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Measurement of synaptic density 
in Down syndrome using PET 
imaging: a pilot study
Alexandra DiFilippo 1*, Erin Jonaitis 1, Renee Makuch 2, Brianna Gambetti 2, Victoria Fleming 2, 
Gilda Ennis 1, Todd Barnhart 1, Jonathan Engle 1, Barbara Bendlin 1, Sterling Johnson 1, 
Benjamin Handen 3, Sharon Krinsky‑McHale 4, Sigan Hartley 2 & Bradley Christian 1,2

Down syndrome (DS) is the most prevalent genetic cause of intellectual disability, resulting from 
trisomy 21. Recently, positron emission tomography (PET) imaging has been used to image synapses 
in vivo. The motivation for this pilot study was to investigate whether synaptic density in low 
functioning adults with DS can be evaluated using the PET radiotracer  [11C]UCB‑J. Data were acquired 
from low functioning adults with DS (n = 4) and older neurotypical (NT) adults (n = 37). Motion during 
the scans required the use of a 10‑minute acquisition window for the calculation of synaptic density 
using  SUVR50–60,CS which was determined to be a suitable approximation for specific binding in this 
analysis using dynamic data from the NT group. Of the regions analyzed a large effect was observed 
when comparing DS and NT hippocampus and cerebral cortex synaptic density as well as hippocampus 
and cerebellum volumes. In this pilot study, PET imaging of  [11C]UCB‑J was successfully completed 
and synaptic density measured in low functioning DS adults. This work provides the basis for studies 
where synaptic density may be compared between larger groups of NT adults and adults with DS who 
have varying degrees of baseline cognitive status.

Down syndrome (DS) is the most prevalent genetic cause of intellectual disability, occurring in one out of every 
707 live births in the United  States1 and resulting from the triplication of chromosome  212. DS is characterized 
by widespread impairments in cognitive, motor, and language  ability3,4, with IQs and functional ability ranging 
from the mild to profound level of intellectual  disability5,6. Individuals with DS also have a 90% lifetime risk 
of Alzheimer’s disease (AD) due to the gene-dose overexpression of amyloid precursor protein, resulting in 
high prevalence of neuropathologic amyloid  plaques7,8. Feasible and valid imaging biomarkers of neurobiology 
underlying both baseline cognitive impairments in people with DS and AD-related cognitive decline is of high 
priority to the field. However, the wide range in baseline cognitive ability in people with DS presents challenges 
for research studies. Indeed, leading research consortiums on biomarkers of AD in DS often exclude people 
with DS who have low baseline cognitive  levels9 due to concerns about floor effects on cognitive tests and dif-
ficulties obtaining imaging scans. Yet, the identification of feasible and meaningful imaging biomarkers with 
lower functioning adults with DS is essentially for their inclusion in clinical research and therapeutic studies 
and to better understand how AD progression may differ based on baseline cognitive ability. Detecting early 
AD-associated neurodegeneration in the DS brain requires knowledge of brain structure and function prior to 
the onset of clinical AD.

Pathophysiological differences have been identified in DS individuals relative to their NT peers most notably in 
the cerebral cortex, hippocampus, and cerebellum. Most in vivo studies identifying these changes have used MRI 
showing smaller normalized hippocampus, cerebellum, and cerebral cortex volumes in both DS  children10–12 
and  adults13–17. Using ex vivo analyses, reduced numbers of neurons were found in the cerebellum and cerebral 
cortex in  DS18–20 compared to age-matched neurotypical adults. Shortened dendrites and dendrites presenting 
with either a paucity of spines or covered with an abnormally large number of spines was reported in the cerebral 
 cortex21–25 and  hippocampus23,26 of people with DS. Synaptic vesicle proteins synaptophysin and SNAP-25 levels 
were decreased in the cerebral cortex, cerebellum, and  hippocampus27 whereas synaptojanin-1 was found to be 
increased in the cerebral  cortex28,29. The limited data on substructural changes in the brain of people with DS sug-
gest differences beyond the gross morphological or volumetric differences exist and should be further explored. 
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The analyses completed here will focus on the regions reported to show either gross or substructural changes in brain 
structure: the cerebellum, the hippocampus, and the cerebral cortex. The use of PET imaging permits the in vivo 
analysis of synapses in a larger number of DS individuals as well as longitudinal information.

While differences in brain volume may be evaluated using MRI, PET can provide powerful in vivo substruc-
tural and functional information related neuronal development and degeneration. The PET radioligand  [11C]
UCB-J binds to presynaptic synaptic vesicle protein  SV2A30–32, expressed ubiquitously in all synapse  terminals33, 
with high  specificity32,34, 35 and exhibits near complete blockade by  levetiracetam35. Recently PET imaging studies 
using  [11C]UCB-J have revealed pathophysiological changes in synaptic function in samples of NT adults with 
 epilepsy30,32, Alzheimer’s  disease36–39,  schizophrenia31,40, 41, and Parkinson’s  disease42–44. To our knowledge, the 
present study is the first investigation to evaluate the feasibility of measuring synaptic density with PET imag-
ing of  [11C]UCB-J in adults with DS. As previous studies of the DS brain have shown smaller hippocampus, 
cerebellum, and cerebral cortex volumes, these regions were chosen to examine synaptic density differences in 
this feasibility study. Along with characterizing synaptic density in the DS brain, there is a need for studies to 
identify differences in synaptic density between NT and DS populations such that the neurodegenerative effects 
of AD and potential regenerative effects of therapeutic treatments may be accurately measured in DS individuals.

Results
Participant enrollment and data acquisition
All four (100%) of the participants with DS were male, ranging in age from 27 to 51 years (M = 36.2 ± 9.2 years 
old). The average age-based IQ (Stanford Binet score) was 47.3 (range: 47-50) with an age equivalent of 4.16 years 
(range: < 2–6.2 years). To understand how sex might affect inference, an exploratory analysis was performed 
assessing the relationship between sex and  [11C]UCB-J  SUVR50–60 in the NT (n = 37, 78.4% female, 65.3 ± 5.2 
years old) group. No such relationship was found, consistent with earlier  studies45,46 [see Supplemental Materi-
als 1].

Significant motion during one of the DS  [11C]UCB-J scans required the use of a 10-minute scan interval 
(50–60 min post-injection) for the SUVR calculation. The relationship between  SUVR50-60 and distribution vol-
ume ratio  (DVRLGA) was evaluated in the neurotypical group for validation of  SUVR50-60 as a suitable estimate of 
 [11C]UCB-J specific binding. A strong correlation was found between  DVRLGA and  SUVR50-60 in the hippocampus 
(r = 0.65, p < 0.001), the cerebellum (r = 0.55, p < 0.001) and the cortex (r = 0.69, p < 0.001). To test for linear-
ity, regression analysis was performed between  SUVR50-60 and  DVRLGA. The linear model (slope = 0.93, 95% CI 
[0.86, 1.00]; intercept = 0.51, 95% CI [0.30, 0.73]) fit the data well (hippocampus:  R2 = 0.29; cerebellum:  R2 = 
0.30; cerebral cortex:  R2 = 0.48; with all regions demonstrating significant relationships (p < 0.001)) [Fig. 1]. To 
check for heteroscedasticity, the model residuals were plotted against the fitted values. Heteroscedasticity was 
not observed and the linear relationship holds for all DVR values equally. The strong correlation and linearity 
of  DVRLGA and  SUVR50-60 indicate that  SUVR50-60 is a reasonable proxy for  DVRLGA in the neurotypical group.

Global and regional synaptic density differences between DS and NT groups
The average DS hippocampus and cerebral cortex  SUVR50–60 were lower than the NT group, with these differ-
ences showing a large effect size (Cohen’s d = 1.17, 1.25). This was still present in the hippocampus after PVC 
(d = 1.09) but not the cerebral cortex (d = − 0.29). There was no notable difference in cerebellum  SUVR50–60 
between groups [Table 1, Fig. 2].

Global and regional brain volume differences between DS and NT groups
Regional brain volumes were corrected  (volcorr) for intracranial volume (ICV), which showed no difference 
between groups (DS ICV = 1406.66 mL, 95% CI [1297.07, 1516.25]; NT ICV = 1408.29 mL, 95% CI [1361.62, 
1454.96]).

The average DS hippocampus and cerebellum volumes were lower than the NT group, with these differences 
showing a large effect (d = 1.62, 3.17). There was not a distinguishable difference in cerebral cortex volume 
between groups, and group averages were nearly identical [Table 2, Fig. 3].

Discussion
Our group has been actively involved in large scale PET imaging studies in the DS adult population to measure 
amyloid and tau burden related to AD in the  brain47–49, highlighting the importance of obtaining AD-related 
neuroimaging biomarkers in individuals with DS and motivating their inclusion in investigations for understand-
ing co-occurring illnesses across their lifespan (https:// www. nia. nih. gov/ resea rch/ abc- ds). These neuroimaging 
measures provide valuable information on the trajectory of AD neuropathologies which have been implicated in 
a cascade of events resulting in reduced synaptic density (via neurodegeneration). Concerns with experimental 
protocol compliance encountered by DS individuals with limited cognitive abilities have led to their exclusion 
from research studies and therapeutic trials, potentially diminishing their ability to benefit from advances in 
treatments and scientific findings. For PET radiotracer binding to serve as a reliable measure in the DS popula-
tion, an imaging protocol must be feasible for all individuals and allow for the accurate calculation of radiotracer 
specific binding. The binding characteristics of the PET radiotracer  [11C]UCB-J to SV2A have been carefully 
studied and used to validate its specific binding as an index of synaptic  density34. The feasibility of evaluating syn-
aptic density using  [11C]UCB-J in DS adults with limited baseline cognitive abilities was evaluated in this study.

Due to motion during one of the DS PET scans, usable  [11C]UCB-J emission data was limited to 2 frames, 
50–60 minutes following radiotracer injection. Previously, only 30-minute windows were  validated50,51 as suf-
ficient for calculating synaptic density. When the NT cohort was used to examine the relationship between 
 SUVR50-60 and DVR (0–70 min) a strong correlation with low variability was found. While the lengthier scanning 
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procedure will improve the accuracy of the derived PET outcome, in situations where usable data is severely 
limited (e.g. due to motion) we see that a reliable metric of  [11C]UCB-J specific binding may still be determined. 
In this feasibility study, biological sex was not matched across the DS and NT groups. However, this was not a 
concern as  [11C]UCB-J binding has been studied in a large human cohort with findings suggesting sex-based 
differences in synaptic density are not seen in cortical nor subcortical  regions45,46. While the DS group is thirty 

Figure 1.  SUVR50-60 vs  DVRLGA in the hippocampus, cerebellum, and cerebral cortex of the neurotypical 
participants. A comparison of two measures of  [11C]UCB-J specific binding, the distribution volume ratio 
 (DVRLGA) and standardized uptake value ratio  (SUVR50-60) in the hippocampus, cerebellum, and cerebral cortex 
of n = 37 neurotypical participants. Linear regression curves in red with corresponding 95% confidence interval 
in grey.

Table 1.  UCB-J ROI SUVR means, confidence intervals, and effect sizes. CI confidence interval, LL lower 
limit, UL upper limit.

Region

DS NT

Cohen’s dM

95% CI

M

95% CI

LL UL LL UL

Hippocampus 2.77 2.11 3.43 3.29 3.14 3.44 1.17

Cerebellum 3.73 2.20 5.26 3.70 3.54 3.86 − 0.05

Cerebral cortex 2.72 2.16 3.27 3.28 3.13 3.44 1.25
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years younger than the NT group, based upon literature findings we do not expect a relationship between  [11C]
UCB-J binding and  age45,46.

Following the imaging and kinetic analysis of  [11C]UCB-J, the difference in  SUVR50–60 between groups showed 
a large effect with average synaptic density in the hippocampus and the cerebral cortex in the DS group being 
lower than in the NT group. Following analysis of participant T1w-MRIs, previously reported findings of smaller 
 hippocampus14,52 and  cerebellum10,13, 15–17,53 volumes in the DS individuals relative to their NT peers were also 
seen here, but not the reductions in cerebral cortex  volumes10–12,17,54. Due to the small number of DS partici-
pants used for these analyses, it will be important to see if these initial findings are replicated in larger samples. 
Additional data will also be needed to examine the relationship between synaptic density and the presence of 
AD-related neuropathology. As one of the DS participants is 51 years old, we cannot state that these results are 
not influenced by AD-related neuropathology due to amyloid accumulation beginning in individuals in their 
 40s55. As such, the data here may reflect baseline the neurodegenerative effects of AD.

Although preliminary, these findings are important given that previous investigations analyzing synaptic 
density and synaptic proteins in DS are limited to fetal and ex-vivo analyses. Such studies within the DS popula-
tion have reported decreases in DS in synaptic  density56,57 and specific synaptic protein  expression27,58, along 
with no  change28, or increased protein  expression28,29. However, we hesitate to relate these as direct comparisons 
to the PET results due to differences in age of participants and methods of assay and sampling of brain tissue. 
Tissue-based assays of SV2A expression would provide valuable information to better understand the expres-
sion of  [11C]UCB-J in DS.

There is a vast knowledge gap in our understanding of synaptic function accompanying Down syndrome 
spanning development between fetal and post mortem investigations. These findings demonstrate that there are 
not profound disruptions in synaptic formation and/or pruning, and likely, that the manifestation of intellectual 
disability is not the result of insufficient synaptic formation. However, these findings do not rule out the pres-
ence of smaller and more subtle deficiencies in synaptic density in brain regions or circuits related to cognitive 

Figure 2.  Comparison of synaptic density  ([11C]UCB-J  SUVR50-60) in neurotypical (NT) and Down syndrome 
(DS) groups. Data points represent  [11C]UCB-J  SUVR50-60 for each participant. Error bars show 95% confidence 
intervals.

Table 2.  Normalized brain ROI volume means, confidence intervals, and effect sizes. CI confidence interval, 
LL lower limit, UL upper limit.

Region

DS NT

Cohen’s dM

95% CI

M

95% CI

LL UL LL UL

Hippocampus 0.49 0.39 0.58 0.57 0.55 0.59 1.62

Cerebellum 7.00 6.50 7.50 9.17 8.95 9.41 3.17

Cerebral cortex 30.72 27.23 34.22 29.28 28.67 29.89 − 0.74
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domains that are affected in individuals with Down syndrome. These initial findings will serve to guide future 
study designs exploring in vivo neuronal and synaptic function in this medically underserved population. Fur-
ther investigations with larger samples sizes will be critical not only confirm the findings of this pilot study but 
also to understand the relationship between neurodevelopment and neurodegeneration across the lifespan of 
individuals with DS.

Methods
Ethics approval and consent to participate
All procedures performed in studies involving human participants were in accordance with the ethical stand-
ards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later 
amendments or comparable ethical standards. Institutional Review Board (IRB) approval from the University 
of Wisconsin-Madison Health Sciences IRB and informed consent (and assent when appropriate) have been 
obtained from all study participants or their proxy/legally authorized representative (protocol: 2019-1464).

Study participants and design
Participants with DS were recruited from the Alzheimer Biomarkers Consortium—Down Syndrome (ABC-DS) 
 study59. This consortium was developed in part to identify factors contributing to AD-associated neurodegenera-
tion and their effects on cognition in genetically confirmed DS. The ABC-DS study targets a standing cohort of 
550 individuals with DS across 8 recruiting sites across the United States in addition to Cambridge University in 
the UK. For this neuroimaging pilot study, four participants with DS were recruited from a single site (University 
of Wisconsin-Madison) with the goal of demonstrating that DS individuals with limited cognitive ability (mental 
age ≤ 4 years or IQ < 30) could tolerate the PET and MRI scanning procedures. Prior to the scheduled study visit, 
participants and their caregivers were mailed a copy of the consent form (and assent form if applicable) and a 
copy of a video or DVD showing the MRI and PET scan procedures. Participants were asked to watch the video/
DVD to better prepare themselves for the upcoming study visit. In some cases, the decision was made to cancel 
the scheduled visit once the individual observes what the procedures involve. Of the ten participants who were 
recruited for this study, six did not perform MRI and PET scanning due to issues including MRI weight limit, 
MRI-altering metal implants, and sensory limitations (i.e. auditory). As previously described, participants were 
administered a 2.5-hour battery of cognitive tests that assessed their overall intellectual level, visuospatial ability, 
motor planning and control, and executive  functioning59 and completed an eye-tracking visual comparison  test60. 
Caregivers/study partners reported on their medical and psychiatric history and completed informant reports of 
their behavior and everyday functioning. According to medical records, none of the participants had a history 
of seizure disorder. Blood samples were taken for apolipoprotein (APOE) genotyping and cytogenetic analysis. 
Because the total enrollment was only four participants, we elected not to balance for sex.

Data from NT participants was obtained from an ongoing study investigating AD-related synaptic loss (SYN-
APSE) conducted at the University of Wisconsin-Madison affiliated with the Wisconsin Alzheimer’s Disease 
Research Center (ADRC) and the Wisconsin Research for Alzheimer’s Prevention (WRAP) cohorts that included 

Figure 3.  Comparison of brain region volume in neurotypical (NT) and Down syndrome (DS) groups. 
Normalized volume = 100* raw volume/intracranial volume. Data points represent normalized volumes for each 
participant with circles for DS and triangles for NT individuals. Error bars show 95% confidence intervals.
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 [11C]UCB-J PET imaging. Participants in the SYNAPSE study underwent comprehensive clinical and cognitive 
evaluation to determine cognitive status according to NINDS/ADRDA criteria, and status was confirmed by a 
multidisciplinary consensus diagnostic panel. PET imaging with  [11C]PiB and  [18F]MK-6240 was completed to 
quantify beta amyloid plaque and neurofibrillary tau tangle burden, respectively. Participants selected for the 
present analysis did not have any evidence of cognitive impairment, significant global amyloid and neurofibril-
lary tau burden, or atrophy.

Imaging procedures
[11C]UCB-J Radiochemistry Synthesis of  [11C]UCB-J was based on previously described  methods35,61,62 with 
modifications detailed here. To prepare the hydrolyzed precursor, a vial containing 1.8 ± 0.2 mg trifluoroborate 
precursor, 400 μL MeOH, and 200 μL 1 N HCl is stirred at 55° C for 15 minutes and then dried under argon.  [11C]
MeI (400–800 mCi at end of bombardment) is bubbled into a chilled 5 mL v-vial containing 222 μL DMF, 0.9 ± 
0.2 mg  Pd2(dba)3, 0.8 ± 0.2 mg P(o-tol)3, and 28 μL 0.215M  K2CO3. The hydrolyzed precursor in 200 μL DMF is 
added to the reaction vessel and the solution stirred at 130 °C for 5 minutes. After the reaction vial is cooled, 1.6 
mL 1 N HCl is added and the solution filtered prior to injection onto a semiprep HPLC system. The  [11C]UCB-J 
fraction is collected and diluted in 50 mL sterile water. The diluted fraction is trapped on a Waters Sep-Pak tC18 
cartridge which is rinsed with 10 mL 0.001 N HCl. The product is eluted with 1 mL EtOH and 10 mL saline with 
20 μL 8.4% sodium bicarbonate and passed through a sterile filter. The final formulated dose had a specific activity 
> 20 mCi/nmol with a radiochemical purity > 99%. PET Acquisition  [11C]UCB-J PET imaging was performed 
on a Siemens ECAT HR+ PET or a Siemens Biograph Horizon PET/CT scanner, with both scanners having 
comparable spatial resolution (~ 6 mm as acquired). Participants received an intravenous injection of 14.4 ± 2.5 
mCi  [11C]UCB-J. NT participants were scanned for 70 minutes initiated with injection for distribution value ratio 
calculation. Originally as part of the study design the DS participants were to complete a 60-minute acquisition 
for the calculation of the distribution volume ratio. The first DS participant was scanned using a full dynamic 
acquisition. However, an abbreviated acquisition was implemented for subsequent participants to minimize the 
scanning duration. The abbreviated scan included a 40- or 50-minute uptake period before being positioned in 
the PET scanner for a 30 min. acquisition. While this scan start time is different than the 60–90 minute window 
characterized by Naganawa et al. (2021), an earlier start time was chosen to ensure an overlap in acquisition times 
between all scans. MRI Acquisition Structural T1-weighted (MPRAGE) MRI scans were obtained using 3T GE 
Signa 750 MRI scanner to guide processing of PET scans and region of interest (ROI) identification.

Data analysis
PET data was reconstructed using filtered back-projection and corrected for photon attenuation, deadtime, 
normalization, scatter, and radioactive decay. Using automated methods, PET-MRI registration was performed 
with SPM12. The T1-weighted MRI scans were segmented and parcellated using the FreeSurfer software version 
 663. The FreeSurfer grey matter segmentation of the Desikan-Killiany atlas  regions64,65 was used to identify the 
hippocampus, cerebellum, and cerebral cortex ROIs and their volumes. The hippocampus was not originally 
included as a region of interest due to its small size and the small DS group size, but upon further research of 
previous studies there was increased motivation to include it as an ROI due to previously reported volume 
decreases.  [11C]UCB-J standardized uptake value ratio (SUVR) was used as an index of synaptic density with the 
centrum semiovale as the reference region. The centrum semiovale ROI was identified using MRI-guided manual 
parcellation. Previous studies have  validated50,51 an abbreviated 30-minute scan interval as sufficient for calculat-
ing synaptic density as the SUVR approximation correlated well with the more quantitatively accurate index of 
distribution volume ratio (DVR), calculated using the full 70-minute PET data acquisition. For this study, usable 
PET emission data was restricted to 10 minutes (50–60 minutes post-injection) due to motion during one of the 
participant’s scans. To determine whether synaptic density could be accurately calculated despite the reduced 
scanning duration, an analysis was performed in the NT group to characterize the relationship between the 
10-minute  SUVR50-60 and the DVR outcome. Bilateral ROI SUVR and volume measures were calculated using 
the voxel-weighted averages from the individual cortical and subcortical regions.

Statistical methods
All analyses were performed using R Statistical Software (v4.3.0; R Core Team 2023). Pearson’s correlation and the 
coefficient of determination were used to evaluate the use of SUVR as a proxy measure for DVR. As this study is 
underpowered to draw conclusions on differences in ROI UCB-J SUVR and volume between DS and NT popu-
lation, results are restricted to descriptions of averages, confidence intervals, and effect sizes (Cohen’s d). Effect 
sizes were also evaluated following partial volume correction (PVC) using a region-based voxelwise method.

Data availability
Imaging data used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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