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IMPORTANCE Synaptic loss is well established as themajor structural correlate of cognitive

impairment in Alzheimer disease (AD). The ability to measure synaptic density in vivo could

accelerate the development of disease-modifying treatments for AD. Synaptic vesicle

glycoprotein 2A is an essential vesicle membrane protein expressed in virtually all synapses

and could serve as a suitable target for synaptic density.

OBJECTIVE To compare hippocampal synaptic vesicle glycoprotein 2A (SV2A) binding in

participants with AD and cognitively normal participants using positron emission

tomographic (PET) imaging.

DESIGN, SETTING, AND PARTICIPANTS This cross-sectional study recruited 10 participants with

AD and 11 participants who were cognitively normal between November 2015 and June 2017.

We hypothesized a reduction in hippocampal SV2A binding in AD, based on the early

degeneration of entorhinal cortical cell projections to the hippocampus (via the perforant

path) and hippocampal SV2A reductions that had been observed in postmortem studies.

Participants underwent high-resolution PET scanning with ((R)-1-((3-(11C-methyl-11C)pyridin-

4-yl)methyl)-4-(3,4,5-trifluorophenyl)pyrrolidin-2-one), a compoundmore commonly known

as 11C-UCB-J, for SV2A. They also underwent high-resolution PET scanning with carbon

11–labeled Pittsburgh Compound B (11C-PiB) for β-amyloid, magnetic resonance imaging, and

cognitive and neurologic evaluation.

MAIN OUTCOMES ANDMEASURES Outcomeswere 11C-UCB-J–specific binding (binding

potential [BPND]) via PET imaging in brain regions of interest in participants with AD and

participants who were cognitively normal.

RESULTS Ten participants with AD (5male and 5 female; mean [SD] age, 72.7 [6.3] years;

10 [100%] β-amyloid positive) were compared with 11 participants who were cognitively

normal (5 male and 6 female; mean [SD] age, 72.9 [8.7] years; 11 [100%] β-amyloid negative).

Participants with AD spanned the disease stages from amnestic mild cognitive impairment

(n = 5) to mild dementia (n = 5). Participants with AD had significant reduction in

hippocampal SV2A specific binding (41%) compared with cognitively normal participants,

as assessed by 11C-UCB-J–PET BPND (cognitively normal participants: mean [SD] BPND, 1.47

[0.37]; participants with AD: 0.87 [0.50]; P = .005). These reductions remained significant

after correction for atrophy (ie, partial volume correction; participants who were cognitively

normal: mean [SD], 2.71 [0.46]; participants with AD: 2.15 [0.55]; P = .02). Hippocampal

SV2A-specific binding BPNDwas correlated with a composite episodic memory score in the

overall sample (R = 0.56; P = .01).

CONCLUSIONS AND RELEVANCE To our knowledge, this is the first study to investigate

synaptic density in vivo in AD using 11C-UCB-J–PET imaging. This approachmay provide a

direct measure of synaptic density, and it therefore holds promise as an in vivo biomarker for

AD and as an outcomemeasure for trials of disease-modifying therapies, particularly those

targeted at the preservation and restoration of synapses.
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A
lzheimer disease (AD) affects 5.5million people in the

United States, and that number is expected to double

by2050 if no cure is identified.1Fromadiagnostic per-

spective,AD is increasinglyviewedalongacontinuumfrompre-

clinicalADtomildcognitive impairment (MCI) toADdementia.2

The clinical features of AD are coupled to a distinct pathology,

including β-amyloid plaques, neurofibrillary tangles, and syn-

aptic loss.3 Synapses are crucial for cognitive function, and

synaptic loss is a robust andconsistentpathology inAD.4,5Cog-

nitive impairment inAD is closely correlatedwith synaptic loss

in theassociationcortexand limbic system.6,7Synapticdamage

associated with toxic β-amyloid oligomers is observed in the

earliestclinicalstagesofAD,8withpatientswithMCIdemonstrat-

inga lossofsynapsesandsynapticproteins.4,9-13Thustheability

to assess synaptic density in vivowould greatly enhance clini-

cal research inADandwouldspecificallyprovideavaluablebio-

marker outcome for therapeutic trials.

Positron emission tomography (PET) imaging is widely

used in AD studies to measure glucose metabolism (fluorine

18–fluorodeoxyglucose [18F-FDG]), β-amyloid, andneurofibril-

lary tangles.14 Clinically, 18F-FDG–PET imaging is used to

differentiateADfromfrontotemporaldementiaandtotrackneu-

ronal or synaptic activity as a surrogate biomarker of disease

progression.15However, 18F-FDGisnotadirectbiomarkerofsyn-

aptic density, and test results may be confounded by sensory

stimulation,medications,andbloodglucoselevel.16-19Inadequate

fastingcanresult infalse-positiveresults inADscans.17,18Forthis

reason,newmoleculartargetsforPETimagingareneededtospe-

cificallymonitor synapticdensity.Synapticvesicleglycoprotein

2 (SV2) is anessential vesiclemembraneprotein andcouldbea

suitable target. One of its isoforms, SV2A, is ubiquitously ex-

pressed invirtuallyall synapses.20-22Hence,SV2A-PET imaging

could provide a highly useful indicator of synaptic density in

AD and other neuropsychiatric disorders.

As described in our recent publications,23-25 ((R)-1-((3-(11C-

methyl-11C)pyridin-4-yl)methyl)-4-(3,4,5-trifluorophenyl)pyr-

rolidin-2-one),more commonly knownas 11C-UCB-J, has dem-

onstratedexcellentcharacteristicsforquantitativeSV2Aimaging

invivo inbothnonhumanprimatesandhumans,withexcellent

test-retest reproducibility.25 Excellent correlations were also

foundamonginvivoSV2A-PETmeasures, invitroproteinexpres-

sion of SV2A and synaptophysin, a widely used presynaptic

marker for synaptic density, and in vitro SV2A binding data in

nonhumanprimatebrainhomogenates.24Herewereportwhat

is, toourknowledge, thefirst studyof invivoSV2A-PETimaging

for quantitative assessment of synaptic density in AD using
11C-UCB-Jandhigh-resolutionPET.Wehypothesizedareduction

inhippocampalbindingbasedonearlydegenerationofentorhi-

nal cortical cell projections to the hippocampus (via the perfo-

rant path)26,27and hippocampal SV2A reductions observed in

postmortem studies of individualswith AD.28

Methods

Study Design and Participants

Potentially eligible participants who either had amnestic MCI

or mild AD dementia or were cognitively normal and were

aged between 55 and 90 years old underwent a screening

diagnostic evaluation to ensure eligibility. Participants with

AD dementia were required to meet diagnostic criteria for

probable dementia because of AD according to the National

Institute on Aging–Alzheimer Association29 and have a Clini-

cal Dementia Rating (CDR) score of 0.5 to 1.0 points and a

Mini-Mental State Examination (MMSE) score of 16 to 26

points, inclusive. Participants with MCI were required to

meet research diagnostic criteria for amnestic MCI30 and

have a CDR score of 0.5 points and anMMSE score of 24 to 30

points. Both participants with AD dementia and participants

with MCI were required to have impaired episodic memory

as evidenced by a Logical Memory II (LMII) score of 1.5 SDs

less than an education-adjusted norm. Participants who were

cognitively normal were required to have a CDR score of 0,

an MMSE score greater than 26, and a normal education-

adjusted LMII score. The Rey Auditory Verbal Learning Test

was also administered to generate an episodic memory score.

All participants received a carbon 11–Pittsburgh Compound B

(11C-PiB)-PET scan to determine the presence of β-amyloid

accumulation. The 11C-PiB-PET scans were considered

β-amyloid positive if both visual and quantitative criteria

were met. Visual criteria entailed the consensus of 2 experi-

enced readers (M.-K.C. and A.P.M.), and quantitative criteria

required a 11C-PiB cerebral-to-cerebellar distribution volume

ratio of 1.40 or more in at least 1 AD-affected region of inter-

est (ROI).31 Consequently, 1 participant with dementia devoid

of β-amyloid accumulation and 1 participant who was cogni-

tively normal with positive β-amyloid accumulation were

excluded from the study.

The study protocol was approved by the Human Investi-

gationCommitteeandRadiationSafetyCommitteeatYaleUni-

versity. All participants provided written informed consent

prior to participating in the study.

PET Imaging Experiments

We synthesized 11C-UCB-J per previously described

procedures.23 All participants received 1 dynamic 11C-UCB-J–

PET scan on the High Resolution Research Tomograph (Sie-

mens) with a reconstructed image resolution of approxi-

mately 3 mm. All PET imaging was performed according to

Key Points

Question Can wemeasure synaptic loss in Alzheimer disease in

vivo using positron emission tomography (PET) with the specific

radioligand 11C-UCB-J?

Findings This cross-sectional PET imaging study examined
11C-UCB-J–specific binding as a biomarker for synaptic density in

11 cognitively normal elderly participants and 10 participants with

mild cognitive impairment to early Alzheimer disease. Significant

reductions of hippocampal synaptic densities were found in

participants with Alzheimer disease compared with age-matched

participants who were cognitively normal.

Meaning PET scanning with 11C-UCB-J may provide a direct

measure of synaptic density in Alzheimer disease in vivo; it yields

results consistent with previous neuropathological investigations.
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previously described procedures.25 All participants also re-

ceivedT1-weightedmagnetic resonance images (MRIs)ona3-T

whole-bodyscanner (Trio; Siemens) for coregistrationwith the

PET images.

Quantitative Analysis

Kinetic analysis was performed voxel by voxel using the 1–tis-

sue compartment (1TC)model25 and themetabolite-corrected

arterial plasma curve to generate a parametric image of distri-

bution volume (VT). Distribution volume (VT) is the tissue-to-

plasmaconcentration ratio at equilibriumandreflects totalup-

take (specific plus nonspecific binding) and is independent of

local blood flow change. Images of the delivery rate constant,

K1, which is indicative of perfusion, were also produced. Mul-

tipleROIswereapplied to theparametric imagesusing thecom-

bined transformations from template to PET space (eMethods

in the Supplement). Binding potential (BPND), a measure

of specific binding only, was calculated for each ROI, using

thecentrumsemiovaleas the reference region (BPND = VT ROI /

VTreference − 1).

We also applied the simplified reference tissue model 2

(SRTM2)32 using the centrum semiovale as a reference region

toestimate regional-specific binding (BPND)withoutuseof the

arterial input function (eMethods in theSupplement).Toevalu-

ate the contributions of atrophy to the PET outcome mea-

sures, we masked ROIs with a segmented MRI (gray matter

mask) andperformedpartial volumecorrection (PVC) accord-

ing topreviouslydescribedprocedures.33 Inaddition to thepri-

mary ROI analysis, voxelwise analysis was performed on K1,

VT, and BPND images for comparison between AD and cogni-

tivelynormal groupsusingStatistical ParametricMappingver-

sion 12 (SPM12;WellcomeTrustCentre forNeuroimaging).We

also performed MRI volumetric analysis of cortical and sub-

cortical graymatter volumesbetweenADandcognitivelynor-

mal groups using FreeSurfer version 6 (Massachusetts Gen-

eral Hospital).34,35

Statistical Analysis

Statistical calculations were performed using SPSS version 24

(IBM) and PRISM version 7 (GraphPad). Comparison of mean

total uptake (VT) and specific binding (BPND) values in the hip-

pocampusbetweenADandcognitivelynormalgroupswasper-

formed with 2-tailed, unpaired t test with P < .05 as a thresh-

old for significance. A linear mixed model was also used to

explore 11C-UCB-J binding in multiple regions (within-

participant factor) between the cognitively normal and AD

groups.Additionalexploratoryanalysesexaminedtherelation-

ship between hippocampal-specific binding (BPND) and epi-

sodic memory (average of z scores for LMII and the Rey Audi-

toryVerbalLearningTest)andglobal function(CDRsumofboxes

[CDR-SB]) in thecombinedsamplewithPearsoncorrelationco-

efficients, 2-tailed,withP < .05 as a threshold for significance.

Results

Twenty-one participants, including 10 with amnestic MCI

due to AD or mild AD dementia and 11 who were cognitively

normal, completed the study between November 2015 and

June 2017. One PiB-negative participant with dementia and

1 PiB-positive participant who was cognitively normal were

excluded. As shown in Table 1, the diagnostic groups were

well balanced for age, sex, and education, and both groups

were highly educated (with a mean [SD] of 16.9 [2.8] years

in the group with AD and 17.3 [2.4] years of education in the

cognitively normal group). The mean (SD) age of the group

with AD was 72.7 (6.3) years and that of the cognitively nor-

mal group was 72.9 (8.7) years. The participants with AD

had clinical characteristics typical of amnestic MCI and mild

AD dementia, with a mean (SD) MMSE score of 24.1 (4.8)

points and a mean (SD) CDR-global score of 0.75 (0.26)

points.

Allparticipants received1 injectionof 11C-UCB-J (mean[SD]

quantity, 493 [224]MBq),with no significant difference in ra-

dioactivity or mass dose between groups. The arterial input

functions were successfully measured in 9 participants with

AD and 8 participantswhowere cognitively normal, enabling

kinetic analysiswith the 1TCmodel to estimateVT,BPND, and

K1. Consistentwithourhypothesis, 11C-UCB-J bindingwas sig-

nificantly reduced in thehippocampusofparticipantswithAD

comparedwithparticipantswhowerecognitivelynormal, sug-

gesting loss of SV2A and synaptic density in this region

(Figure 1;Table 2). TheVT in thehippocampuswas 28% lower

inparticipantswithAD (participantswithAD:mean [SD], 8.85

[2.58]mL/cm3;participantswhowerecognitivelynormal: 12.27

[2.26] mL/cm3; P = .01). Importantly, VT values of the white

matter centrumsemiovalewerevirtually identicalbetweenthe

groups (Table 2), supporting its suitability for use as a refer-

ence region. A reduction inBPNDof 44%was found in thehip-

pocampusofparticipantswithAD(participantswithAD:mean

Table 1. Demographic Information and Test Results

of Included Participants

Characteristic

No. (%)

Cognitively Normal
Participants

Participants With
Alzheimer Disease

Total participants 11 10

With mild Alzheimer disease NA 5 (50)

With mild cognitive
impairment

NA 5 (50)

Sex

Male 5 (45) 5 (50)

Female 6 (55) 5 (50)

Age, mean (SD) [range], y 72.9 (8.7)
[61.2-82.7]

72.7 (6.3)
[63.1-82.9]

Education, mean (SD)
[range], y

17.3 (2.4) [12-20] 16.9 (2.8) [12-20]

CDR-global, mean (SD) [range] 0 (0) [NA] 0.75 (0.26) [0.5-1]

CDR-SB, mean (SD) [range] 0 (0) [NA] 4.3 (2.6) [0.5-9.0]

MMSE, mean (SD) [range] 29.3 (1.2) [27-30] 24.1 (4.8) [17-29]

LMII, mean (SD) [range] 14.6 (2.9) [8-18] 1.7 (2.8) [0-7]

RAVLT-delay, mean (SD)
[range]

11.6 (3.2) [4-15] 1.3 (2.4) [0-7]

Abbreviations: CDR-global, Clinical Dementia Rating global score;

CDR-SB, Clinical Dementia Rating–sum of boxes; LMII, Logical Memory II score;

MMSE, Mini-Mental State Examination; NA, not applicable; RAVLT, Rey Auditory

Verbal Learning Test.
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[SD], 0.87 [0.59]; participants who were cognitively normal:

1.54 [0.29]; P = .01; Table 2). The addition of age as a covari-

ate in these statistical models did not improve the goodness

of fit or alter the results.

An exploratory analysis of multiple ROIs was performed

using a linearmixedmodel and showeda significant diagnos-

tic group-region interaction for bothVT (F11,187 = 2.6;P = .004)

and BPND (F11,187 = 2.7; P = .003). This analysis suggested ad-

Figure 1. Representative Total Uptake (VT) Parametric Synaptic Vesicle Glycoprotein

2A Positron Emission Tomographic (PET) Images

Cognitively normal participant (age 74 y)A

Participant with MCI (age 73 y)B

Participant with MCI (age 77 y)C

Participant with AD (age 79 y)D

Participant with AD (age 82 y)E

Total
Uptake
(VT)

35

30

25

20

15

10

5

0

Coronal Axial

Representative coronal and axial

images of parametric 11C-UCB-J–PET

scans (VT) andmagnetic resonance

imaging scans in participants who

were cognitively normal (A),

participants with mild cognitive

impairment (MCI) (B and C), andmild

Alzheimer disease (AD) dementia

(D and E). The cognitively normal

participant had a negative carbon

11–labeled Pittsburgh Compound B

(11C-PiB) scan, and all participants

with AD had positive 11C-PiB–PET

scans. The pseudocolor in PET

images represents the intensity

of 11C UCB-J binding (VT). Evident

reduction of 11C-UCB-J binding in the

hippocampus of participants with AD

was noted compared with

participants who were cognitively

normal (the arrowhead denotes the

right hippocampus). Various degrees

of reduction can be visualized in the

temporoparietal cortex of the

participant with MCI (B and C), the

right temporoparietal cortex of the

participant with mild AD dementia

(D), and the right temporal cortex of

participant E. MCI indicates mild

cognitive impairment.
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ditional significant reductions of SV2A VT in participants

with AD in both the entorhinal cortex (participants with AD:

mean [SD], 11.96 [2.36] mL/cm3; participants who were cog-

nitively normal: 14.85 [2.49] mL/cm3; P = .03) and the pulvi-

nar nucleus (participants with AD: mean [SD], 11.77 [2.29]

mL/cm3; participants who were cognitively normal: 14.21

[2.30] mL/cm3; P = .04), uncorrected for multiple compari-

sons (Table 2).

To better illustrate the regional reduction of SV2A in the

brain, SPM analysis was performedwith surface rendering of

differences inVT andK1 between participantswith AD (n = 9)

andparticipantswhowerecognitivelynormal (n = 8).Figure2A

shows a significant reduction of SV2A binding in the hippo-

campusof participantswithAD. Figure 2Bpresents groupdif-

ferences in the delivery rate constantK1, which extend to the

temporal lobe, parietal lobe, and posterior cingulate gyrus in

addition to the hippocampus. Notably, the patterns of SV2A

VT for synaptic density and K1 differed in individual partici-

pants (Figure 1; eFigure 2 in the Supplement). The region-of-

interestanalysisofK1 (eTable 1 in theSupplement)didnotshow

statistically significant reductions in temporal or parietal cor-

tices, likely attributable to a diluted effect in larger ROIs. No-

tably, thepatternof regionalK1 reduction intheparticipantwith

AD, reflecting reduced cerebral blood flow,was thus similar to

that of hypometabolism in AD, as demonstrated by 18F-FDG–

PET scan.

Becausearterialdatawerenotavailablefor1participantwith

ADand3participantswhowerecognitivelynormal,SRTM2was

used to analyze the entire cohort. The value of hippocampal-

specific binding BPND generated by this method was highly

correlatedwith that obtained from the 1TCmodel with the ar-

terial inputfunction(R2 = 0.95;P < .001;eFigure1 intheSupple-

ment). Using SRTM2 in the full cohort, hippocampalBPNDwas

reducedby41%inparticipantswithAD(n = 10) comparedwith

participants who were cognitively normal (n = 11) (partici-

pants with AD:mean [SD], 0.87 [0.50]; participants whowere

cognitively normal: 1.47 [0.37]; P = .005; Figure 3A).

To evaluate the contribution of gray matter tissue loss to

SV2A reductions in participants with AD, we performed gray

mattermasking and PVC. The reduction in hippocampal SV2A

binding inparticipantswithADremained significantwithgray

mattermaskingwithrespectto1TC-derivedVT (participantswith

AD:mean[SD], 11.4[2.2];participantswhowerecognitivelynor-

mal: 14.0 [2.0];P = .02),BPND (participantswithAD:mean[SD],

1.39 [0.50]; participants who were cognitively normal: 1.91

[0.24];P = .02),andSRTM2-derivedBPND (participantswithAD:

mean [SD], 1.35 [0.42]; participantswhowere cognitively nor-

mal: 1.85 [0.39]; P = .01). The reduction in hippocampal SV2A

bindingwasnonsignificantafterPVCwithrespectto1TC-derived

VT (participantswithAD:mean[SD], 15.5 [3.0];participantswho

were cognitively normal: 18.4 [2.8];P = .06) andBPND (partici-

pants with AD: mean [SD], 2.26 [0.66]; participants who

Table 2. Synaptic Vesicle Glycoprotein 2A Positron Emission Tomography

OutcomeMeasures in Brain Regions of Interesta

Region of
Interest

VT, mL/cm3
BPND

Mean (SD)

P Value

Mean (SD)

P Value

Cognitively
Normal
Participants
(n = 8)

Participants
With AD
(n = 9)

Cognitively
Normal
Participants
(n = 8)

Participants
With AD
(n = 9)

Primary region

Hippocampus 12.27 (2.26) 8.85 (2.58) .01 1.54 (0.29) 0.87 (0.59) .01

Exploratory
regions

Caudate
nucleus

12.98 (4.04) 11.90 (3.06) .54 1.65 (0.51) 1.50 (0.63) .60

Cerebellum 12.98 (1.71) 13.14 (1.47) .84 1.69 (0.21) 1.76 (0.31) .61

Cingulate
gyrus, anterior

17.61 (1.71) 17.48 (2.59) .91 2.66 (0.17) 2.67 (0.50) .95

Cingulate
gyrus, posterior

13.48 (1.12) 12.45 (2.13) .24 1.82 (0.32) 1.60 (0.40) .24

Entorhinal
cortex

14.85 (2.49) 11.96 (2.36) .03 2.07 (0.23) 1.52 (0.54) .02

Frontal cortex 17.19 (2.14) 16.86 (2.66) .78 2.56 (0.18) 2.52 (0.40) .80

Occipital cortex 17.42 (2.12) 16.94 (2.61) .69 2.62 (0.26) 2.56 (0.58) .82

Parietal cortex 17.81 (1.97) 17.15 (2.73) .58 2.70 (0.23) 2.60 (0.59) .67

Pulvinar
nucleus

14.21 (2.30) 11.77 (2.29) .04 1.94 (0.24) 1.49 (0.57) .06

Putamen 20.10 (2.03) 20.74 (2.51) .58 3.17 (0.16) 3.35 (0.40) .28

Temporal
cortex

18.27 (2.37) 16.96 (2.24) .26 2.79 (0.20) 2.56 (0.50) .26

Thalamus 13.01 (2.43) 11.30 (2.07) .14 1.68 (0.23) 1.38 (0.49) .13

Reference region

Centrum
semiovale

4.82 (0.54) 4.78 (0.51) .88 NA NA NA

Abbreviations: AD, Alzheimer

disease; BPND, binding potential

(specific binding) of 11C-UCB-J in brain

regions of interest; NA, not

applicable; VT, volume of distribution

(total brain uptake).

a P values are for 2-tailed, unpaired

t tests. Results for exploratory

regions used post hoc comparisons

(uncorrected for multiplicity) from

a linear mixed-model analysis of PET

measures in multiple regions

(within-participant factor) between

cognitively normal and AD groups;

significant results were found for

diagnostic group-region interaction

for VT (F11,187 = 2.6; P = .004) and

BPND (F11,187 = 2.7; P = .003).
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werecognitivelynormal: 2.81 [0.34];P = .05)but remainedsig-

nificantwith respect toSRTM2-derivedBPND (participantswith

AD: mean [SD], 2.15 [0.55]; participants who were cognitively

normal: 2.71 [0.46]; P = .02) (eFigure 3 in the Supplement).

Figure 2. Voxelwise Analysis of Total Uptake (VT) and Perfusion (K1)With Statistical Parametric Mapping in Participants with Alzheimer Disease (AD)

ComparedWith Cognitively Normal Participants

Total uptake (VT)A

Perfusion (K1)B

Right lateral Right medial Anterior Superior

Left lateral Left medial Posterior Inferior

Right lateral Right medial Anterior Superior

Left lateral Left medial Posterior Inferior

This Figure includes 9 participants with AD and 8 cognitively normal

participants. A, Blue indicates the regions with statistically significant reduction

of VT in participants with AD compared with those whowere cognitively

normal, rendered on brain surfaces at different projections. The statistically

significant reduction of 11C-UCB-J binding in the hippocampus was consistent

with the findings from region-of-interest analysis. B, Blue indicates a statistically

significant reduction of K1 in the participant with AD compared with the

cognitively normal participant. A broader regional reduction of K1 emerged in

the temporoparietal cortices in the participant with AD.
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The exploratory reduction in SV2A binding in the entorhi-

nal cortex (Table 2) didnotwithstandPVCwith respect to 1TC-

derivedVT (participantswithAD:mean [SD], 21.2 [4.3]; partici-

pants who were cognitively normal: 22.7 [4.2]; P = .48), BPND

(participantswithAD:mean[SD], 3.44 [0.89];participantswho

were cognitively normal: 3.67 [0.54]; P = .54; eTable 2 in the

Supplement),whichwasconsistentwith theprofoundearlyat-

rophy thathasbeen found tooccur in this region.26 In fact,MRI

volumetric analysis demonstrated anapproximate25%reduc-

tion in the entorhinal cortex of participantswithADcompared

withparticipantswhoarecognitivelynormal (participantswith

AD:mean [SD] graymatter volume, 2.3 [0.4]; participantswho

were cognitively normal: 2.9 [0.6] cm3; P = .01; eTable 3 in the

Supplement), which was similar to the approximate 27% re-

ductionofBPND in theentorhinal cortexofparticipantswithAD

(participantswithAD:mean [SD], 1.52 [0.54]; participantswho

were cognitively normal: 2.07 [0.23]; P = .02; Table 2). How-

ever, there was only a 22% reduction of hippocampal volume

of participants with AD comparedwith participants whowere

cognitively normal (participants with AD: mean [SD] volume,

6.0 [0.9]; participants who were cognitively normal: 7.4 [1.0]

cm3; P = .003) (eTable 3 in the Supplement), which wasmuch

less than the44%reductionof 1TC-derivedhippocampalBPND

inparticipantswithAD (participantswithAD:mean [SD]BPND,

0.87 [0.59]; participants who were cognitively normal: 1.54

[0.29]; P = .01; Table 2). Therefore, the loss of hippocampal

SV2A-specific BPND in participants with AD was much greater

than the degree of brain atrophy.

Pearsoncorrelationswereperformedtoassess the relation-

ship between synaptic density estimated by SV2A binding

andclinical assessments (Figure3). Statistically significant cor-

relations were found between SRTM2-derived hippocampus

BPND and episodic memory (based onmean z scores from the

LMII andReyAuditory Verbal Learning Test;R = 0.56; P = .01)

and SRTM2-derived hippocampusBPND and the CDR-SB score

(R = −0.61;P = .003).Notably, 2participantswithMCIhadrela-

tively high and outlying values for hippocampalBPND.

Discussion

Synaptic loss in the association cortex and limbic system is a

robust and consistent pathology in AD4 and is closely corre-

lated with cognitive impairment.6,7 However, until now, the

assessment of synaptic density and the quantification of pre-

synaptic proteins in AD could only be performed in postmor-

tembrain tissues.Thepresent studydemonstrated, for the first

time, that noninvasive PET imagingwith 11C-UCB-J is capable

ofmeasuring reductions in synaptic density in vivo in thehip-

pocampus of individuals with amnestic MCI andmild AD de-

mentia. This findingwas established by ROI analysis and cor-

roboratedbyanexploratorywhole-brain, voxel-wise analysis.

The potential applications of SV2A-PET imaging with 11C-

UCB-J as an in vivo biomarker in AD include the early detec-

tion of synaptic loss, the monitoring of disease progression,

and the evaluation of synaptic rescue and recovery through

therapeutic interventions.

Considerable postmortem and brain biopsy research has

beendevotedtothecharacterizationofsynaptic loss inAD.Most

of these studies have necessarily been conducted in patients

with advanced dementia.4 However, some postmortem

work9-11,13,36 has been performed in patients at the prodromal

AD or MCI stages. Because these studies vary by stage of dis-

easeand theearly-stage studies frequently involve singlebrain

regions, we presently lack a cohesivemap of regional synaptic

loss in early-stage AD.

Postmortem work has established rather unequivocally

that the earliest significant degeneration in AD occurs in en-

Figure 3. Comparison of Hippocampal Binding Potential (BPND) From Simplified Reference TissueModel 2 (SRTM2)

and CorrelationWith Clinical Findings
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A, Comparison of BPND from SRTM2 in the hippocampus between participants

with Alzheimer disease (AD) and cognitively normal participants. Error bars

represent standard deviations. MCI indicates mild cognitive impairment.

B, Association between hippocampal BPND from SRTM2 and episodic memory

scores. A statistically significant correlation was observed between BPND in the

hippocampus and an episodic memory score. C, Association between

hippocampal BPND from SRTM2 and Clinical Dementia Rating–sum of boxes

(CDR-SB) score.
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torhinal cortical cells.26,27 Compared with control partici-

pants, individuals with mild AD have been demonstrated to

have a 60% reduction in cell count in layer II and 40% reduc-

tion in layer IVof theentorhinal cortex.26Since thesecellsproj-

ect via the perforant path to all fields of the hippocampal for-

mation, including the dentate gyrus, Cornu Ammonis (CA)

fields, and the subiculum, we expected that the earliest and

largest reductions in SV2Abindingwouldbe in thehippocam-

pus. Indeed, pathology studies have reported a reduction in

synapses in the outermolecular layer of dentate gyrus of 44%

in mild AD and 13% to 20% in MCI,10,13 as well as a reduction

of 55% in patientswithmild AD and 18% in patientswithMCI

in the CA1 field.9 These postmortem findings are consistent

with the reductions in SV2A binding observed in the present

study, invivo,with 11C-UCB-J–PET,asmeasuredbyBPND (41%).

Notably, theonly study toour knowledge thatmeasuredSV2A

(and synaptophysin) in postmortem brain samples of indi-

vidualswithADalsorevealedreductions inthehippocampus.28

The fact that our exploratory analysis of multiple brain

regions found reduced SV2A binding in the entorhinal cor-

tex is not unexpected, because degenerating entorhinal cor-

tical cells also have local projections. However, the reduced

SV2A binding in the entorhinal cortex may reflect the pro-

found early atrophy in this region,26 as this reduction,

unlike those in the hippocampus, was almost identical to

the degree of volume loss (eTable 3 in the Supplement) and

did not persist after PVC. This is consistent with a postmor-

tem study of synaptic density in MCI that found no reduc-

tions in the entorhinal cortex.13 On the other hand, the fact

that this exploratory analysis did not reveal synaptic losses

in other brain regions, including the association cortical

regions, may be attributable to limited statistical power in

this small and disproportionately early-stage sample.

Some,11,12 but not all,13,36 pathologic studies of association

cortical regions in participants with MCI have shown synap-

tic reductions. Postmortem samples of individuals with MCI

are difficult to recruit, and the participants in the referenced

studies are approximately 15 years older (with a mean age of

87 to 89 years9-12,36) than those in the present study. Larger

samples spanning more disease stages will be needed to

provide a more comprehensive mapping of SV2A binding in

patients with AD with 11C-UCB-J–PET imaging. However, we

expect that the largest losses in early-stage AD will continue

to be observed in the hippocampus. As suggested by our

data, possible SV2A decreases in the pulvinar nucleus may

also be seen in early-stage AD,37 perhaps reflecting the loss

of axon terminals from the association cortices (eFigure 4 in

the Supplement). However, this will require a larger cohort

for confirmation.

TheresultsofourexploratoryK1parametric imaging,which

reflects blood flow, are very similar to the classic pattern of

18F-FDG–PET in AD,15 with decreased glucose metabolism or

synaptic activity in the temporoparietal cortices. We propose

thatK1 parametric imagingwith 11C-UCB-Jmay serve as a sur-

rogate for brainperfusion, because similar conceptshavebeen

investigated previously using the early dynamic images with

PET amyloid tracers.38-40 We plan to compare K1 parametric

imaging from 11C-UCB-J–PETscanswith 18F-FDG–PET imaging

inthesameparticipants toevaluate theusefulnessofK1 imaging

in the clinical setting. This feature may yield useful informa-

tion about perfusion or synaptic activity from K1 mapping of

early images and synaptic density fromVTorBPNDparametric

images within a single 11C-UCB-J–PET study.

Limitations

Whether SV2A binding in AD is a direct measure of synaptic

density is unclear. DeKosky and Scheff7 reported that,

in frontal cortical biopsy specimens of patients with AD,

synaptic contact size increasedandmayhavecompensated for

the numerical loss of synapses. Moreover, Snow et al41 have

described an accumulation of SV2A in dystrophic neurites

within theneuriticplaques,whichmightobscure synaptic loss

in amyloid-rich regions.

In the combined samples of individuals who were cogni-

tively normal and individuals with AD, we also observed

statisticallysignificantcorrelationsbetweenhippocampalSV2A

specific binding (BPND) with both episodicmemory score and

global functioning (CDR-SB).Thedegreeofassociationwasonly

moderate, attributable in part to 2 participantswithMCIwho

had outlying higher hippocampal SV2A binding. Interest-

ingly, those 2 participants also had only minimal hippocam-

pal atrophy onMRI scan. Larger samples are needed to clarify

cognitive associations with regional SV2A binding in AD

samples. Longitudinal within-participants analyses may be

more powerful in this regard.

Conclusions

In conclusion, we have demonstrated, to our knowledge for

the first time, reduced synaptic density in the hippocampus

of living people with AD by PET imaging of SV2A with the

radioligand 11C-UCB-J. This method provides a direct mea-

sure of SV2A and synaptic density and therefore holds

promise as a novel in vivo biomarker for AD and an outcome

measure for trials of disease-modifying therapies, particu-

larly those that target the preservation and restoration of

synapses. Our novel SV2A-PET imaging for quantifying syn-

aptic density in vivo could also provide a very useful and

noninvasive tool for clinical and translational studies in a

wide variety of neurologic and psychiatric disorders.
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