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Abstract

Introduction: Synaptic loss is a robust and consistent pathology in Alzheimer’s dis-

ease (AD) and themajor structural correlate of cognitive impairment. Positron emission

tomography (PET) imaging of synaptic vesicle glycoprotein 2A (SV2A) has emerged as a

promising biomarker of synaptic density.

Methods:We measured SV2A binding in 34 participants with early AD and 19 cogni-

tively normal (CN) participants using [11C]UCB-J PET and a cerebellar reference region

for calculation of the distribution volume ratio.

Results:We observed widespread reductions of SV2A binding in medial temporal and

neocortical brain regions in early AD compared to CN participants. These reductions

were largelymaintained after correction for volume loss andweremore extensive than

decreases in graymatter volume.

Conclusion: We were able to measure widespread synaptic loss due to AD using

[11C]UCB-J PET. Future studies will continue to evaluate the utility of SV2A PET for

tracking AD progression and for monitoring potential therapies.

K EYWORD S
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1 INTRODUCTION

Synaptic loss is an early and robust pathology in Alzheimer’s disease

(AD)1,2 and the major structural correlate of cognitive impairment.3-6

Postmortem and brain biopsy studies have reported lower synapse

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.
c○ 2020 The Authors. Alzheimer’s & Dementia published byWiley Periodicals, Inc. on behalf of Alzheimer’s Association.

numbers in hippocampus, frontal cortex, cingulate gyrus, entorhinal

cortex, and temporal cortex in AD compared to control participants.7

Most of these studies have necessarily been conducted in patientswith

advanced dementia. However, some postmortem work8-13 has been

performed at the prodromal or mild AD stages. These studies have
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disproportionately focused on hippocampus as the site of the earliest

and most profound synaptic loss,8-10 consistent with the early degen-

eration of entorhinal cortical cells projecting via the perforant path to

the hippocampus.14,15 Some pathologic studies of early ADhave exam-

ined association cortical regions8,11-13 and have yielded mixed results

with regard to synaptic reductions.

With the recent advent of synaptic positron emission tomogra-

phy (PET) imaging, we have begun to evaluate synaptic alterations

in vivo. Synaptic vesicle glycoprotein 2A (SV2A) is expressed in vir-

tually all synapses and is located in synaptic vesicles at presynaptic

terminals16,17 with a conserved expression pattern of about five copies

of SV2A per vesicle.18 [11C]UCB-J was recently developed as a PET

tracer for SV2A and advanced for human studies.19-21 In our initial

study of [11C]UCB-J PET in early AD,22 we reported reduced hip-

pocampal SV2A binding in AD compared with cognitively normal (CN)

participants. A recent study using a different SV2A ligand, [18F]UCB-H,

also reported reduced synaptic density in ADwith themost prominent

changes in the hippocampus;36 however, [18F]UCB-H has been found

to have less ideal in vivo imaging properties compared to [11C]UCB-J,

including lower specific signal and in vivo affinity for SV2A.23

Our preliminary study in early AD with [11C]UCB-J22 left unclear

the regional extent of synaptic alterations that could be demonstrated

with this methodology. It also did not address the optimal reference

region for SV2A studies of AD. Although the white matter (WM) of the

centrum semiovale (CS) has the lowest SV2A specific binding and thus

best fulfills the requirement for computing a binding potential (BPND),

it may show toomuch variance for practical utility in AD. In the present

study, we analyzed a substantially larger sample of participants across

a somewhat broader range of disease and also re-examined the choice

of reference region. We then compared SV2A binding between CN

and AD participants across a broader range of brain regions. We also

continued to evaluate the relationship between gray matter (GM) tis-

sue loss and SV2A reductions in AD through partial volume correction

(PVC) and analysis of volumetric magnetic resonance imaging (MRI)

reductions in AD.

2 METHODS

Detailedmethods are described in the SupplementaryMaterial.

2.1 Study participants and design

Participants aged 55 to 85 years underwent a screening diagnostic

evaluation to ensure eligibility. Individuals with AD dementia were

required to meet diagnostic criteria for probable dementia due to

AD,24 have a Clinical Dementia Rating (CDR) score of 0.5 to 1.0, and a

Mini-Mental Status Examination (MMSE) score <26. Participants with

mild cognitive impairment (MCI) were included if they met diagnos-

tic criteria for amnestic MCI,25 have a CDR score of 0.5, and a MMSE

score of 24 to 30, inclusive. Participants with AD dementia and MCI

were included if they had impaired episodic memory as evidenced by

RESEARCH INCONTEXT

1. Systematic review: Postmortem studies of Alzheimer’s

disease (AD) have revealed widespread synaptic loss.

With the recent advent of synaptic positron emission

tomography (PET) imaging, we have begun to evalu-

ate synaptic alterations in vivo. In our initial study of

[11C]UCB-J PET in early ADwe observed reduced synap-

tic vesicle glycoprotein 2A (SV2A) binding restricted to

themedial temporal lobe.

2. Interpretation: In 34 early AD compared to 19 cog-

nitively normal participants, the [11C]UCB-J distribu-

tion volume ratio with cerebellum as reference region

revealed widespread reductions of SV2A binding in

medial temporal and neocortical brain regions. These

reductions were largely maintained after correction for

volume loss and were more extensive than decreases in

graymatter volume.

3. Future directions: Further study is needed to define the

temporal course of synaptic alterations inAD.Quantifica-

tion of [11C]UCB-J binding to SV2A inADmayexpandour

understanding of AD pathogenesis and serve as a novel

biomarker for diagnosis and therapeutic efficacy.

a Logical Memory II (LMII) score 1.5 standard deviations (SD) below

an education-adjusted norm. CN participants were required to have a

CDR score of 0, a MMSE score >26, and a normal education-adjusted

LMII score. The Rey Auditory Verbal Learning Test (RAVLT) was also

administered to generate an episodic memory score. All participants

received a PET scan with [11C]Pittsburgh Compound B ([11C]PiB)

to determine the presence of brain amyloid 𝛽 (A𝛽) accumulation, as

described previously.22 [11C]PiB PET scans were required to be nega-

tive for CN participants and positive for MCI/dementia due to AD par-

ticipants (Supplementary Methods). All participants provided written

informed consent as approved by the Yale University Human Investi-

gation Committee prior to participating in the study.

2.2 Brain imaging

T1-weighted magnetic resonance imaging (MRI) was performed to

define regions of interest (ROIs), and to perform PVC using the

Muller-Gartner approach.22 PET scans were performed on the high-

resolution research tomograph (207 slices, resolution <3 mm full with

at half maximum (FWHM)26 with event-by-event motion correction.27

Dynamic [11C]PiB scans were acquired for 90 minutes following

administration of a bolus of up to 555 MBq of tracer.28 Dynamic

[11C]UCB-J scans were acquired for 60 minutes after administra-

tion of a bolus of up to 740 MBq.21 Dynamic PET images were

motion corrected (FSL-FLIRT) registered to the participant’s MRI.
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TABLE 1 Participant characteristics and clinical assessments

Cognitively normal (A𝜷−) Alzheimer’s disease (A𝜷+) P

Participants (n) 19 34 (mild dementia: 20,MCI: 14)

Sex (M/F) 9/10 17/17 0.78

Age (years) 71.7 (8.2) (59-83) 70.2 (7.9) (50-84) 0.50

Education (years) 17.4 (2.1) (12-20) 16.5 (2.5) (12-20) 0.21

CDR-global 0 (0) 0.8 (0.3) (0.5-1.0) < 0.00001

CDR-SB 0 (0) 4.1 (2.0) (0.5-9.0) < 0.00001

MMSE 29.3 (1.1) (27-30) 23.1 (4.0) (14-30) <0.00001

LMII 13.2 (4.3) (5-19) 1.9 (2.5) (0-8) <0.00001

RAVLT-delay 10.6 (3.2) (4-15) 1.3 (2.1) (0-7) <0.00001

Data aremean (SD) (range). P values are for an unpaired t test (continuous variables) or 𝜒2 test (categorical variables).

CDR-global, clinical dementia rating global score; CDR-SB, clinical dementia rating sum of boxes; LMII, logical memory II score; MMSE, Mini-Mental State

Exam; RAVLT, Rey Auditory Verbal Learning Test.

Cortical reconstruction and volumetric segmentation was performed

using FreeSurfer [version 6.0].29 See Tables S1 and S2 for a list of ROIs.

2.3 Tracer kinetic modeling

For [11C]UCB-J, we first evaluated the suitability of cerebellum (Cb)

and CS as reference regions in the subset of participants (12 CN, 18

AD) with arterial blood sampling. We performed kinetic analysis using

the 1 tissue compartment (1TC) model to generate parametric images

of the volumeof distributionVT.
19,20 We comparedVT between groups

for Cb and CS. We then generated parametric images of BPND for the

full participant sample using simplified reference tissue model–2 step

(SRTM2)30 and a small ROI (2 mL) in the core of the CS as reference

region31,32 and also calculated the distribution volume ratio (DVR) with

a CS reference region (DVRCS) = BPND+1. The use of SRTM2 requires

a global k’2 value (clearance rate constant, k2, of the reference region),

which was computed as a population average of k2 of the CS obtained

using the 1TCmodel (k’2 = 0.027 min−1; from a previous group of sub-

jects with arterial blood sampling). Finally, DVRCb of each voxel was

computed from DVRCS as (BPND +1)/(BPND[cerebellum]+1). For whole
cortex (vertex-wise) analysis, parametric PET images were sampled to

the cortical surface in subject-space and spatially smoothed using a 10

mmFWHMgaussian kernel prior to statistical analysis.

2.4 Statistical analyses

Statistical methods are detailed in the supplementary materials.

Briefly, 𝜒2 tests were used for group comparisons of categorical vari-

ables and unpaired t tests for continuous variables. Linear mixed mod-

els were used to compare SV2A DVR or brain volume between AD and

CN groups. Post hoc comparisons utilized unpaired t tests. For the pri-

mary analyses of DVRCb, the Benjamini-Hochberg procedure was used

to control the false discovery rate for multiple comparisons. Other

analyses were treated as exploratory, and no multiplicity corrections

were applied. For display, effect size (Cohen’s d) maps were created

by producing images with the voxels in each FreeSurfer region set uni-

formly to the calculated effect size for that region. Pearson’s correla-

tion was used to assess relationships between DVR and episodic mem-

ory or global function. Tests were two-tailed and used P < 0.05 as a

threshold for significance.

3 RESULTS

3.1 Participant characteristics

The study sample consisted of 53 participants—34 with amnestic MCI

due to AD or mild AD dementia and 19 who were CN. Diagnostic

groupswerewell balanced for age, sex, andeducation (Table 1). ADpar-

ticipants had clinical characteristics typical of amnestic MCI and mild

AD dementia with MMSE = 23.1(mean) ± 4.1 (SD) and CDR = 0.74 ±
0.25.

3.2 Investigation and validation of reference regions

In the subset of participants (12 CN, 18 AD) with arterial blood sam-

pling, the distribution volume VT was very similar between groups for

either Cb (AD: 13.06 ± 1.69, CN: 13.22 ± 1.54, unpaired t test, P =
0.80) or CS (AD: 4.00± 0.63, CN: 4.10± 0.38, unpaired t test, P= 0.63),

supporting the validity of both reference regions. Moreover, values of

DVRCb converted fromDVRCS (obtained from SRTM2) were highly cor-

related with values of DVRCb obtained with the 1TC model across all

brain regions (Figure S1). Finally, values of DVRCb compared to DVRCS
showed significantly lower coefficients of variation (CoVs) across brain

regions of interest for both the 1TC subsample (data not shown) and

the full sample (modified signed-likelihood ratio test, P < 0.05) (Table

S3). Therefore, in our primary investigation of group differences in

SV2A binding, we focused on DVRCb but also analyzed BPND with CS

as reference region for comparison with previous results.
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F IGURE 1 Comparison of synaptic density in AD and CN groups
usingDVRCb (A) before and (B) after partial volume correction (PVC).
*P< 0.05, †P< 0.001, ‡P< 0.0001 for post hoc t tests comparing AD
(n= 19) and CN (n= 34) groups. False discovery rate correction for
multiple comparisons is shown in Table 2. Dots represent theDVRCb
for each participant. Error bars represent standard deviations.
Abbreviations:DVRCb, distribution volume ratio using a cerebellum
reference region; CN, cognitively normal, AD, Alzheimer’s disease.

3.3 Synaptic density in AD compared to CN
participants

The primary analysis of DVRCb demonstrated a significant effect of

group (F(1,51) = 33.4, P < 0.00001) and group*region (F(10,510) =
2.4, P = 0.01) as predictors of SV2A binding (DVRCb). Post hoc com-

parisons revealed significant SV2A reductions in AD compared to CN

participants in all medial temporal regions, as well as more broadly in

neocortical regions (Figure 1A, Table 2). Group differences were most

pronounced in the hippocampus and entorhinal cortex but were also

present in the parahippocampal cortex, amygdala, lateral temporal cor-

tex, prefrontal cortex, posterior cingulate cortex (PCC)/precuneus, lat-

eral parietal cortex, and pericentral cortex. Average group images of

DVRCb were consistent with SV2A availability throughout the neo-

cortex and medial temporal lobe structures but with visibly reduced

[11C]UCB-J binding in AD in many regions (Figure 2). When the AD

groupwas separated intoMCI and dementia subgroups, similar results

were observed (Figure S2A, Table S4A). Finally, additional models that

included covariates of age, sex, and education did not alter the results.

The secondary analysis of BPND using CS as the reference region

showed no significant effect of group (F(1,51) = 2.1, P = 0.16), but

a significant interaction of group*region (F(10,510) = 2.0, P = 0.04).

Post hoc comparisons revealed group differences that were significant

only in the hippocampus and entorhinal cortex (Table 3, Figure S3).

Hippocampal BPND was 20% lower in the AD group compared to the

CN group. To permit direct comparison of our current results (using

FreeSurfer ROIs) to our previous results (using automated anatomical

labeling ROIs), we evaluated separately the 21 participants who were

also included in our previous report.22 In that subsample, hippocampal

BPND was 25% lower in AD (n = 10) compared to CN (n = 11) partici-

pants using FreeSurfer ROIs (See Discussion 4.1.).

TABLE 2 SV2A ([11C]UCB-JDVRCb) in regions of interest—cerebellum reference region

DVRCb DVRCb—partial volume corrected

Region

CN (n= 19)

Mean (SD)

AD (n= 34)

Mean (SD) P
CN (n= 19)

Mean (SD)

AD (n= 34)

Mean (SD) P

Entorhinal 1.21 (0.15) 1.02 (0.13) <0.00001*
,†

1.72 (0.25) 1.56 (0.17) 0.005*
,†

Hippocampus 1.04 (0.08) 0.86 (0.11) <0.00001*
,†

1.35 (0.11) 1.18 (0.12) <0.00001*
,†

Parahippocampal 1.24 (0.09) 1.12 (0.12) 0.0003*
,†

1.85 (0.19) 1.80 (0.16) 0.32

Amygdala 1.37 (0.13) 1.22 (0.19) 0.003*
,†

1.62 (0.19) 1.48 (0.18) 0.009*
,†

Lateral temporal 1.60 (0.09) 1.43 (0.13) <0.0001*
,†

2.36 (0.21) 2.21 (0.18) 0.009*
,†

Prefrontal 2.07 (0.11) 1.92 (0.14) < 0.0001*
,†

3.35 (0.31) 3.16 (0.27) 0.02*
,†

PCC/Precuneus 1.60 (0.07) 1.44 (0.13) <0.0001*
,†

2.43 (0.19) 2.34 (0.20) 0.11

Lateral parietal 1.64 (0.09) 1.47 (0.13) <0.0001*
,†

2.61 (0.19) 2.47 (0.20) 0.02*
,†

Lateral occipital 1.55 (0.08) 1.44 (0.12) 0.001*
,†

2.41 (0.19) 2.37 (0.18) 0.47

Medial occipital 1.47 (0.07) 1.40 (0.10) 0.008*
,†

2.36 (0.19) 2.35 (0.14) 0.95

Pericentral 1.43 (0.07) 1.34 (0.09) 0.0005*
,†

2.43 (0.17) 2.32 (0.17) 0.03*

Data are mean (SD). P-values are for post hoc two-tailed, unpaired t tests (uncorrected for multiplicity) performed after a linear mixedmodel analysis ofDVR
in multiple regions (within-subject factor) between CN and AD diagnostic groups.

AD, Alzheimer’s disease; CN, cognitively normal;DVRCb, distribution volume ratio of [11C]UCB-J in regions of interest calculatedwith a cerebellum reference

region.
∗P< 0.05 prior to false discovery rate correction for multiple comparisons.
†P< 0.05 after false discovery rate correction.
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F IGURE 2 Synaptic density (DVRCb) in AD and CN groups
determined by [11C]UCB-J PET. Coronal sections of average
parametric images ofDVRCb for (A) 19 CN participants and (B) 34 AD
participants. Average images are created after co-registration to a
commonMNI template. The average parametric PET scans are
displayed in pseudo-color representing [11C]UCB-J binding to SV2A
(DVRCb) and overlaid on theMNI template T1MRI. LowerDVRCb in
AD compared to CN participants was apparent in themedial temporal
lobe and throughout the cortex and subcortex.

3.4 Corrections for partial volume effects

To evaluate the contribution of partial volume effects to SV2A reduc-

tions in AD, we repeated the previous analyses following PVC. The

primary analysis of DVRCb again demonstrated a significant effect of

group (F(1,51) = 7.7, P = 0.008) and group*region (F(10,510) = 3.1, P =
0.001) onDVRCb. Post hoc comparisons revealed continued significant

SV2A reduction in the hippocampus, entorhinal cortex, amygdala, lat-

eral temporal cortex, prefrontal cortex, lateral parietal cortex, andperi-

central cortex, but not in the parahippocampal cortex, PCC/precuneus,

lateral occipital cortex, or medial occipital cortex (Figure 1B, Table 2).

When the AD group was separated intoMCI and dementia subgroups,

similar results were observed (Figure S2B, Table S4B).

The corresponding PVC analyses of BPND using CS as the reference

region showedno significant effect of group (F(1,51)=0.2,P=0.70, but

a significant interaction of group*region (F(10,510) = 0.2, P = 0.004).

Post hoc comparisons revealed only a significant group difference in

the hippocampus (Table 3).

To compare the patterns of synaptic loss and volume loss in AD,

we performed a volumetric MRI analysis to assess GM volume dif-

ferences between AD and CN groups. Linear mixed model analysis,

including group, region, and the group*region interaction as predic-

tors, demonstrated a significant effect of group (F(1,51) = 16.0, P =
0.00009) and group*region (F(10,510) = 2.4, P = 0.01) on GM vol-

ume. We observed a significant volume reduction in the hippocampus,

entorhinal cortex, parahippocampal cortex, amygdala, lateral temporal

cortex, PCC/precuneus, and lateral parietal cortex, but not in the pre-

frontal cortex, lateral occipital cortex, medial occipital cortex, or peri-

central cortex (Figure S4, Table S5).

3.5 Whole brain analyses

Exploratory whole brain analyses were performed on both a regional

(all FreeSurfer Desikan-Killiany regions) and whole cortex (vertex-

wise) level. For all FreeSurfer regions, the effect size (Cohen’s d)

for group difference was calculated for DVRCb with and without

PVC, as well as for brain volume (Figure 3). Consistent with the

primary regional analyses, the largest effect sizes for DVRCb were

found in the hippocampus, but also in a wide range of cortical and

TABLE 3 SV2A ([11C]UCB-J BPND) in regions of interest—centrum semiovale reference region

BPND BPND—partial volume corrected

Region

CN (n= 19)

Mean (SD)

AD (n= 34)

Mean (SD) P
CN (n= 19)

Mean (SD)

AD (n= 34)

Mean (SD) P

Entorhinal 3.07 (0.71) 2.53 (0.63) 0.006* 4.75 (1.07) 4.37 (0.91) 0.18

Hippocampus 2.47 (0.61) 1.98 (0.60) 0.006* 3.52 (0.72) 3.09 (0.74) 0.049*

Parahippocampal 3.16 (0.69) 2.88 (0.72) 0.18 5.18 (1.09) 5.21 (1.01) 0.90

Amygdala 3.58 (0.79) 3.21 (0.83) 0.12 4.41 (0.84) 4.10 (0.89) 0.22

Lateral temporal 4.34 (0.90) 3.97 (0.90) 0.15 6.88 (1.14) 6.65 (1.26) 0.53

Prefrontal 7.63 (1.18) 5.31 (1.07) 0.32 9.85 (1.47) 9.60 (1.68) 0.59

PCC/Precuneus 4.36 (1.01) 4.00 (0.89) 0.18 7.10 (1.20) 7.08 (1.35) 0.98

Lateral parietal 4.52 (1.09) 4.11 (0.95) 0.15 7.73 (1.36) 7.57 (1.46) 0.68

Lateral occipital 4.21 (0.99) 4.01 (0.95) 0.47 7.05 (1.26) 7.22 (1.43) 0.68

Medial occipital 3.93 (0.86) 3.84 (0.82) 0.71 6.87 (1.17) 7.13 (1.24) 0.45

Pericentral 3.81 (0.95) 3.62 (0.76) 0.42 7.10 (1.21) 7.02 (1.29) 0.81

Data aremean (SD). P-values are for post hoc two-tailed, unpaired t tests (uncorrected formultiplicity) performed after a linearmixedmodel analysis of BPND
inmultiple regions (within-subject factor) between CN and AD diagnostic groups.

AD,Alzheimer’s disease;BPND, binding potential non-displaceable for [
11C]UCB-J in regions of interest calculatedwith a centrumsemiovale reference region;

CN, cognitively normal.
∗P< 0.05.
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F IGURE 3 Effect-size maps of synaptic density (DVRCb) and brain volume between AD and CN groups. Effect sizes for differences in AD
compared to CN groups were calculated for (A) uncorrected [11C]UCB-J PET, (B) PVC [11C]UCB-J PET, and brain volume (C) in all FreeSurfer
regions. The color scale represents Cohen’s d for the comparison between CN and AD group. Effect size statistics are displayed only for regions
that had an uncorrected P< 0.05. Contrast is for CN>AD. Abbreviations: CN, cognitively normal; AD, Alzheimer’s disease; PET, positron emission
tomography;DVRCb, distribution volume ratio using a cerebellum reference region.

subcortical regions (Figure3A).AfterPVCwasapplied, this patternwas

similar butwith reduced effect sizes (Figure 3B). For brain volumes, the

pattern remained somewhat similar, but with still smaller effect sizes

(Figure 3C). Table S6 presents group differences (unpaired t tests) for

all ROIs included in Figure 3.

Additional exploratory whole brain analyses used a surface-based

approach. Consistent with the multi-region analysis, synaptic den-

sity showed widespread neocortical reductions in the AD group, with

notable sparing around the central sulcus and primary visual cortex

(Figure S5).

3.6 Association between synaptic density and
clinical measures

In an exploratory analysis of the relationship between synaptic den-

sity and clinical measures, we investigated the association of hip-

pocampal or composite DVRCb with CDR sum of boxes (CDR-SB) or

episodic memory. In the overall sample, statistically significant correla-

tionswere found between hippocampalDVRCb andCDR-SB (r=−0.62,
P < 0.00001) or episodic memory (r = 0.67, P < 0.00001) (Figure S6A

and S6B). When a composite ROI of AD-affected regions (entorhinal,

hippocampus, parahippocampal, amygdala, prefrontal, lateral tempo-

ral, PCC/precuneus, lateral parietal, and lateral occipital regions) was

used, statistically significant correlationswerepresent betweenDVRCb

and CDR-SB (r=−0.54, P= 0.00003) or episodic memory (r= 0.56, P=
0.00001) (Figure S6Cand S6D). None of these correlationswere signif-

icant within the AD or CN groups.

4 DISCUSSION

We used [11C]UCB-J PET to investigate SV2A binding in early AD. We

first investigated the validity of reference regions (CS vs cerebellum)

and found that, although both regions evidenced comparable VT in AD

andCN groups, values ofDVRCb demonstrated significantly lower vari-

ability (CoV) thanDVRCS, favoring its use in studies of AD. UsingDVRCb
as our primary outcome, we observed a broad pattern of reductions

in synaptic density in all of the medial temporal and neocortical brain

regions analyzed.

When we evaluated the contribution of partial volume effects to

SV2A reductions in AD, group differences in regionalDVRCb after PVC,

remained significant in most but not all regions. We further explored

the relationship between GM atrophy and SV2A reductions using a

volumetric MRI analysis, which revealed significant volume reductions

in AD in all medial temporal regions, but in a distribution of neocorti-

cal regions that was less widespread than for synaptic loss. Additional

exploratory analyses suggested that hippocampal synaptic densitywas

associated with episodic memory performance and inversely associ-

ated with global function (CDR-SB) in the overall sample.
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4.1 Comparisonwith previous human synaptic
density imaging studies

These results confirm our previous report of reduced hippocampal

SV2A binding in AD compared with CN participants using [11C]UCB-J

PET22 but extend themto include significant reductions in othermedial

temporal and, particularly, in several neocortical brain regions. When

comparing the magnitude of reduction in hippocampal binding to that

in our earlier report,22 hippocampal BPND with CS as reference region

was reduced by 20% in the present study, instead of 44% (or 27%with

a GMmask applied, which is more similar to the FreeSurfer segmenta-

tion process utilized in the present study, minimizing the contribution

of GM atrophy). To confirm that the discrepant results were related

to a change in ROI methods, we compared data for the participants

common to both studies (11 CN, 10 AD) and found that hippocampal

BPND was 25% lower in the AD compared to CN participants in the

present study, which is close to the 27% reduction we reported pre-

viously with application of a GM mask.22 Differences in the regional

extent of significant SV2A reductions in the present investigation are

likely attributable to the larger sample size and somewhat broader

range of disease stage, but also—andmore substantially—to the differ-

ence in reference region for normalization, as discussed below. Indeed,

the secondary results of BPND with CS as reference region are quite

similar to our previous results using the same outcome,22 with signifi-

cant reductions limited to hippocampus and entorhinal cortex.

Our findings are also consistent with a recent report using

[18F]UCB-H PET33 in which significant reductions of tracer binding to

SV2A in ADwere initially restricted to the hippocampus, but—unlike in

our study—became more widespread after PVC. This difference in the

effects of PVC may be due to lower specific-to-nonspecific binding22

and thus lower image contrast for [18F]UCB-H, which is improved by

reduced spillover of estimated activity following PVC.

4.2 Comparisonwith postmortem and biopsy
specimen human studies

Considerable postmortem and brain biopsy research has been devoted

to the characterization of synaptic loss in AD. A recent meta-analysis7

used 22 references to evaluate the regional extent of synaptic reduc-

tions inADand reported consistentlymore reductions in hippocampus,

frontal cortex, and the combined regions of cingulate gyrus, entorhi-

nal cortex, and temporal cortex. Most postmortem studies—including

the majority of the references included in this meta-analysis7—have

necessarily been conducted in patients with advanced dementia. How-

ever, some postmortem work8-11,13 has been performed in patients at

the prodromal or mild AD stages. These studies have disproportion-

ately focused on hippocampus as the site of earliest andmost profound

synaptic loss, consistent with the early degeneration of entorhinal cor-

tical cells,14,34 projecting via the perforant path to all fields of the hip-

pocampal formation, including the dentate gyrus, CornuAmmonis (CA)

fields, and the subiculum. Indeed, pathology studies have reported a

reduction in synapses in the outer molecular layer of dentate gyrus of

44% in mild AD and 13% to 20% in MCI,8,9 as well as a reduction of

55% in patients with mild AD and 18% in patients withMCI in the CA1

field.10 These postmortem findings are consistent with the reductions

in SV2Abinding observed in the present study, in vivo,with [11C]UCB-J

PET, as measured by BPND with CS as the reference region (20%).

Some,12,13 but not all,8,11 pathologic studies of association cortical

regions in participants with early AD have shown synaptic reductions.

Our results are difficult to compare directly to these limited studies

because we employ different ROIs. Consistent with these results, we

observed reductions in lateral temporal cortex (which includes the infe-

rior temporal gyrus studied by Scheff et al.13) and the PCC/precuneus

region (which includes two regions analyzed separately by Scheff

et al.).11,12 Our finding of SV2A reductions in brain regions that incor-

porate primary sensory and motor cortices cannot be compared to

postmortem studies, which have not examined these regions. How-

ever, these results are explainable by the vast inputs to these regions

from association cortical regions that contain primary AD pathology.

For example, the only pure sensorimotor regionwe examined (pericen-

tral cortex) receives major direct inputs from premotor cortex and cin-

gulate cortex to primary motor cortex35,36 and from parietal associa-

tion cortex to primary somatosensory cortex.37

4.3 Validation and limitations of tissue reference
regions

We previously validated the measurement of SV2A binding using the

white matter of the CS reference region,20 and also validated the

use of a bloodless binding potential (BPND), specifically in participants

with AD.22BPND images obtained with the simplified reference tissue

models30 have given values with excellent agreement to those com-

puted from 1TC VT maps. BPND assumes a reference region with neg-

ligible specific binding, which has been demonstrated previously with

displacement by the SV2A-selective anticonvulsant levetiracetam.20,38

In the present investigation, we propose that in the setting of AD, cere-

bellum may also serve as a suitable reference region and may pos-

sess practical superiority over CS due to lower intersubject variabil-

ity. Although cerebellum has considerable SV2A-specific binding and

thus is unsuitable for computing thebindingpotential (BPND), it demon-

strates minimal (∼1%) difference between CN and AD participants in

VT from 1TC modeling, suggesting that it may be used in computing

DVR. As shown in Table 3, the use of CS as reference in the same sam-

ple yielded results similar to our original publication, with prominent

reductions in hippocampus and entorhinal cortex but not in neocorti-

cal regions. This difference in results appears to accrue largely from a

significantly smaller CoV forDVRCb compared toDVRCS (Table S3).

For most studies with [11C]UCB-J, the CS may serve as an optimal

reference region in the sense that it best represents nondisplaceable

binding andpermits calculationof themorequantitative outcomemea-

sure that is proportional to Bmax.
39 However, the reduced sensitivity

of the CS for studies in AD may be attributed to significantly greater

variability of the CS measure, owing to a smaller ROI and lower activ-

ity levels. Moreover, although CS is devoid of presynaptic terminals, it
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has been shown to contain a small amount of specific binding.32 Even

when optimized to minimize spill-in through the use of a smaller ROI,

CS VT exceeded the GM non-displaceable binding (VND) by ∼35% to

40%. This specific SV2Abinding in theWMof theCSmay reflect a num-

ber of factors, particularly axonal transport of synaptic vesicles.32 The

white matter tracts of the CS contain many corticocortical association

fibers40 which—like their terminals in the neocortical graymatter—are

likely to contain reduced SV2A binding in AD. Therefore, BPND with

CS as reference regionmay not only underestimate BPND, but may suf-

fer from a small bias between diagnostic groups, thus underestimating

reductions in synaptic density in AD. A similar theoretical limitation of

the cerebellum as reference region is that—although it contains min-

imal intrinsic AD neuropathology—it may receive presynaptic termi-

nals that are altered inAD.Most nerve terminalswithin cerebellumare

from brain regions unaffected by AD,41 as the input from association

cortices is by pontocerebellar relay fibers.42,43 However, a portion of

the projections to cerebellum are directly from locus ceruleus,44 which

contains some of the earliest neurofibrillary tangless in AD.14 There-

fore,DVRCb, like BPND with CS as reference region, may tend to under-

estimate reductions in synaptic density inAD, althoughweobservedno

statistically significant group differences in CS or cerebellar VT values

in a subsample of the present cohort.

4.4 Limitations

This study has a number of limitations. The diagnosis of AD was made

on the basis of standard clinical criteria combined with amyloid PET

positivity. No assessment was made of biomarkers of tau pathogene-

sis, or of neuropathology at autopsy. In addition, our study has limited

power for investigating the effects of important demographic variables

such as age, sex, and education, due to the modest sample size. Future

studies of larger samples and a broader range of educational attain-

ment may permit a better understanding of how these variables inter-

act with AD to alter synaptic density.

4.5 Conclusions and future directions

We observed widespread reductions of synaptic density using

[11C]UCB-J PET in medial temporal and neocortical brain regions in

early AD compared to CN participants. Most of these reductions were

maintained after PVC and thus are not attributable solely to GM tissue

loss, which appears to be of lower magnitude and regional extent on

structural MRI. Further studies are needed to examine the relation-

ship between synaptic density and other MRI measures, including

structural connectivity using diffusion tensor imaging, and functional

connectivity using functional MRI. Longitudinal and multi-tracer

studies are needed to characterize the temporal course of synaptic

alterations inAD in relation to amyloid and tau accumulation, aswell as

the associations with cognitive and functional change. Quantification

of [11C]UCB-J binding to SV2A in AD may expand our understanding

of AD pathogenesis and serve as a novel biomarkers for diagnosis and

therapeutic efficacy.
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