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eMethods. Supplemental Methods 

IN VIVO AMYLOID IMAGING  

A subset (n=61) of the AD and control cohorts underwent amyloid imaging via positron emission tomography (PET) utilizing Pittsburgh Compound-B 
(PET-PIB) within 1.1 years of their LP (median interval, 2.7 months) as described1, 2. Imaging was conducted via a commercial scanner (961 HR ECAT PET 
scanner or 962 HR+ ECAT PET scanner; Siemens Corporation, New York) as described1. The binding potential values from the prefrontal cortex, gyrus rectus, 
lateral temporal, and precuneus regions of interest were averaged to calculate a mean cortical binding potential (MCBP) value based on brain regions known to 
have a high PIB uptake among participants with AD1. The MCBP was dichotomized at 0.18 to allow comparison of the number of individuals with (PIB-
positive) and those without (PIB-negative) substantial brain amyloid burden between the AD and control groups2. 

 

REGIONAL AND WHOLE BRAIN VOLUMETRY  

Structural MRI was performed using a Siemens Trio 3.0T scanner (n=44) or Vision 1.5T scanner (n=43) (Siemens, Erlangen, Germany). One to four T1-
weighted sagittal magnetization prepared rapid gradient-echo scans were acquired in one scanning session in each participant.  Image processing steps were 
performed as described3, 4. Whole-brain volume was obtained using commercially available FSL software5, 6, with segmentation classifying each voxel of the MR 
image as CSF, gray matter, or white matter. Normalized whole-brain volumes (nWBVs) were computed as the proportion of all voxels occupied by gray and 
white matter (equivalent to 100 - %CSF) voxels, yielding a unit that represents the proportion of estimated total intracranial volume (ICV). Regional volume 
estimates were obtained via the Freesurfer 5.0 image analysis suite, which implements an automated probabilistic labeling procedure7, 8. Regions of interest 
(ROIs) included the hippocampus, entorhinal cortex, parahippocampal gyrus, fusiform gyrus, posterior cingulate, and precuneus. The pericalcarine cortex was 
included as a control region since it is rarely affected in the early stages of AD9. Estimated ICV was used to adjust ROIs for head size variation based on a 
covariance approach as described10. To reduce the number of comparisons, the ROI volumes were summed and thicknesses were averaged across hemispheres.  
There is evidence of reliability of Freesurfer-derived quantitative estimates from previous studies, but variation in field strength may introduce slight bias 11, 12. 
However, to avoid any potential biases related to across-scanner and field strength aggregation, scanner (imaging system) type was entered as a covariate in all 
analyses.  
 

STATISTICAL ANALYSES 
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Mixed linear models (PROC MIXED; SAS v 9.2 Institute Inc.) that specify a random subject-specific intercept and a random subject-specific slope assessed 
the ability of baseline CSF biomarkers to predict annual change in whole brain or regional volume/thickness measures over time. These models allow for 
heterogeneity among subjects in baseline values and rates of change, and account for correlations among repeated measures in the same participant. Analyses 
were adjusted for age, gender, scanner type, and APOE ε4 genotype13, 14. Mixed linear models (PROC MIXED; SAS v 9.2 Institute Inc.) included time (years) 
since baseline assessment, baseline levels of each biomarker, biomarker x time interaction, age, gender, scanner type, and APOE ε4 genotype.  

First, we examined whether baseline CSF biomarkers, as continuous measures, predicted rates of whole brain or regional atrophy over the follow-up period. 
Baseline CSF biomarker measures were standardized to z scores prior to analyses. Estimated effects of CSF biomarkers on annual change in volume/thickness 
measures are reported as β estimates. Analyses were then repeated for CSF biomarkers as categorical variables (dichotomized at the 33rd or 66th percentile 
value) to compare rates of brain atrophy between individuals in the upper tercile vs those in the lower two terciles for each CSF biomarker measure (or the lower 
tercile vs the upper two terciles for Aβ42).  

The 33rd and 66th percentiles were chosen as cut-off values (dividing the cohort into lower, middle, and upper terciles as a function of CSF biomarker 
measures) for illustrative purposes since these cut-off values demonstrated the differences and gradation in the rates of brain atrophy between individuals in the 
three tercile groups, while maintaining an adequate number of individuals in each of the groups for statistically meaningful comparisons.  
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eTable 1. Adjusted Annual Change in Normalized Whole Brain and Regional Volume/Thickness 
Measures in AD and Controls 

Average Adjusted Change Per Yeara

MRI Measure Controls (n=64) AD (n=23) 

nWBV, points/year ± SE -0.003 ± 0.001 -0.007 ± 0.001  

Hippocampal Volume, mm3/year ± SE -100 ± 25 -271 ± 42 

Entorhinal Thickness, mm/year ± SE -0.046 ± 0.02 -0.140 ± 0.03  

Parahippocampal Thickness, mm/year ± SE -0.009 ± 0.01 -0.094 ± 0.03 

Fusiform Thickness, mm/year ± SE -0.009 ± 0.01 -0.088 ± 0.03  

Posterior Cingulate Thickness, mm/year ± SE -0.006 ± 0.01 -0.059 ± 0.03  

Precuneus Thickness, mm/year ± SE -0.004 ± 0.01 -0.017 ± 0.02  

Pericalcarine Thickness, mm/year ± SE -0.006 ± 0.003 -0.014 ± 0.007  

Average Adjusted Change Per Year as Percentage of Baseline  
nWBV  -0.4%   -0.9% 

Hippocampal Volume  -1.3%   -4.3% 

Entorhinal Thickness  -1.3%   -4.3% 

Parahippocampal Thickness -0.3%   -3.8% 

Fusiform Thickness -0.3%   -3.6% 
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a Values represent average estimated rates of change in MRI volume/thickness measures per year in the AD and control cohorts over the follow-up period (adjusting 
for age, gender, scanner type, and APOE ε4 genotype).  

Posterior Cingulate Thickness -0.2%   -2.5% 

Precuneus Thickness -0.2%   -0.8 %  

Pericalcarine Thickness -0.4%   -0.9% 
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eTable 2. Rates of Change in Parahippocampal, Fusiform, Cingulate, and Precuneus Cortical Thickness 
Measures as a Function of CSF Biomarker Measures in ADa 

Rates of Change in Parahippocampal Thickness (mm/year) 
CSF biomarker b  Lower two terciles Upper tercile p valuec 
VILIP-1 -0.043 ± 0.03 -0.205 ± 0.05 0.007* 

tau  -0.051 ± 0.04 -0.184 ± 0.05 0.04* 

p-tau181 -0.050 ± 0.04 -0.185 ± 0.05 0.04* 

 Upper two terciles Lower tercile  p valuec 
Aβ42 -0.098 ± 0.04 -0.080 ± 0.06 0.80 
Rates of Change in Fusiform Thickness (mm/year) 
CSF biomarker b  Lower two terciles Upper tercile  p valuec  
VILIP-1 -0.045 ± 0.03 -0.165 ± 0.05 0.04* 

tau  -0.046 ± 0.04 -0.175 ± 0.05 0.04* 

p-tau181 -0.030 ± 0.04 -0.198 ± 0.05 0.006* 

 Upper two terciles Lower tercile  p valuec 
Aβ42 -0.098 ± 0.04 -0.060 ± 0.06 0.60 

Rates of Change in Posterior Cingulate Thickness (mm/year) 
CSF biomarker b  Lower two terciles Upper tercile p valuec  
VILIP-1 -0.023 ± 0.03 -0.126 ± 0.04 0.04* 

tau  -0.024 ± 0.03 -0.134 ± 0.04 0.03* 

p-tau181 -0.008 ± 0.03 -0.155 ± 0.04 0.001* 

 Upper two terciles Lower tercile  p valuec 
Aβ42 -0.075 ± 0.03 -0.014 ± 0.05 0.30 
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Abbreviations: Aβ42 = amyloid-beta 1-42; AD = Alzheimer disease; nWBV = normalized whole brain volume; p-tau181 = tau phosphorylated at 
threonine 181; VILIP-1 = Visinin-like protein-1. 

a Mixed linear models were used to estimate rates of change in cortical thickness measures of the parahippocampal, fusiform, posterior cingulate, and 
precuneus regions in AD (CDR 0.5) over time as a function of CSF biomarker measures (adjusting for age, gender, scanner type, and APOE ε4 
genotype).  In these analyses, CSF biomarkers were examined as categorical variables (dichotomized at the 33rd or 66th percentile) to compare rates 
of brain atrophy between individuals in the upper tercile vs those in the lower two terciles for CSF biomarker measures (or the lower tercile vs the 
upper two terciles for Aβ42).  
 
 
b The 66th percentile cutoff values in the AD cohort were 595pg/ml, 550pg/ml, and 92pg/ml for VILIP-1, tau, and p-tau181, respectively. CSF Aβ42 
values were dichotomized at the 33rd percentile value 320pg/ml.  

 
c p values reflect whether CSF biomarker measures (dichotomized at the 33rd or 66th percentile value) significantly predict rates of brain atrophy in AD 
(adjusting for age, gender, scanner type, and APOE ε4 genotype). *p value <0.05. 

 
 
 
 
 
 
 

Rates of Change in Precuneus Thickness (mm/year) 
CSF biomarker b Lower two terciles Upper tercile p valuec  
VILIP-1  -0.001 ± 0.02 -0.081 ± 0.04 0.09 

tau    0.006 ± 0.02 -0.088 ± 0.04 0.02* 

p-tau181   0.008 ± 0.02 -0.088 ± 0.03 0.02* 

 Upper two terciles Lower tercile  p valuec 
Aβ42 -0.026 ± 0.02 0.009 ± 0.04 0.47 
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eTable 3. CSF Biomarker Measures as Predictors of Annual Change in Normalized Whole Brain and Regional 
Volume/Thickness Measures in Controls 

 

*p value 
<0.05 

Abbreviation
s: Aβ42 = 
amyloid-
beta 1-42; 
Aβ40 = 
amyloid-
beta 1-40; 
AD = 
Alzheimer 
disease; 
nWBV = 
normalized 
whole brain 
volume; p-
tau181 = tau 
phosphoryla
ted at 
threonine 
181; VILIP-1 
= Visinin-like 
protein-1. 

In 
these 
analy
ses, 

CSF biomarker measures were standardized to z scores and examined as continuous variables. The given β estimate for a CSF biomarker measure reflects the 
difference in annual change in a volume/thickness measure per standardized biomarker unit. Analyses were adjusted for age, gender, scanner type, and APOE ε4 
genotype. CSF Aβ40 levels were used as a control. 

Cortical 
volume/thickness  

 nWBV Hippocampal  
Volume  

Entorhinal  
Thickness   

Parahippocampal  
Thickness  

CSF Biomarker  p value β estimate p value β estimate p value β estimate p value β estimate 

VILIP-1  0.03*  -0.0015  0.09  -63.0   0.06 -0.037  0.05   -0.020 

tau  0.04* -0.0013  0.21 -55.5  0.17 -0.021 0.09  -0.016 

p-tau181 0.13 -0.0010  0.26 -49.9  0.20 -0.019 0.06  -0.016 

Aβ42 0.91  0.0001  0.94  12.9  0.79 -0.004 0.98  -0.0002 

Aβ40 0.81 -0.0003  0.96  12.1  0.57 -0.008 0.53  -0.009 

Cortical 
volume/thickness 

Fusiform 
Thickness  

Posterior Cingulate  
Thickness  

Precuneus  
Thickness   

Pericalcarine 
Thickness 

CSF Biomarker  p value β estimate   p value β estimate   p value β estimate  p value β estimate 

VILIP-1 0.06 -0.016  0.13  -0.008  0.19  -0.009  0.39  -0.003 

tau  0.07 -0.013  0.60 -0.003 0.80 -0.002 0.60 -0.002 

p-tau181 0.07 -0.013  0.51 -0.003 0.83 -0.001 0.39 -0.003 

Aβ42 0.49 -0.005  0.86  0.001 0.13 -0.009 0.46 -0.002 

Aβ40 0.52 -0.004  0.98  0.0001 0.23 -0.007 0.64 -0.002 
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eTable 4. Rates of Change in Parahippocampal, Fusiform, Cingulate, and Precuneus Cortical Thickness Measures as a 
Function of CSF Biomarker Measures in Controlsa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rates of Change in Parahippocampal Thickness (mm/year)

CSF biomarkerb  Lower two terciles Upper tercile p valuec

VILIP-1  0.004 ± 0.01 -0.035 ± 0.02 0.04* 
tau   0.004 ± 0.01 -0.041± 0.02 0.03* 
p-tau181  0.001 ± 0.01  -0.041± 0.02 0.05 
 Upper two terciles Lower tercile p valuec 
Aβ42 -0.010 ± 0.01 -0.007± 0.02 0.87 

Rates of Change in Fusiform Thickness (mm/year)
CSF biomarkerb  Lower two terciles Upper tercile p valuec

VILIP-1  0.001 ± 0.01 -0.029 ± 0.01 0.04* 
tau   0.007 ± 0.01 -0.046 ± 0.02 0.01* 
p-tau181  0.005 ± 0.01 -0.048 ± 0.02 0.02* 
 Upper two terciles Lower tercile p valuec 
Aβ42 -0.015 ± 0.01  0.001 ± 0.01 0.29 
Rates of Change in Posterior Cingulate Thickness (mm/year)
CSF biomarkerb  Lower two terciles Upper tercile p valuec

VILIP-1 -0.002 ± 0.01 -0.013 ± 0.01 0.28 
tau  -0.002 ± 0.01 -0.016 ± 0.01 0.22 
p-tau181 -0.003 ± 0.01 -0.014 ± 0.01 0.37 
 Upper two terciles Lower tercile p valuec 
Aβ42 -0.007 ± 0.01 -0.003 ± 0.01 0.69 
Rates of Change in Precuneus Thickness (mm/year) 
CSF biomarkerb   Lower two terciles Upper tercile p valuec

VILIP-1 0.003 ± 0.01 -0.017 ± 0.01 0.18 
tau  0.002 ± 0.01 -0.018 ± 0.01 0.19 
p-tau181 0.003 ± 0.01 -0.023 ± 0.02 0.11 
 Upper two terciles Lower tercile p valuec 
Aβ42 -0.012 ± 0.01  0.009 ± 0.01 0.15 
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Abbreviations: Aβ42 = amyloid-beta 1-42; AD = Alzheimer disease; nWBV = normalized whole brain volume; p-tau181 = tau phosphorylated at 
threonine 181; VILIP-1 = Visinin-like protein-1. 

a Mixed linear models were used to estimate rates of change in cortical thickness measures  of the parahippocampal, fusiform, cingulate, and 
precuneus cortical regions in cognitively normal controls (CDR 0) over time as a function of CSF biomarker measures (adjusting for age, gender, 
scanner type, and APOE ε4 genotype).  In these analyses, CSF biomarkers were examined as categorical variables (dichotomized at the 33rd or 66th 
percentile) to compare rates of brain atrophy between individuals in the upper tercile vs those in the lower two terciles for CSF biomarker measures 
(or the lower tercile vs the upper two terciles for Aβ42).  
 
b The 66th percentile cutoff values in the control cohort were 427pg/ml, 293pg/ml, and 57pg/ml for VILIP-1, tau, and p-tau181, respectively. CSF 
Aβ42 values were dichotomized at the 33rd percentile value 502pg/ml.  
 
c p values reflect whether CSF biomarker measures (dichotomized at the 33rd or 66th percentile value) significantly predict rates of brain atrophy in 
cognitively normal controls (adjusting for age, gender, scanner type, and APOE ε4 genotype). *p value <0.05. 
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eFigure. Rates of Change in Whole Brain Volume, Hippocampal Volume, Entorhinal, and 
Parahippocampal Cortical Thickness Measures as a Function of CSF VILIP-1 Terciles in 
Controls 
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Mixed linear models were used to estimate rates of change in nWBV (A), hippocampal volume (B), entorhinal (C) and parahippocampal 

(D) cortical thickness measures in controls over time as a function of CSF VILIP-1 levels. The estimated slope and intercept for each of 

the three CSF VILIP-1 terciles are plotted, adjusting for age, gender, scanner type, and APOE ε4 genotype.   Adjusted rates of brain 

atrophy in cognitively normal individuals whose CSF VILIP-1 levels were in the upper, middle, and lower terciles were -0.005 , -0.001, -

0.002 points/year (respectively) for nWBV (A), -200, -38, and -61 mm3/year (respectively) for hippocampal volumes (B), -0.10, -0.003, 

and -0.03 mm/year (respectively) for entorhinal cortical thickness (C), and -0.04, -0.01, and 0.01 mm/year (respectively) for 

parahippocampal cortical thickness (D). LP = lumbar puncture. 


