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Simplified methods of acquisition and quantification would facilitate
the use of synaptic density imaging in multicenter and longitudinal
studies of Alzheimer disease (AD). We validated a simplified tissue-to-
reference ratio method using SUV ratios (SUVRs) for estimating syn-
aptic density with [11C]UCB-J PET. Methods: Participants included
31 older adults with AD and 16 with normal cognition. The distribution
volume ratio (DVR) using simplified reference tissuemodel 2 was com-
pared with SUVR at short scan windows using a whole-cerebellum
reference region. Results: Synaptic density was reduced in AD parti-
cipants using DVR or SUVR. SUVR using later scan windows (60–90
or 70–90min) was minimally biased, with the strongest correlation
with DVR. Effect sizes using SUVR at these late time windows were
minimally reduced compared with effect sizes with DVR. Conclusion:
A simplified tissue-to-reference method may be useful for multicenter
and longitudinal studies seeking to measure synaptic density in AD.
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Alzheimer Disease (AD) pathology is traditionally character-
ized by the accumulation of extracellular amyloid-b plaques and
intracellular neurofibrillary tangles. An equally important pathol-
ogy, synaptic loss, is an early event in the disease process and a
major structural correlate of cognitive impairment (1–3). PET
imaging of synaptic vesicle glycoprotein 2A has emerged as a
novel biomarker of synaptic density in AD (4,5). Using (R)-1-((3-
(11C-methyl-11C)pyridin-4-yl)methyl)-4-(3,4,5-trifluorophenyl)pyr-
rolidin-2-one ([11C]UCB-J) PET, we and others have demonstrated

widespread gray matter synaptic loss (6), which correlated with
cognitive performance (7,8) and tau deposition (9–12). Our past
analyses have used an outcome of distribution volume ratio (DVR)
from simplified reference tissue model 2 kinetic modeling. Simpli-
fied methods of image acquisition and quantification would facili-
tate multicenter and longitudinal studies. Thus, the objective of this
study was to validate a simplified tissue-to-reference ratio method
using SUV ratios (SUVRs).

MATERIALS AND METHODS

Participants
A subset of previously reported participants (6) who had full 90-min

scans were included in this analysis. Participants 55–85 y of age were
recruited and assessed either to be cognitively normal (CN) or to meet
the diagnostic criteria for amnestic mild cognitive impairment (13) or
dementia due to probable AD (14). Via [11C]Pittsburgh compound B
PET, mild cognitive impairment and dementia participants were
amyloid-b–positive and CN participants were amyloid-b–negative
(6,15,16). The study protocol was approved by the Yale Human Inves-
tigation Committee. All participants gave informed consent.

Acquisition of Data
[11C]UCB-J PET images were acquired as previously described (17).

Participants underwent 90-min PET scans on a High Resolution Research
Tomograph (Siemens Medical Solutions) after a bolus injection of
[11C]UCB-J (553 6 199 MBq) over 1 min. Dynamic scan data were
reconstructed in 27 frames (6 3 0.5 min, 3 3 1 min, 2 3 2 min, 16 3

5 min) with corrections for attenuation, normalization, scatter, randoms,
and dead time using the MOLAR algorithm (motion-compensation
ordered subset expectation maximization list-mode algorithm for
resolution-recovery reconstruction) (18). Motion was corrected using the
Polaris Vicra sensor (NDI Systems) (19). T1-weighted MRI was used for
exclusion of structural abnormalities and for coregistration with PET
scans. Parametric images of DVR were generated using simplified refer-
ence tissue model 2 (0–60 min) with a whole-cerebellum reference region
(6,15,16). SUVR images were generated by summing frames across 20-
and 30-min windows from 30 to 90 min and normalized to the whole cer-
ebellum. Regions of interest were defined using the FreeSurfer (version
6.0) segmentation and parcellation pipeline (20).

Simulation
A simulation study was conducted to examine the effect of perfu-

sion differences on group-level comparisons of SUVR and Cohen d
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within AD and CN groups across various time points. This simulation
was based on data from our previous study (4) using a 1-tissue-
compartment model to estimate parameters for K1 (perfusion) and k2
(tracer efflux) in both the hippocampus and the cerebellum for each
participant (Supplemental Table 1; supplemental materials are avail-
able at http://jnm.snmjournals.org). Effects of perfusion differences
were explored by simulating hippocampal time–activity curves for
each individual with AD according to varying K1 percentage differ-
ences (0%, 10%, 20%, 30%, and 40%) relative to the average K1 of
the CN group; these correspond to R1 (relative tracer delivery) group
percentage differences of 3%, 13%, 22%, 32%, and 42%, respectively.
Percentage differences in mean SUVR between CN and AD groups
and Cohen d values were computed at each time point and were com-
pared with the percentage differences in DVR for all K1 settings. The
supplemental methods provide more detailed information.

Statistical Analysis
Group differences were evaluated using x2 tests for categoric variables

and unpaired t tests for continuous variables. Linear regression was used to
assess the associations between SUVRs and DVR (via kinetic modeling).
The effect size (Cohen d) to determine the group difference (CN vs. AD)
was calculated for each PET outcome. Linear
regression was used to assess the correlation
between effect sizes using DVR and SUVR.
Regression equations and Pearson correlation
coefficients (r) were reported for each regression
model. Two-tailed P values were reported. Sta-
tistical analyses were performed using SPSS
21.0 (IBM Corp.).

RESULTS

Participant characteristics are shown in
Table 1.
DVR correlated strongly with SUVR

across all brain regions and within each
region (Fig. 1; Supplemental Fig. 1; Sup-
plemental Table 2). The correlation was
strongest for the 60- to 90-min and 70- to

90-min scan windows and weakest for the 30- to 50-min window.
A similar pattern was seen in all participants or when CN or AD
participants were analyzed separately. A comparison of regression
lines to the line of identity showed that SUVR was less biased at
later scan windows than at earlier scan windows (Fig. 1).
The effect sizes for the difference between CN and AD groups

using SUVR were larger during earlier scan windows than during
later scan windows, with the largest effect size being calculated
for the 30- to 50-min scan window (Cohen d 5 0.78) and the
smallest effect being calculated for the 70- to 90-min window
(Cohen d 5 0.6) (Table 2). The effect size for SUVR at each scan
window correlated strongly with the effect size for DVR (Table 2;
Fig. 2). Early scan windows tended to overestimate the effect size,
and later scan windows tended to underestimate the effect size,
compared with DVR (Fig. 2). For specific regions, the same pat-
tern of decreasing effect size at later time windows was consis-
tently seen in the entorhinal cortex, lateral temporal cortex,
prefrontal cortex, posterior cingulum/precuneus, lateral parietal
cortex, lateral occipital cortex, and medial occipital cortex (Fig. 3;
Supplemental Fig. 2).

TABLE 1
Participant Characteristics

Characteristic CN AD P

Participants (n) 16 31 (9 mild cognitive impairment;
22 mild dementia)

Sex (n) 0.76

Male 7 15

Female 9 16

Age (y) 70.66 7.7 (60.8–82.7) 69.868.0 (50.3–84.5) 0.73

Education (y) 17.862.20 (12–20) 16.262.39 (12–20) 0.03

CDR, global 06 0 (0–0) 0.7760.25 (0.5–1.0) ,0.01

MMSE 29.36 1.2 (27–30) 22.963.7 (14–30) ,0.01

APOE E4 copy number (n) ,0.01

0 14 (87.5%) 9 (29.0%)

1 2 (12.5%) 14 (45.2%)

2 0 (0%) 8 (28.8%)

CDR 5 clinical dementia rating; MMSE 5 mini-mental state examination.
Categorical data are counts; continuous data are mean 6 SD followed by range in parentheses.

FIGURE 1. Correlations between DVR and SUVR at 30–60min (A), 60–90min (B), 30–50min (C),
and 70–90min (D) for all participants and for CN and AD groups in all regions of interest.
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The simulation model demonstrates how the percentage differ-
ence in SUVR (AD vs. CN) changes during the scan time (Fig. 4).
At early scan times, the percentage difference approaches the
difference in relative perfusion. As scan time increases, the per-
centage difference approaches the true difference using mean
DVR. Thus, SUVR calculated from earlier scan windows reflects
differences in perfusion, and SUVR calculated from later windows
reflects specific tracer binding (synaptic density).

DISCUSSION

SUVR calculated with later scan windows (60–90 or 70–
90min) had the strongest correlations with the previously vali-
dated method of calculating DVR with simplified reference tissue
model 2 and a whole-cerebellum reference region (6,8).

SUVR generated using earlier scan windows of 30–60 or 30–
50min demonstrated the largest effect sizes to detect differences
between AD and CN groups compared with later scan windows
and DVR (Table 2). There was some region specificity as seen in
early AD–affected regions such as the hippocampus, where no
SUVR scan window demonstrated a larger effect size than DVR

(Fig. 3; Supplemental Fig. 2). Correlation
analyses between SUVR and DVR indicate
that early scan windows may overestimate,
and later scan windows may underestimate,
group differences (Fig. 2; Supplemental
Fig. 2). Our simulation suggests that SUVR
from earlier time frames represents group
differences in both synaptic density and
perfusion/metabolism (Fig. 4). This is
compatible with our previous [18F]FDG
PET and [11C]UCB-J study, in which group
differences in metabolism were generally
larger than those in synaptic density (21).
This study using the whole cerebellum

as a reference region expands on the
validation of a simplified quantification
method for [11C]UCB-J that used the cen-
trum semiovale as a reference region (22).
We previously reported that whole cerebel-
lum is the preferred reference region in AD
because the disease-related difference in
distribution volume was nonsignificant and
lower than for the centrum semiovale and
because DVR using the cerebellum yielded

TABLE 2
Correlation of Effect Sizes to Detect Differences in Synaptic

Density Between AD and CN Groups

Parameter Pearson r P Cohen d (mean 6 SD)

SUVR window

30–60min 0.93 ,0.01 0.756 0.45

40–70min 0.94 ,0.01 0.706 0.43

50–80min 0.94 ,0.01 0.666 0.40

60–90min 0.93 ,0.01 0.636 0.37

30–50min 0.93 ,0.01 0.786 0.45

40–60min 0.91 ,0.01 0.726 0.44

50–70min 0.94 ,0.01 0.676 0.42

60–80min 0.94 ,0.01 0.646 0.38

70–90min 0.91 ,0.01 0.606 0.36

DVR — — 0.716 0.36

Pearson r is for correlation between effect sizes (Cohen d)
derived from DVR vs. each SUVR scan window.

FIGURE 2. Correlations between effect sizes (Cohen d) in all regions of interest as measured by
DVR and SUVR at 30–60min (A), 60–90min (B), 30–50min (C), and 70–90min (D).

FIGURE 3. Effect size (Cohen d) maps of DVR (A), SUVR at 30–50min
(B), and SUVR at 70–90min (C) for comparison between CN and AD
groups. Effect size statistics are displayed for all analyzed regions and
overlaid on MNI template T1-weighted MR images.

1784 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 65 � No. 11 � November 2024



significantly lower coefficients of variation when using 1-tissue-
compartment modeling or the simplified reference tissue model 2 (6).

CONCLUSION

This study supports the use of SUVR with a whole-cerebellum
reference region calculated during 60- to 90-min or 70- to 90-min
scan windows for [11C]UCB-J–based investigations of AD. SUVRs
at late time windows are minimally biased and highly correlated with
DVR while having minimal bias in effect size compared with DVR.
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KEY POINTS

QUESTION: Is SUVR a valid outcome for assessing synaptic
density in AD with [11C]UCB-J?

PERTINENT FINDINGS: SUVR calculated with 60- to 90-min or
70- to 90-min scan windows correlated strongly with DVR and
was minimally biased.

IMPLICATIONS FOR PATIENT CARE: SUVR can be used to
quantify synaptic loss in AD.
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FIGURE 4. Simulation of group difference in mean SUVR (A) and Cohen
d (B) for various perfusion changes.
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