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Supplemental Materials: 

eMethods: Screening diagnostic evaluation  

Clinical Assessments included an electrocardiogram (ECG), physical examination, screening 

laboratory studies, including chemistry profile, complete blood count (CBC), thyroid function 

studies, B12, and urinalysis, as well as Mini Mental Status Examination (MMSE)1, Clinical 

Dementia Rating Scale (CDR)2, Logical Memory II (LMII)3, and the Geriatric Depression 

Scale4. Participants with AD dementia were required to meet diagnostic criteria for probable 

dementia due to AD according to the NIA-Alzheimer’s Association5 and have a CDR of 0.5-1.0 

and MMSE score of 16-26, inclusive. Participants with MCI were required to meet research 

diagnostic criteria for amnestic MCI6 and have a CDR of 0.5 and MMSE score of 24-30. Both 

AD dementia and MCI participants were required to have impaired episodic memory as 

evidenced by a LMII score of 1.5 standard deviations (SD) below an education-adjusted norm. 

Cognitively normal subjects were required to have a CDR of 0, a MMSE score >26, and a 

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

administered to generate an episodic memory score.  

PET Regions of interest (ROIs)  

PET images were aligned to each participant’s MR image via a rigid registration and the individual MR 

image was normalized to Montreal Neurological Institute space, using a nonlinear registration (BioImage 

Suite 2.5), to extract ROIs from the automated anatomic labeling (AAL) template7,8. Multiple ROIs were 

taken from the AAL template: caudate nucleus, cerebellum, anterior cingulate gyrus, posterior cingulate 

gyrus, frontal cortex, hippocampus, occipital cortex, parietal cortex, pulvinar, putamen, temporal cortex, 

thalamus, and the eroded centrum semiovale. The additional region of entorhinal cortex was included 

from MRI scans using FreeSurfer Software Suite (MGH, Boston, MA).  
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The ROI for the centrum semiovale (white matter), to be used as a reference region, was based on the 

AAL region but was eroded by two voxels to minimize partial volume effects. The time-activity curve for 

the centrum semiovale was obtained by applying the eroded template ROI to PET space, and was 

subsequently smoothed to reduce estimation error in SRTM2 parametric imaging (see below).  

 

Simplified Reference Tissue Model-2 (SRTM2) Analysis 

SRTM2 can be used to estimate BPND. This analysis requires a global 𝑘2′  value (clearance rate 

constant, k2, of the reference region), which was computed as follows: The parameter 𝑘2′  was 

fixed to a set of values which ranged from 0.010 to 0.080 min-1 with increment of 0.005. The 

total sum of squares from SRTM curve fitting of all brain voxels using each 𝑘2′  value was 

determined, and a quadratic curve was fitted to these sum of squares values. The k2’ value which 

provided the minimum sum of squares was chosen as the global 𝑘2′  value.  

 

Statistical Parametric Mapping (SPM) Analysis 

For voxel-wise analysis, T1 weighted images were spatially normalized by SPM12 (using SPM 

standard normalization in 1.5mm isotropic voxel size) and PET images were warped together 

with MRI. Warped PET images were smoothed by an 8-mm isotropic Gaussian kernel and 

masked to avoid the voxels in white matter or with low VT values. Then, we performed voxel-

wise 2-sample t-tests between AD and CN participants. The voxels were statistically thresholded 

at p < .05, with the threshold for cluster sizes >1000 voxels. 

 

Region-based MRI Volumetric Analyses 

Cortical reconstruction and volumetric segmentation were performed using FreeSurfer [version 

6.0, http://surfer.nmr.mhg.harvard.edu/] (Fischl B Neuroimage 2012)9. Gray matter volume was 
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normalized using estimated total intracranial volume (Buckner RL, et al. Neuroimage 2004)10. 

Regions analyzed included hippocampus, caudate nucleus, cerebellum, anterior cingulate gyrus, 

posterior cingulate gyrus, entorhinal cortex, frontal cortex, occipital cortex, parietal cortex, 

putamen, temporal cortex, and thalamus. 

 

Linear Mixed Model Statistical Analysis 

A linear mixed model was also used to explore 11C-UCB-J binding in multiple regions (within-

subject factor) between the CN and AD groups. The best-fitting variance-covariance structure 

was determined by the Bayesian information criterion. The appropriateness of model selection 

was further confirmed by residual analysis. Post hoc comparisons between groups for each 

region were performed with two-tailed, unpaired student’s t-tests that were not corrected for 

multiple comparisons. 
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eTable 1. K1 from SV2A PET in brain regions of interest 

 
K1 (mL/cm3 per min) 

  CN (n=8) AD (n=9)   
Primary Region Mean (SD) Mean (SD) P  
Hippocampus 0.21 (0.04) 0.17 (0.04) .04 
      
Exploratory Regions Mean (SD) Mean (SD) P  
Caudate nucleus 0.23 (0.07) 0.21 (0.06) .60 
Cerebellum 0.30 (0.04) 0.30 (0.04) .81 
Cingulate gyrus, ant. 0.29 (0.04) 0.29 (0.05) .96 
Cingulate gyrus, post. 0.31 (0.05) 0.26 (0.06) .08 
Entorhinal cortex 0.20 (0.02) 0.17 (0.03) .03 
Frontal cortex 0.34 (0.04) 0.33 (0.05) .56 
Occipital cortex 0.34 (0.03) 0.32 (0.06) .67 
Parietal cortex 0.34 (0.03) 0.31 (0.06) .28 
Pulvinar nucleus  0.30 (0.05) 0.26 (0.06) .19 
Putamen 0.36 (0.05) 0.37 (0.05) .83 
Temporal cortex 0.30 (0.03) 0.27 (0.05) .17 
Thalamus 0.34 (0.05) 0.31 (0.06) .30 
      
Reference region Mean (SD) Mean (SD) P  
Centrum semiovale 0.14 (0.02) 0.13 (0.02) .43 
Data are mean (SD). K1=delivery rate constant of 11C-UCB-J (indicative of cerebral blood flow) 
in brain regions of interest. CN=cognitively normal. AD=Alzheimer’s disease. P-values are for 
two-tailed, unpaired student’s t-tests. For exploratory regions, these represented post hoc 
comparisons (uncorrected for multiplicity) from a linear mixed model analysis of PET measures 
in multiple regions (within-subject factor) between CN and AD diagnostic groups [diagnostic 
group*region interaction (F(11,187)=2.079, p = .024)]. 

  

© 2018 American Medical Association. All rights reserved. 



eTable 2: SV2A PET measures with partial volume correction in brain regions of interest  

 
VT (mL/cm

3
)                          BPND 

  CN (n=8) AD (n=9)   CN (n=8)         AD (n=9)   
Primary Region Mean (SD) Mean (SD) P  Mean (SD) Mean (SD) P  
Hippocampus 18.43 (2.81) 15.52 (2.97) .06 2.81 (0.34) 2.26 (0.66) .05 
           
Exploratory Regions Mean (SD) Mean (SD) P  Mean (SD) Mean (SD) P  
Caudate nucleus 24.18 (4.73) 23.28 (3.75) .67 3.98 (0.52) 3.86 (0.65) .69 
Cerebellum 19.32 (2.52) 20.20 (3.08) .53 3.00 (0.31) 3.23 (0.60) .34 
Cingulate gyrus, ant. 30.32 (4.08) 31.16 (4.81) .70 5.26 (0.41) 5.51 (0.81) .45 
Cingulate gyrus, post. 26.77 (2.06) 27.20 (4.38) .80 4.58 (0.69) 4.67 (0.78) .81 
Entorhinal cortex 22.66 (4.22) 21.18 (4.28) .48 3.67 (0.54) 3.44 (0.89) .54 
Frontal cortex 32.90 (4.85) 33.84 (5.72) .72 5.79 (0.52) 6.05 (0.82) .46 
Occipital cortex  32.05  (4.02) 32.44 (5.49) .87 5.63 (0.43) 5.80 (1.13) .70 
Parietal cortex 34.23 (3.63) 34.00 (5.50) .92 6.09 (0.33) 6.14 (1.21) .91 
Pulvinar nucleus  23.85 (3.76) 21.31 (3.37) .16 3.92 (0.45) 3.47 (0.74) .15 
Putamen 32.84 (4.43) 33.92 (4.89) .64 5.79 (0.55) 6.07 (0.71) .38 
Temporal cortex 31.59 (4.49) 31.03 (4.61) .80 5.53 (0.50) 5.50 (0.94) .94 
Thalamus 22.43 (3.75) 20.63 (3.56) .33 3.63 (0.46) 3.32 (0.74) .33 

Data are mean (SD). VT=volume of distribution (total brain uptake), and BPND=binding potential (specific binding) of 11C-UCB-J with 
partial volume correction in brain regions of interest. CN=cognitively normal. AD=Alzheimer’s disease. P-values are for two-tailed, 
unpaired student’s t-tests. For exploratory regions, these represented post hoc comparisons (uncorrected for multiplicity) from a linear 
mixed model analysis of PET measures in multiple regions (within-subject factor) between CN and AD diagnostic groups [diagnostic 
group*region interaction for VT (F(11,187) = 1.907, P = .041) and BPND (F(11,187) = 1.775, P = .061)].  
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eTable 3: FreeSurfer MRI volume measures in brain regions of interest  

 
           Gray matter volume (cm3 )  

     CN(n=8)      AD (n=9)    
Primary Region Mean (SD) Mean (SD) P  % Diff 
Hippocampus 7.4 (1.0) 6.0 (0.9) .003 -22.0% 
       
Exploratory Regions Mean (SD) Mean (SD) P  % Diff 
Caudate nucleus 6.3 (0.6) 6.6 (0.9) .48 +5.4% 
Cerebellum 103.9 (11.8) 101.3 (11.8) .62 -6.9% 
Cingulate gyrus, ant. 3.4 (0.4) 3.2 (0.6) .41 -8.2% 
Cingulate gyrus, post. 9.7 (0.8) 8.5 (0.9) .01 -12.1% 
Entorhinal cortex 2.9 (0.6) 2.3 (0.4) .01 -25.4% 
Frontal cortex 92.4 (8.5) 90.1 (6.2) .50 -5.8% 
Occipital cortex 20.7 (2.1) 19.1 (1.9) .09 -9.8% 
Parietal cortex 40.4 (3.4) 38.7 (3.7) .27 -6.0% 
Putamen 8.6 (1.7) 8.6 (1.1) .99 -5.3% 
Temporal cortex 53.9 (7.5) 48.1 (6.2) .07 -14.3% 
Thalamus 12.5 (1.2) 12.1 (1.4) .44 -7.6% 
Regional volumes are presented as mean (standard deviation). Regional volumes have been normalized to estimated total intracranial 
volume for each participant. P values are for an unpaired t-test between CN and AD groups. CN=cognitively normal. 
AD=Alzheimer’s disease.  
% Diff (Difference) = (AD Mean – CN Mean)/ CN Mean x 100%. 
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eFigure 1. Correlation of hippocampal BPND from 1TC and SRTM2 

 

 

 

 

 

 

 

 

 

 

 

Supplemental eFigure 1. Correlation of hippocampal BPND derived from SRTM2 and 1TC. 

There was an excellent correlation in those participants (n=17) with arterial input function 

(R2=0.95). The values of BPND estimated from conventional 1TC model and SRTM2 were 

almost identical, with a slope of 0.97.  
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eFigure 2. Representative K1 parametric PET images 

 

Supplemental eFigure 2. Representative coronal and axial images of 11C-UCB-J parametric 

PET (K1) and MRI in CN (A), MCI (B,C), and AD dementia (D, E). The CN participant had a 

negative 11C-PiB scan and all AD had positive 11C-PiB scans. The pseudo-color in PET images 

represents the intensity of K1 from dynamic 11C-UCB-J PET with reference values on the color 

bar. There was overall decreased K1 indicating decreased blood flow in the hippocampus and 

temporoparietal cortex in MCI as compared to CN and one AD dementia participant (D). There 

was also significantly reduced K1 in the entire right temporal lobe of participant E as compared 
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to the contralateral temporal lobe, which was most consistent with atrophy seen in anatomical 

MRI. The degree and pattern of regional reduction in K1 parametric images in AD was different 

from that of the VT parametric images (Figure 1).  
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eFigure 3. Comparison of VT and BPND values derived from 1TC and SRTM2 in hippocampus. 
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Supplemental eFigure 3. Comparison of VT and BPND values derived from 1TC and SRTM2 in 

the hippocampus of AD/MCI and CN using ROI analysis, ROIs with gray matter masking 

(GMM), and ROIs with partial volume correction (PVC). Using ROI with GMM, the results 

demonstrated statistically significant reduction in VT (p=.022, Figure 3A) and BPND derived from 

1TC (p=.019, Figure 3B),) as well as BPND derived from SRTM2 (p=.011, Figure 3C) in the 

hippocampus of AD/MCI relative to CN. With PVC to fully compensate for brain atrophy, we 

demonstrated significant reduction of BPND from SRTM2 (p=.02) in the hippocampus of 

AD/MCI relative to CN (Figure 3C), although the statistical significance was reduced in 1TC-

derived VT (p=.056, Figure 3A) and BPND (p=.051, Figure 3B).  
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eFigure 4. Voxel-wise analysis of VT, BPND, and K1 using SPM; magnified coronal MRI images 

of thalamus 

A.  

 

B. 
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Supplemental eFigure 4. A. Voxel-wise analysis of VT, BPND, and K1 using SPM in AD/MCI 

(n=9) compared to CN (n=8). The blue-green color in the axial and coronal MRI images 

represents regional reduction in VT, BPND, and K1 of AD/MCI (in Z-score) relative to CN  (P<.05 

and cluster >2633, 3282, and 1356 voxels for VT, K1 and BPND, respectively). Statistically 

significant reductions in VT and BPND in the regions of hippocampus, 

parahippocampus/entorhinal cortex of AD/MCI were demonstrated in this analysis. B. Magnified 

coronal MRI images of thalamus at rostral-to-caudal (left-to-right) levels. The blue-green color 

overlying MRI images represents regional reductions in VT, BPND, and K1 of AD/MCI (in Z-

score) relative to CN. There are statistically significant reductions in VT and BPND in the pulvinar 

nucleus in addition to the hippocampus. The proximity of thalamus to the ventricle raises partial 

volume issues and thus will require a larger number of subjects to confirm the thalamic findings. 

The pulvinar nucleus receive inputs from association cortices and is a site of AD-like 

postmortem neuropathology. 
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