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Abstract

[''CJUCB-J PET for synaptic vesicle glycoprotein 2 A (SV2A) has been proposed as a suitable marker for synaptic density
in Alzheimer’s disease (AD). We compared ['' CJUCB-J binding for synaptic density and ['®F]FDG uptake for metabolism
(correlated with neuronal activity) in 14 AD and || cognitively normal (CN) participants. We assessed both absolute
and relative outcome measures in brain regions of interest, i.e., K, or R, for [''CJUCB-] perfusion, V1 (volume of
distribution) or DVR to cerebellum for [''CJUCB-J binding to SV2A; and K; or KRR to cerebellum for ['®F]FDG metab-
olism. [''CJUCB-] binding and ['®F]FDG metabolism showed a similar magnitude of reduction in the medial temporal
lobe of AD —compared to CN participants. However, the magnitude of reduction of ['' CJUCB-J binding in neocortical
regions was less than that observed with ['®FJFDG metabolism. Inter-tracer correlations were also higher in the medial
temporal regions between synaptic density and metabolism, with lower correlations in neocortical regions. ['' CJUCB-J
perfusion showed a similar pattern to ['®F]FDG metabolism, with high inter-tracer regional correlations. In summary, we
conducted the first in vivo PET imaging of synaptic density and metabolism in the same AD participants and reported a
concordant reduction in medial temporal regions but a discordant reduction in neocortical regions.

Keywords
SV2A, PET, ['®FJFDG, Synaptic Density, Alzheimer’s disease

Received 16 October 2020; Revised 29 January 2021; Accepted 21| February 2021

Intr ion . : . .
troductio in AD,* ' direct in vivo PET imaging and quantifica-

tion of synaptic density in comparison with neuronal
activity has never been reported. PET imaging for
quantification of synaptic density was recently

Positron emission tomography (PET) brain imaging
with specific radiotracers has been used to evaluate
biomarkers for Alzheimer’s disease (AD) under the
current AT(N) research framework," including [''CJ-
PiB and F-18 labeled amyloid PET for S-amyloid,>*

tau PET for neurofibrillary tangles,” and '®F-fluoro-
deoxyglucose (["*F]JFDG) for glucose metabolism (cor-
related with neuronal activity) and neurodegeneration.’
Structural MRI for gray matter volume has also been
widely used as a biomarker of neurodegeneration in
AD."? Although the relationship between structural
gray matter volume and ['*F]JFDG metabolism for
functional neuronal activity has been well investigated
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developed as another potential biomarker for neuro-
degeneration in AD.'"'? Importantly, the ability to
quantify synaptic density and neuronal activity in the
same participants has the potential to provide a better
understanding of AD pathophysiology. Here we con-
ducted the first PET study with biomarkers for both
synaptic density and glucose metabolism in the same
AD participants. Because a discrepancy exists between
regional brain atrophy and hypometabolism in AD,* '
we hypothesized that the patterns of synaptic density
loss and neuronal function in the susceptible regions of
AD, including medial temporal lobe and posterior neo-
cortical regions, would not be identical.

['"®F]FDG brain PET is widely used for clinical dif-
ferential diagnosis of dementia,'*'* and for tracking
AD progression.'>!'® ['""FIFDG PET has also been
used as a biomarker outcome measure for evaluation
of treatment responses in many clinical trials of
AD."8 Despite its frequent use as a surrogate
marker of neuronal activity for neurodegeneration,’
['"®FJFDG PET has its limitations. Because brain ['*F]
FDG uptake is often affected by sensory stimulation,
medications, and blood glucose,'” 2 the reproducibili-
ty of ['*FJFDG PET quantification within and between
participants can be affected by the difference of fasting
status, current medications, and surrounding environ-
mental stimulation of the participants.>>>° The appro-
priate preparation for the subjects before and during
PET scanning is critical. Inadequate fasting could
result in false positives in AD scans.?'*? These limita-
tions in precision may ultimately hinder accurate
assessment of disease progression or therapeutic effects
in longitudinal clinical trials using ['"*F]FDG PET.

A potential imaging biomarker for synaptic density
is the synaptic vesicle glycoprotein 2 A (SV2A), located
in synaptic vesicles in presynaptic terminals and
expressed in virtually all synapses.”?” SV2A has a con-
served expression pattern of about five copies per ves-
icle.” [''CJUCB-J PET has been recently demonstrated
as an excellent imaging agent for SV2A and has been
applied in AD''? and other neuropsychiatric disor-
ders.?* 3! We have previously reported a low test-
retest variability (3-9%) of [''CJUCB-J V1 across all
brain regions in the same human participants,® and
have also observed that [''CJUCB-J PET Vr for syn-
aptic density is stable in the presence of blood flow
changes as with those accompanying visual stimula-
tion.”> This excellent reproducibility and non-
stimulation-dependent quantification of [''CJUCB-J
PET could potentially be advantageous for use in lon-
gitudinal studies and clinical trials. Of note, most of the
previous analyses for [''CJUCB-J PET studies includ-
ing our first study in early AD'' were conducted using
white matter (WM) in the centrum semiovale (CS) as
the reference region.** ¢ WM has the lowest total [''C]

UCB-J binding with minimal SV2A specific binding
and could therefore be a suitable reference region.
However, the degree of [''CJUCB-J uptake in WM
could be variable, especially in those elderly subjects
with WM pathology. Also, larger inter-subject variabil-
ity from the use of a WM reference region could be a
potential disadvantage. Using the regional ratios of dis-
tribution volume (DVRs) with the cerebellum as an
alternative reference region, our substantially larger
follow-up study of AD demonstrated widespread statis-
tically significant reductions of SV2A binding in broader
neocortical regions in addition to the hippocampus and
entorhinal cortex in AD compared to cognitive normal
(CN) participants.'? These findings better reflect the
pathologic findings of reduced cortical synaptic density
in AD post mortem studies.’” Therefore, we will contin-
ue using regional DVRs to Cb as primary outcome
measures of [''CJUCB-J binding.

In the present study, we conducted [''CJUCB-J
dynamic PET scans with arterial input function for
kinetic modeling and ['*F]JFDG PET in the same AD
and CN participants. We computed multiple outcome
measures from both [''CJUCB-J PET and ['*FIFDG
PET to compare absolute and relative measures for
better differentiating AD from CN, both in terms of
regional percentage differences (PD) and standardized
effect sizes with Cohen’s d. Because absolute measures
often have higher inter-subject variability, normalized
measures could provide higher sensitivity for detecting
group differences. We also explored the intra-regional
associations between [''C]JUCB-J binding for synaptic
density and ["*F]JFDG metabolism in the same partic-
ipants to better understand their relationships in AD
pathophysiology. In addition, our previous exploratory
K, (indicating blood flow and tracer extraction) para-
metric imaging of [''CJUCB-J demonstrated broad
regional differences in temporoparietal cortices of AD
relative to CN!! that are similar to the known hypo-
metabolic pattern of AD. Therefore, we also investigat-
ed whether K, parametric imaging of [''CJUCB-J could
serve as a surrogate for brain perfusion and provide
similar information to ['*FJFDG metabolism.

Materials and methods

Human participants

Fourteen participants with AD dementia or amnestic
MCI due to AD and 11 CN participants enrolled in the
study using the same methods as described previously''
with more comprehensive details provided in the sup-
plemental material. All participants received a PET
scan with [''C]Pittsburgh Compound B ([''C]PiB)
first to determine the presence of brain amyloid-f
(Ap) accumulation as previously described.''’ CN
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participants who were negative for amyloid, and AD
dementia or amnestic MCI due to AD participants who
were positive for amyloid were included in the study.
The study was approved by the Yale University
Human Investigation Committee and the Radioactive
Drug Research Committee and was conducted in accor-
dance with the World Medical Association Declaration
of Helsinki. All participants provided written informed
consent prior to participating in the study.

PET imaging experiments

[''C]JUCB-J was synthesized according to previously
described procedures.®® All participants received [''C]
UCB-J and ["*F]FDG dynamic PET measurement with
the Siemens High Resolution Research Tomograph
(HRRT; Siemens, Medical Solutions, Knoxville, TN,
USA). The [''CJUCB-J PET was performed as
described previously'' with details provided in the sup-
plemental material. The ['"*F]JFDG dynamic PET was
also performed up to 90 min using the same acquisition
protocol.

Quantitative analysis

For [''CJUCB-J, kinetic analysis was performed voxel-
by-voxel using the one-tissue compartment model
(1TC)*? and the metabolite-corrected arterial plasma
curve to generate a parametric image of distribution
volume (V7). Vr is the tissue:plasma concentration
ratio at equilibrium and serves as an index of SV2A
density and is not dependent on blood flow. Parametric
images of the delivery rate constant, K;, which is pro-
portional to blood flow (K;=flow x extraction frac-
tion), as well as R;, the ratio of regional K; values
normalized to cerebellum (Cb) K; (i.e., K rot/Ki cb)
were also produced. R; has lower inter-subject variabil-
ity than K, and could serve as an important outcome
measure for flow. Regions of interest (ROIs) were
applied to the parametric images using the combined
transformations from AAL template to PET space
according to previous methods.!' Additionally, distri-
bution volume ratios (D VRs) for the ROIs using Cb as
reference region were also calculated (i.e., Vrrot/Vr,
cb), derived directly from the 1TC parameters using
arterial input function (AIF) as the gold standards,
not from reference-region based analysis e.g. simplified
reference tissue model 2 (SRTM2). We have previously
demonstrated an excellent correlation between DVR
values derived from 1-TC parameters with AIF and
from SRTM2 (see supplemental materials from our
recent paper).'> Therefore, the DVR findings in the
current study can be extended to reference region
methods.

For ['FIFDG, Patlak analysis®™® was performed
according to the methods described previously with
modification, with t* set to 60 min and a 30-min scan
duration was used to measure the influx rate constant
K; for each ROI. The net influx constant K is a com-
monly used outcome measure for cerebral glucose
metabolism.*® A population-based input function
(PBIF) was used for the analysis,” which has been val-
idated recently as a suitable alternative to the AIF.
Briefly, the PBIF was generated from the averages of
arterial plasma curves (in SUV units) from 40 partic-
ipants (not included in this study). To scale the PBIF,
venous plasma samples were acquired for each partic-
ipant in this study. The PBIF was scaled by the ratio of
the mean venous plasma SUV value to the mean PBIF
between 40 and 60 minutes. The ratio of regional K;
values (K;R) for the ROIs using Cb as reference
region were also calculated (i.e., K;R =K ro1/Ki cb)-

Gray matter tissue loss can affect PET measures. To
minimize this, we masked the ROIs with a segmented
MRI (gray matter masking)** and performed full par-
tial volume correction (PVC) using Muller-Gardner
method (M-G).*"*** DVR, R, and KR after PVC
were calculated using non-PVC Cb as reference region.

Statistical analysis

Statistical calculations were performed in Microsoft
Excel 2016, IBM SPSS (version 26) and GraphPad
PRISM (version 8). When comparing the group differ-
ences between tracers, the % difference of the means
and Cohen’s d are listed as (PD:x%/d:x). Separate
linear mixed models were used to compare each param-
eter of [''CJUCB-J (K,, Ry, V1, DVR) or ["*FIFDG (K,
K;R) before or after PVC in 16 regions (within-subject
factor) between AD and CN groups. A random inter-
cept was included and the best-fitting variance-covari-
ance structure was compound symmetry as determined
by the Bayesian information criterion. Since the goal of
this study is the comparison of [''C]JUCB-J and ['*F]
FDG, we chose to assess the ability to detect group
differences without including the effects of age, sex
and education. Post-hoc comparisons utilized unpaired
t-tests (2-tailed and P < 0.05 for significance). In addi-
tion, the Benjamini-Hochberg procedure was used to
control the false discovery rate for multiple compari-
sons. Standardized effect sizes with Cohen’s d were also
calculated for the binding parameters of both tracers in
each ROI between AD and CN groups. Correlation
between the binding parameters of ['!CJUCB-J and
['"®FIFDG within each region was performed with
Pearson correlation coefficients. The modified version
of the Pearson—Filon statistical test,*> which accounts
for non-independent data, was used to compare inter-
tracer correlations between regions and the differences
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of correlations before and after PVC; significance was
based on a two-tailed test, with P < 0.05.

Results

Participants characteristics

Fourteen individuals with amnestic MCI or dementia
due to AD and 11 CN individuals participated in the
study. Diagnostic groups were well balanced for age

Table |I. Demographic information and test results of included

participants.

Cognitively normal
(CN)

Alzheimer’s
disease (AD)

Participants

Sex (M/F)

Age (years)
Education (years)
CDR-global
CDR-sb

MMSE

LMII

RAVLT

3/8
69.4 (9.0) (59-81)
17.5 (2.5) (12-20)
0 (0)

0 (0)

29.0 (1.2) (27-30)
13.1 (5.5) (5-19)
11.1(3.0) (6-14)

14 (mild AD:4,
MCI: 10)

717

69.6 (5.7) (58-79)

16.9(1.8) (13-19)

0.6 (0.2) (0.5-1)

2.9 (1.5) (0.5-4.5)

23.9 (4.6) (14-29)

2.4 (2.8) (0-8)

2.2 (2.6) (0-9)

Data are n, or mean (SD) (range).
CDR-global: clinical dementia rating global score; CDR-sb: clinical
dementia rating sum of boxes; MMSE: Mini-Mental State Examination;
LMII: Logical Memory Il score; RAVLT: Rey Auditory Verbal Learning Test

delayed recall.

and education (Table 1). AD participants had clinical
characteristics typical of amnestic MCI and mild
dementia with MMSE =23.94+4.6 and CDR=0.6 £+
0.2. All participants received one injection of [''C]
UCB-J (604 £+ 188 MBq and mass 1.60+0.97 pg) and
one injection of ['"*FIFDG (181 £6 MBq) with no sig-
nificant difference in injection doses and masses
between groups. The average time differences between
the two scans were 6+27days for AD and 114+
136 days for CN participants, respectively. For [''C]
UCB-J, the arterial input functions were successfully
measured in all participants to measure K; R;(to
Cb), V1, and DVR (to Cb). For ['*FIFDG, the PBIF
was used to measure K; and K;R (to Cb).

Regional synaptic loss and hypometabolism in AD

When comparing [''CJUCB-J binding and ["*F]JFDG
metabolism, the regional pattern of lower [''CJUCB-J
binding (V, DVR) was different from that of hypome-
tabolism (Kj, K;R) observed in AD participants.
Typical AD images are shown in Figure 1. Our visual
inspection of images revealed lower uptake of both
[''CJUCB-J and ["®F]JFDG in the medial temporal
lobe for the same AD participants, but we observed
more pronounced reductions of ["*F]JFDG uptake in
the lateral temporal lobe, the parietal lobe, and the
posterior cingulate. Since there were no disease-
specific effects in the cerebellum (Table S1), [''C]
UCB-J Vr and ["®FIFDG K; were normalized to

J‘%

uC-UCB-J
DVR

T1-MRI

Axial

uUC-UCB-J DVR and '®F-FDG KR PET images in AD

Coronal

68

Sagittal

.

Figure |. Representative (A) [''CJUCB-J DVR and (B) ['®F]FDG PET KR images and (C) MRI images in AD. Evident lower ['' CJUCB-
J binding in the hippocampus of AD was noted (arrow denotes the left hippocampus). Evident hypometabolism was also noted in the
hippocampus of AD. In addition, hypometabolism was also noted in lateral temporal and parietal cortices of AD (white arrows denote
the parietal cortices) as well as posterior cingulate (black arrow heads).
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cerebellum to yield DVR and KR, respectively. We
observed a similar pattern of lower [''CJUCB-J DVR
and ['|FIFDG KR in AD participants with larger
effect sizes (Table 2) when compared to the unnormal-
ized values (Table S1). We found similar between-
group differences and increased effect sizes in [''C]
UCB-J DVR and ['"®*F]JFDG K;R in the medial temporal
regions (Table 2). Significant between-group differen-
ces of [''CJUCB-J DVR were also present in the pulvi-
nar with slightly larger effect sizes than ['*FJFDG K;R
(Table 2). With the improved effect sizes after cerebel-
lum normalization, we were able to detect small
between-group differences of [''CJUCB-J DVR in sus-
ceptible neocortical regions that were less than the PD
of ["®FIFDG K;R (Table 2). The regional relationships

are plotted showing the percent differences in mean
value (AD vs. CN) in Figure 2(c) and the Cohen’s d
for differentiation between AD and CN in Figure 2(d).
Comparing [''CJUCB-J DVR and ["*F]FDG K;R dem-
onstrated overall similar PD in medial temporal
regions, but lower PD of [''C]JUCB-J DV'R in the neo-
cortical regions. ROIs to the lower right of the identity
line reflect greater difference/Cohen’s d for [''CJUCB-
J, whereas those to the upper left indicate greater dif-
ference/Cohen’s d for ['*F]FDG.

The linear mixed model analysis (LMMA) demonstrat-
ed a significant group effect (F(1,23)=15.4, p=0.001)
and group*region (F(15,345)=2.2, p=0.007) for [''C]
UCB-J DVR. Post-hoc comparisons showed significantly
lower [''CJUCB-J DVR in medial temporal and thalamic
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Figure 2. Scatter plots of regional percentage differences of means between CN and AD (a, ) and Cohen'’s d (b, d) for [''CJUCB-J
(Vrand DVR on x-axis) versus ['®F]FDG (K; and KR on y-axis). (a) Comparing [''CJUCB-| Vrand ['®F]FDG K; demonstrated distinct
patterns, including slightly higher % differences of ['' CJUCB-] V1 in medial temporal regions (M Hipp, Ent, Amy, and ParaHipp) and
thalamic regions, but smaller % differences in susceptible neocortical regions (AAng, Cing Post, Prec, Tem, Par). (b) There were
larger Cohen'’s d values for [''CJUCB-J Vy vs. ['®F]FDG K; in medial temporal regions and thalamic regions (O Thal and Pul), but
slightly lower Cohen’s d values in susceptible neocortical regions. (c) Comparing [''CJUCB-J DVR and ['®F]FDG KR demonstrated
overall similar % differences in medial temporal regions, but lower % differences of [''CJUCB-J DVR in the susceptible neocortical and
other examined regions (symbol O). (d) Higher Cohen’s d values for [''CJUCB-J DVR vs ['®F]FDG KR in some medial temporal
regions (M Hipp and Ent) and thalamic regions, but overall lower Cohen’s d values in ['' CJUCB-J DVR in other examined regions.
Amy: Amygdala; Ang: angular; CS: centrum semiovale; Cd: Caudate; Cing_Ant: Ant. Cingulate; Cing_Post: Post. Cingulate; Ent:
Entorhinal; Front: Frontal; Hipp: Hippocampus; Occ: Occipital, ParaHipp: ParaHippocampus; Par: Parietal; Prec: Precuneus; Pul:

Pulvinar; Put: Putamen; Tem: Temporal; Thal: Thalamus.
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regions, and some neocortical regions after adjustment for
multiple comparisons (Table 2). The LMMA also dem-
onstrated a significant group effect (F(1,23)=18.9,
p<0.001) and group*region (F(15,345)=1.9, p=0.019)
for ['""FIFDG K;R. Post-hoc comparisons revealed signif-
icantly lower ["*FJFDG KR in all medial temporal, tha-
lamic and neocortical regions after adjustment for
multiple comparisons (Table 2).

When comparing absolute kinetic values, i.e., [''C]
UCB-J V¢ with ['"|FIFDG K, we detected slightly
larger between-group differences for [''CJUCB-J V1 in
the medial temporal regions with higher effect sizes
(Supplemental Table S1). We also found slightly larger
between-group differences of [''CJUCB-J Vr in the
thalamic regions (thalamus and pulvinar). However,
unlike ["*FIFDG, [''C]JUCB-J V¢ demonstrated no sig-
nificant between-group differences in susceptible neocor-
tical regions(Table S1). These regional values for the two
tracers are also plotted, showing the between-group PD
in Figure 2(a) and the Cohen’s d in Figure 2(b).

The LMMA demonstrated a significant group effect
(F(1,23)=5.6, p=0.027) and group*region interaction
(F(15,345)=2.1, p=0.008) for [''CJUCB-J Vr. Post-
hoc comparisons revealed significant group differences
of ["'CJUCB-J Vr in the hippocampus, entorhinal,
amygdala, and pulvinar after adjustment for multiple
comparisons (Table S1). Note that LMMA demon-
strated no significant effect of group (F(1,23)=3.5,
p=0.07) or group*region interaction (F(15,345)=1.5,
p=0.09) for ["*FIFDG K; and no significant between-
group differences in the examined regions after adjust-
ment for multiple comparisons (Table S1).

Regional hypoperfusion and hypometabolism in AD

Comparing [''CJUCB-J K; for perfusion and ['* F]JFDG
K; for metabolism, as potential surrogate measures of
neuronal activity, we found a similar regional pattern
and degree of group differences for both parameters,
consistent with lower perfusion and metabolism in AD
(Tables S1 and S2). The regional relationships are plot-
ted showing the PDs in mean value (AD vs. CN) in
Figure 3(a) and the Cohen’s d in Figure 3(b). Note
that LMMA demonstrated close to significant group
effect (F(1,23)=4.2, p=0.05) but no group*region
interaction (F(15,345)=1.3, P=0.2) for [''"CJUCB-J
K. Post-hoc comparisons only revealed significant
[''CJUCB-J K, differences in the hippocampus and
entorhinal cortex of AD compared to CN after adjust-
ment for multiple comparisons (Table S3).

With no group differences in cerebellum, [''C]JUCB-
J K, and ["|F]JFDG K; were normalized to cerebellum
to yield R, and KR, respectively. We observed a similar
pattern of lower values of both [''CJUCB-J R, (Table

S2) and ["*FJFDG K;R (Table 2) in AD participants
with higher effect sizes and statistical significance
than the unnormalized values. These findings are illus-
trated in Figures 3(c) and (d) with the shift of the exam-
ined regions . The shift of PD values is probably due to
the slight differences in reference cerebellum values.
The LMMA for [''CJUCB-J R, demonstrated a signif-
icant effect of group (F(1,23)=10.5, p=10.004) but no
significant group*region interaction (F(15,345)=1.6,
P =0.066). Post-hoc comparisons revealed significantly
lower [''CJUCB-J R, in AD compared to CN partici-
pants in all medial temporal, thalamic and neocortical
regions after adjustment for multiple comparisons
(Table S2).

Partial volume correction

We also performed PVC for correction of brain atro-
phy and gray-white spill-in. PVC was associated with
an overall decrease in statistical significance and the
effect sizes for most regions (Tables S3-95).
Statistically significant group differences remained for
[''C]JUCB-J DVR in the hippocampus and the pulvinar
after PVC (Table S4). Using the K;R of ['*FIFDG after
PVC, there were larger and significant between-group
differences and more statistically significant regions
than using [''CJUCB-J DVR after PVC(Table S4).

Regional correlations between synaptic density and
metabolism

We explored inter-tracer correlations between the
regional measures of [''CJUCB-J (K;, Ry, V', DVR,)
and ["*FIFDG (K; and K;R) across participants. For the
relationship between [''CJUCB-J binding (Vr, DVR)
and ['"*)F]JFDG metabolism (K; and K;R), various
degrees of correlation emerged between the two tracers
among the examined regions, particularly in medial
temporal and susceptible neocortical regions (Table
S6). We selected hippocampus as the representative of
medial temporal regions for demonstration purpose
because we found the highest inter-group PD and
Cohen’s d of ['"C]JUCB-J bindings within this region
(Figure 2). We also selected precuneus as the represen-
tative of susceptible neocortical regions for demonstra-
tion because it is considered a vulnerable region of
hypometabolism in AD and is characterized by less
inter-subject variability than posterior cingulate
(Table 2). Higher correlations were noted between
["'CJUCB-J DVR and ['®FIFDG KR compared to
those between [''CJUCB-J Vr and ["*FJFDG K; in
the same regions (Figure 4(a) and (b)). Overall, the
correlations between [''CJUCB-J DVR and ['*FIFDG
K;R in the medial temporal regions were significantly
higher than those in the susceptible neocortical regions.
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Figure 3. Scatter plots of regional percentage differences between CN and AD (a, c) and Cohen’s d (b, d) for [''CJUCB-J (K, and R,
on x-axis) versus ['°FIFDG (K; and KiR on y-axis). (a) Comparing [''CJUCB-| K, and ['®F]FDG K; demonstrated very similar %
differences in most examined regions including in medial temporal regions (l Hipp, Ent, Amy, and ParaHipp), susceptible neocortical
regions (AAng, Cing_Post, Prec, Tem, Par), and other examined regions (o), which appeared well aligned along the identity line. (b)
There were similar Cohen’s d values of ['' CJUCB-| K, vs ['®F]FDG K; in most examined regions. (c) Comparing [''CJUCB-J R, and
['®F]FDG KRR demonstrated generally lower % differences of ['' CJUCB-J R, in the examined regions. (d) Overall, there were slightly
lower Cohen’s d values of [' IC]UCB-,I R vs ['®FIFDG KR in the examined regions.

Amy: Amygdala; Ang: angular; CS: centrum semiovale; Cd: Caudate; Cing_Ant: Ant. Cingulate; Cing_Post: Post. Cingulate; Ent:
Entorhinal; Front: Frontal; Hipp: Hippocampus; Occ: Occipital, ParaHipp: ParaHippocampus; Par: Parietal; Prec: Precuneus; Pul:

Pulvinar; Put: Putamen; Tem: Temporal; Thal: Thalamus.

For example, the correlation in the hippocampus
(R*=0.86) was higher than that in the precuneus
(R*=0.59) (p=0.022) (Figure 4(b)). We further per-
formed inter-tracer correlations after PVC and found
an overall decrease in correlations, as shown in Figure
4(c) and (d).

Regional correlations between perfusion and
metabolism

For perfusion (K; and R;) and metabolism (K; and
K;R), the correlations between normalized measures
(["'CJUCB-J R, and ['®F]JFDG K;R) were overall very
strong in the affected regions (medial temporal and
neocortical regions) (R? =0.72-0.91) and were higher
than those between the absolute measures ([“C]UCB-J
K; and [ISF]FDG K;) in the same regions (R2 =0.21-

0.66) (Table S6 and Figure 5(a) and (b)). We observed
no significant regional differences in the correlations
(["'"CJUCB-J R, vs ['"®FIFDG K;R) for the medial tem-
poral and neocortical regions (e.g. R>=0.84 in the hip-
pocampus versus R?=0.85 in the precuneus, p = 0.87).
We further performed inter-tracer correlations after
PVC and found an overall decrease in correlations
(Table S6 and Figure 5(c) and (d)).

Discussion

We conducted the first comparison study of absolute
and normalized regional measures of [''C]JUCB-J bind-
ing for synaptic density and ["*F]JFDG uptake for
metabolism in the same AD and CN participants.
The most important findings from this study are the
distinct regional patterns of synaptic loss and
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(d) After normalization to cerebellum, the correlations between [''CJUCB-J DVR and ['®F]FDG KiR after PVC increased in the
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hypometabolism in AD. Overall, we found similar
degrees of synaptic loss and hypometabolism in
medial temporal regions but a greater degree of hypo-
metabolism than synaptic loss in the susceptible neo-
cortical regions of AD (Table 2 and Figure 2). We also
demonstrated overall significant correlations between
[''C]JUCB-J binding and ["*F]JFDG metabolism within
the affected regions, with higher inter-tracer correla-
tions in the medial temporal regions (e.g. hippocam-
pus) than in the neocortical regions (e.g. precuneus)
(Figure 4 and Table S6). These findings strongly indi-
cate that synaptic loss and hypometabolism were con-
cordant in the medial temporal regions but were
discordant in the susceptible neocortical regions.

Divergence of synaptic density and metabolism in AD

Hypometabolism in the temporoparietal lobes, precu-
neus, and posterior cingulate gyrus is the classic signa-
ture of ['*FIFDG PET in early AD,*** although this
posterior neocortical pattern differs somewhat from
known pathological findings of neurodegeneration

predominantly in medial temporal regions (entorhinal
cortex and hippocampus) in early AD.%*¢*® In the cur-
rent study, we did observe significantly lower [''C]
UCB-J binding for synaptic density in the neocortical
regions of AD (Table 2) consistent with our previous
study'? and known postmortem AD pathology.’’
However, the magnitude of AD hypometabolism
exceeded that of synaptic loss in the association neo-
cortices. Reasons for this divergence of synaptic density
and metabolism in these regions are likely multifacto-
rial and may include: incipient neurodegeneration
within association neocortices, distant effects of neuro-
degeneration in the medial temporal lobes, and bioen-
ergetic effects.

One possible explanation is disproportionate hypo-
metabolism related to developing tau pathogenesis and
neurodegeneration within the association neocortices
that precedes synaptic loss in the direct projections to
these regions. Although we did not perform tau PET
imaging in the present study, a number of studies have
reported strong correlations between regional tau
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deposition and hypometabolism* % and hypoperfu-
sion.>* Moreover, early tau accumulation with associ-
ated hypometabolism in neocortical regions may
precede synaptic loss and SV2A reductions in the
direct projections to these regions. Further multi-
tracer studies, incorporating tau PET will be valuable
to investigate this possibility.

The divergence of synaptic density and metabolism
in association neocortex may also pertain to distant
effects of medial temporal lobe degeneration.
Discrepant patterns of hypometabolism and atrophy
in AD have previously been noted”**** and have
been attributed partly to diaschisis™***® (i.e. the occur-
rence of neurophysiological changes distant from a
focal brain lesion®*) and/or indirect disconnection of
association neocortices.” Because neurodegeneration
in entorhinal cortex and hippocampus is an early
event in AD pathogenesis,”° it may be associated
with hypometabolism in a number of projection
regions, including temporoparietal cortex, posterior
cingulate gyrus-precuneus, and orbito-medial frontal

areas.”***® Additional credence for this explanation
is provided by studies in a nonhuman primate model
of AD, which reported hypometabolism in several pos-
terior association cortices and posterior hippocampus
following neurotoxic lesions to entorhinal and perirhi-
nal cortices.’” Early degeneration of the entorhinal and
perirhinal cortices in AD likely produces a similar
reduction in metabolism in these same structures.
Although these posterior cortices receive multiple pro-
jections from other brain regions, the loss of excitatory
inputs from medial temporal lobe may be sufficient to
induce substantial hypometabolism without commen-
surate loss of synaptic density.

Yet another possible explanation for greater hypo-
metabolism than synaptic loss in the neocortices of
early AD is based on bioenergetics, whereby decreased
glucose metabolism is an upstream event that precedes
and results in the neuropathologic features of AD,
including synaptic loss due to insufficient energy
supply”* Although ['*F]FDG PET is sometimes used
as a surrogate for synaptic activity, it also reflects
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energy utilization by neurons and glia for a variety of
functions.” ®' The direct measures of K; simply indi-
cate the influx of glucose for subsequent glycolysis.
Moreover, impairments in astroglial transfer of glucose
from the vasculature to neurons may contribute to met-
abolic deficits in AD>*®" and may be particularly
harmful in watershed zones where blood supply is
most limited. In this regard, it is noteworthy that the
susceptible neocortical regions that show hypoperfu-
sion and hypometabolism in AD lic in vulnerable
watershed zones between the territories of the middle
and posterior cerebral arteries,(’2 which could also
explain the disproportionate hypometabolism relative
to synaptic loss in those regions.

Lastly, the discrepancy between hypometabolism and
SV2A reductions in the neocortical regions could be
partly explained by compensatory synaptic reorganiza-
tion in early stage of AD (see review Arendt 2009)%* or
increased synaptic contact size® (with increased SV2A
per remaining synapse). Accumulations of SV2 has also
been reported in dystrophic neurites within neuritic pla-
ques that might obscure synaptic loss in amyloid-rich
regions.®® Nevertheless, the current study provides the
first in vivo analysis of the relationship between synaptic
density and glucose metabolism in the same AD partic-
ipants. Further studies incorporating tau PET or post-
mortem pathology may provide a better understanding
of these issues.

Positive association of synaptic density and
metabolism in AD

["*F]FDG brain PET for glucose metabolism is often
utilized as a biomarker of neuronal and synaptic activ-
ity,” presumed to be closely related to synaptic density,
although direct in vivo evidence has been lacking. A
previous study in a baboon demonstrated significant
positive correlations between resting ['*FJFDG PET
and in vitro synaptophysin, a marker of synaptic den-
sity, across all the examined regions®® and supported
the hypothesis that glucose metabolism reflects inte-
grated synaptic activity.®® The current study provided
the first evidence of significant positive correlations
between in vivo SV2A PET for synaptic density and
["®FIFDG PET for metabolism across susceptible
regions for AD with higher inter-tracer correlations
in the medial temporal regions and lower inter-tracer
correlations in the neocortices (Figure 4 and Table S6).
Although these inter-tracer correlations in the suscep-
tible regions could be falsely amplified by brain atro-
phy, they persisted after PVC in the medial temporal
regions. We also performed correlational analyses in
CN and AD groups separately and found similar
high inter-tracer correlations in the AD group, but
not in the CN (data not shown), supporting the idea

of concordant synaptic loss and decreased neuronal
function in the medial temporal lobe; although the
lack of significant correlation in the CN group could
also be due to the smaller dynamic range of values in
this group. In contrast, lower or no significant inter-
tracer correlations in the neocortices after PVC is likely
due to discordant synaptic loss and decreased neuronal
function as discussed above. While revising our manu-
script, a recently published study of FDG and SV2A
PET in 20 female young healthy subjects (age 29.6 9.9
yrs) also showed an overall statistically significant cor-
relation (r>0.47, p<0.001) between global measures
of glucose metabolism at rest and synaptic density.®’
Interestingly, a substantial regional variation between
glucose metabolism and synaptic density was also
reported among the healthy young subjects,®’ although
this may not be directly applicable to the current study
with elderly and AD participants. Future investigation
in a larger study is needed for better understanding of
the relationships between regional glucose metabolism
and synaptic density in AD.

Cerebral perfusion and metabolism in AD

The current study further supports the notion that K; and
R, from dynamic [''CJUCB-J PET imaging could serve
as a surrogate for cerebral perfusion and could predict the
pattern of ['"*FJFDG metabolism. Our recent study in
healthy control participants showed that [''CJUCB-J K,
is highly sensitive to increased blood flow induced by
visual stimulation, with no effects on synaptic density
measures (V1).>* Our previous study in AD demonstrated
broad regional differences in K; in temporoparietal cor-
tices relative to CN,'" similar to the pattern of known
cortical hypometabolism in AD. Similar concepts have
been investigated previously in the early dynamic flow
images of PET with amyloid tracers.®* "° The high corre-
lations between relative perfusion (R;) and metabolism
(K;R) across all the susceptible regions further supported
the similarity between those measures (Figure 5 and
Table S6). We may be able to take advantage of this
feature to gather useful information of both neuronal
activity from K or R; perfusion imaging and synaptic
density from Vr or DVR parametric images within a
single [''CJUCB-J PET study.

Absolute and normalized outcome measures

In this study, we evaluated both absolute measures (K,
Vr for ['"CJUCB-J and K; for ["*FIFDG) and normal-
ized measures to reference regions (R;, DVR, for [''C]
UCB-J and KR for ['"*F]JFDG) for differentiation
between AD and CN. It is critical to understand the
pros and cons of absolute and normalized measures.
Absolute measures are directly derived from kinetic
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modeling methods using input functions (i.e., arterial
sampling for ["'CJUCB-J and PBIF for ['*FIFDG).
Normalized measures require the availability of a suit-
able reference tissue/regions, usually devoid of specific
binding (e.g., white matter) or having no effect from
disease (e.g. cerebellum for AD). The absolute meas-
ures provide direct estimation of physiology but require
arterial blood sampling and often have higher
inter-subject variability (e.g., due to noise in the mea-
surement of the input function) and therefore less sen-
sitivity for detecting group differences. In contrast,
normalized measures provide a relative estimate of
physiology and usually have less inter-subject variabil-
ity and higher sensitivity for detecting group differen-
ces. It is important to recognize that normalized
measures could artifactually contribute to higher, pos-
itive correlations between [''CJUCB-J and ['*FIFDG
simply due to using the same cerebellum reference.
Also, small numerical differences in reference region
values could contribute inappropriately to the detec-
tion of group differences. Here, we observed lower,
albeit nonsignificant, [''CJUCB-J K, (PD:2.3%) and
V1 (PD:2.7%) in the cerebellum of AD compared to
CN in this study, which was more than our previous
studies (<1% differences),'""'? which potentially under-
estimated the between-group differences of [''CJUCB-J
R, and DVR after normalization. In contrast, we
observed a slightly higher (again nonsignificant) ['*F]
FDG K; (4.2%) in the cerebellum of AD compared to
CN, which potentially overestimated the PD in region-
al hypometabolism (K;R) post normalization.

Limitations

This study has a number of limitations. First, it has a
moderate sample size (n =25) with small differences of
sex and education years between AD and CN groups.
In addition, we did not include sex, education level, or
age variates in the linear mixed model analysis due to
both the small sample size and the fact that we focused
on the within-subject comparison between SV2A and
["®FIFDG PET. As we recruit more AD participants
for studies with multiple tracers, we hope to provide
a better comparison between SV2A and ['"*FIFDG PET
in the future. Methodologically, M-G PVC may not be
an ideal method of correcting partial volume effects for
both SV2A PET and ["*F]JFDG and might introduce
uncertainty in the data of the current study. We are
currently exploring other PVC methods including the
iterative Yang approach for SV2A.”" Arterial blood
sampling for SV2A PET is a cumbersome procedure
for participants and limits the utility of this method
for multi-center or longitudinal studies. Importantly,
we have recently demonstrated that simpler SUVR
measures are valid for SV2A-PET."?

Conclusion

We have presented the first comparison study for [''C]
UCB-J for synaptic density and ['"*F]JFDG metabolism
for functional neuronal activity and have demonstrated
distinct regional patterns in the same AD participants.
The critical measures of synaptic loss and hypoperfu-
sion/hypometabolism are likely to be complementary
for understanding the pathophysiology of AD, and
both can be obtained with a single dynamic [''C]
UCB-J PET scan.
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