest mean AD signature. Hippocampal volume
correlation with Braak was no better than MRI AD signature thickness.
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Figure 5. Examples of inconsistent findings.
Amyloid negative and Thal amyloid phase 3-5 participants (A-D) and participants with

elevated amyloid but Thal amyloid phase 0 and/or no neuritic plaque (E-I) are shown.
Clinical diagnosis at the time of scanning, neuropathologic data and PiB-PET, FDG-PET,
and MRI images (with their respective quantitative and visual findings) are shown for each
participant. For A, left sided atrophy and hypometabolism on FDG corresponded to the
FTLD diagnosis. Visual assessment showed asymmetrically increased PiB-PET signal
(arrow) in the left temporal lobe in B and in the right hemisphere in C (arrow). For B,
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focally positive temporal PiB-PET signal may have been averaged out in the metaROI but
could be consistent with moderate plaque. FDG and MRI were contradictory for abnormality
suggesting borderline changes that may be consistent with early pathologic aging changes in
these two. For C, diffuse, mild PiB-PET signal, greater on the right, was seen that may have
been caused mainly by diffuse plaques. The FDG-PET findings in this case were consistent
with LBD (MRI was negative). For D, only MRI was abnormal (AD sig only) in this
participant with a neuropathology diagnosis of AD, yet cognitively unimpaired at the time of
the scans, suggesting rapid onset of AD. Visual assessment showed preserved contrast
between white matter and grey matter suggesting a negative PiB-PET (arrows) in E and F
and was consistent with neuropathology that showed no neuritic plaques or diffuse plaques.
The white matter signal is high in E and F suggesting possible “bleed-in” of white matter
signal. By using Ab antibodies, a Thal 1 phase was assigned to E. Both FDG (but only on
SUVr) and MRI measurements were positive (E), suggesting non-specific atrophy changes.
In F, FDG findings reflected LBD while the MRI showed generalized cerebral atrophy. In G
and H (no neuritic plaques) SUVr and visual PiB-PET assessment was positive (arrows).
Diffuse plaques may have caused the elevated SUVr and visual findings (as typically seen in
LBD (G)). Both FDG and MRI measurements were also positive in G and H. FDG-PET in G
showed occipital hypometabolism (arrow) suggesting LBD. The MRI findings in H showed
moderate diffuse cerebral atrophy and white matter infarcts (arrow). In I, increased PiB-PET
retention in the right frontal lobe seen visually (arrow) correlated with focal amyloid on
neuropathology. The FDG-PET SUVr was positive but the visual interpretation was negative
and the MRI showed moderate diffuse cortical atrophy with a small right hippocampus.
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