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Cerebrospinal Fluid Markers of Neurodegeneration
and Rates of Brain Atrophy in Early Alzheimer Disease
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IMPORTANCE Measures of neuronal loss are likely good surrogates for clinical and radiological
disease progression in Alzheimer disease (AD). Cerebrospinal fluid (CSF) markers of neuronal
injury or neurodegeneration may offer usefulness in predicting disease progression and
guiding outcome assessments and prognostic decisions in clinical trials of disease-modifying
therapies. Visinin-like protein 1 (VILIP-1) has demonstrated potential usefulness as a marker of
neuronal injury in AD.

OBJECTIVE To investigate the usefulness of CSF VILIP-1, tau, p-tau181, and Aβ42 levels in
predicting rates of whole-brain and regional atrophy in early AD and cognitively normal
control subjects over time.

DESIGN, SETTING, AND PARTICIPANTS Longitudinal observational study of brain atrophy in
participants with early AD and cognitively normal controls. Study participants had baseline
CSF biomarker measurements and longitudinal magnetic resonance imaging assessments for
a mean follow-up period of 2 to 3 years. Mixed linear models assessed the ability of
standardized baseline CSF biomarker measures to predict rates of whole-brain and regional
atrophy over the follow-up period. The setting was The Charles F. and Joanne Knight
Alzheimer’s Disease Research Center, Washington University School of Medicine in St Louis.
Participants (mean age, 72.6 years) were individuals with a clinical diagnosis of very mild AD
(n = 23) and cognitively normal controls (n = 64) who were enrolled in longitudinal studies of
healthy aging and dementia. The study dates were 2000 to 2010.

MAIN OUTCOMES AND MEASURES Correlations between baseline CSF biomarker measures
and rates of whole-brain or regional atrophy in the AD and control cohorts over the follow-up
period.

RESULTS Baseline CSF VILIP-1, tau, and p-tau181 levels (but not Aβ42 levels) predicted rates
of whole-brain and regional atrophy in AD over the follow-up period. Baseline CSF VILIP-1
levels predicted whole-brain (P = .006), hippocampal (P = .01), and entorhinal (P = .001)
atrophy rates at least as well as tau and p-tau181 in early AD. Cognitively normal controls
whose CSF VILIP-1, tau, or p-tau181 levels were in the upper tercile had higher rates of
whole-brain (P = .02, P = .003, and P = .02, respectively), hippocampal (P = .001, P = .01, and
P = .02, respectively), and entorhinal (P = .007, P = .01, and P = .01, respectively) atrophy
compared with those whose levels were in the lower 2 terciles.

CONCLUSIONS AND RELEVANCE Cerebrospinal fluid VILIP-1 levels predict rates of whole-brain
and regional atrophy similarly to tau and p-tau181 and may provide a useful CSF biomarker
surrogate for neurodegeneration in early symptomatic and preclinical AD.
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T he aggregation and deposition of Aβ in the form of amy-
loid plaques and tau in the form of neurofibrillary tangles
(NFTs) are estimated to begin approximately 10 to 15

years before the earliest signs of cognitive impairment, a stage
referred to as preclinical Alzheimer disease (AD).1,2 However,
substantial neuronal and synaptic loss in specific brain re-
gions occurs before the first signs of cognitive impairment.3

Several lines of evidence suggest that neuronal and synaptic
loss provides the best correlate for disease progression in AD.2,4

Structural magnetic resonance (MR) imaging measures of brain
volume provide indirect estimates of neuronal, synaptic, and
axonal loss5 and have been shown to be good surrogates for
neurodegeneration in AD.4,5 Volumetric MR imaging mea-
sures reflect the cumulative outcome of different pathologi-
cal substrates in AD, which may account for why they are good
predictors of disease progression.5

Visinin-like protein 1 (VILIP-1) is a neuronal calcium-sensor
protein6 that has demonstrated potential usefulness as a marker
of neuronal injury in large-scale gene array analyses and animal
models of brain injury.7 Our group has shown that cerebrospi-
nal fluid (CSF) VILIP-1 and CSF VILIP-1/Aβ42 levels were prog-
nostic of future cognitive decline in cognitively normal elderly
over a mean follow-up period of 2 to 3 years,8 predicted rates of
cognitive decline in early symptomatic AD similarly to p-tau181
and tau,9 and were elevated during the preclinical and clinical
phases of dominantly inherited AD.10 Consistent with its poten-
tialusefulnessasamarkerofneurodegeneration,ourgroup’spre-
viousresultsalsoindicatedthatCSFVILIP-1 levelscorrelatedwith
whole-brain and regional atrophy in cross-sectional studies of
individuals with early symptomatic AD.8

Herein, we investigate the usefulness of CSF markers of
neurodegeneration VILIP-1, tau, and p-tau181 as predictors of
rates of brain atrophy in a longitudinal study of individuals with
early symptomatic AD and cognitively normal control sub-
jects who were followed up for 2 to 3 years. Our findings show
that CSF VILIP-1 levels predicted rates of whole-brain and re-
gional atrophy in early symptomatic AD at least as well as tau
and p-tau181 over this follow-up period.

Methods
Participants
Participants(n = 87)werecommunity-dwellingvolunteers(mean
[SE] age, 72.6 [0.8] years) enrolled in longitudinal studies of
healthy aging and dementia through The Charles F. and Joanne
Knight Alzheimer’s Disease Research Center, Washington Uni-
versity School of Medicine in St Louis. Study participants were
in good general health, with no other medical illness that could
contribute importantly to dementia and no contraindication to
lumbar puncture or MR imaging. Apolipoprotein E (APOE) geno-
types were obtained as previously described.11

The Clinical Dementia Rating (CDR) was used to denote the
presence or absence of symptomatic AD and, when present, its
severity.12,13 A CDR designation of 0 indicates cognitive normal-
ity, while a CDR designation of 0.5 denotes very mild sympto-
matic AD (encompassing mild cognitive impairment [MCI] due
to AD), and CDR 1 and CDR 2 denote mild and moderate symp-

tomatic AD, respectively.14 Annual clinical assessments included
assignment of CDR, CDR sum of boxes,15 Mini-Mental State
Examination,16 and a 1½-hour psychometric test battery.13 Base-
line clinical assessments were the closest assessments before the
time of the lumbar puncture (median interval, 3.4 months). All
clinical diagnoses were made in accord with standard criteria.17,18

All individuals in the AD cohort (n = 23) had a clinical diagnosis
of very mild symptomatic AD (CDR 0.5) at the baseline assess-
ment. Our group has previously demonstrated that this CDR 0.5
cohort includes individuals who meet criteria for MCI, as well as
those who have insufficient impairment to meet MCI criteria and
might be designated as having pre-MCI.13 The rate of postmor-
tem confirmation of a clinical diagnosis of AD in individuals who
havebeenfolloweduplongitudinallyinourcenter is92%,includ-
ing the CDR 0.5 stage.13

Studies were approved by the Human Research Protection
Office at Washington University School of Medicine in St Louis.
Written informed consent was obtained from all participants.

CSF Collection and Processing
Cerebrospinal fluid samples (20-30 mL) were collected from
all participants and analyzed for total tau, p-tau181, Aβ42
(Innotest; Innogenetics),19 and Aβ40 levels20 by enzyme-linked
immunosorbent assays. The samples were analyzed for VILIP-1
by a microparticle-based immunoassay (Erenna; Singulex).

Regional and Whole-Brain Volumetry
Of 309 participants who had baseline VILIP-1 measurements in
our group’s previous study,8 a total of 192 participants underwent
MR imaging within 1.1 years of their lumbar puncture (median
interval, 1.7 months). Of these 192 participants, 87 individuals (64
with CDR 0 and 23 with AD) had at least 1 follow-up MR imaging
session and were included in this study. Baseline MR imaging
measures were based on the closest imaging session before the
time of the lumbar puncture (median interval, 4.4 months).

Structural MR imaging was performed using a 3.0-T imaging
system (Trio; Siemens) (n = 44) or a 1.5-T imaging system (Vision;
Siemens)(n = 43)aspreviouslydescribed.21-26 Normalizedwhole-
brain volumes were computed as the proportion of all voxels oc-
cupied by gray and white matter (equivalent to 100% minus the
percentage of CSF) voxels, yielding a unit that represents the pro-
portion of estimated total intracranial volume. Regional volume
or cortical thickness estimates were obtained via an image analy-
sissuite(Freesurfer5.0;http://surfer.nmr.mgh.harvard.edu/)that
implements an automated probabilistic labeling procedure.25,26

Regions of interest included the hippocampus, entorhinal cor-
tex, parahippocampal gyrus, fusiform gyrus, posterior cingulate,
and precuneus. The pericalcarine cortex was included as a con-
trol region because it is rarely affected in the early stages of AD27

(eMethods in the Supplement). In vivo amyloid imaging meth-
ods are also discussed in the eMethods in the Supplement.

Statistical Analysis
Mixed linear models (PROC MIXED, SAS version 9.2; SAS In-
stitute Inc) assessed the ability of baseline CSF biomarkers, ex-
amined as continuous or categorical measures (dichoto-
mized at the 33rd or 66th percentile value), to predict annual
change in whole-brain or regional volume or thickness mea-
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sures over time. Analyses were adjusted for age, sex, imaging
system type, and APOE ε4 genotype.28,29

Baseline CSF biomarker measures were standardized to z
scores before analyses. Estimated effects of CSF biomarkers
on annual change in volume or thickness measures are re-
ported as β estimates. t Tests or χ2 analyses were used to com-
pare demographic, clinical, CSF biomarker, or MR imaging vari-
ables between the clinical groups using a software program
(SPSS, version 15; SPSS Inc). Statistical significance was de-
fined as P < .05 (eMethods in the Supplement).

Results
Baseline Characteristics of Study Participants
Table 1 summarizes baseline demographic, clinical, MR
imaging, and CSF biomarker characteristics of the AD
(n = 23) and control (n = 64) cohorts. The mean (SE) duration

of follow-up was 2.7 (0.2) years (range, 0.9-7.9 years), with a
mean of 2 MR imaging assessments for each participant.
There were no significant differences in age, sex, education,
or mean duration of follow-up between the AD and control
cohorts. The AD cohort included a higher percentage of indi-
viduals with the APOE ε4 genotype and a higher percentage
of individuals with amyloid binding on positron emission
tomography with Pittsburgh Compound B compared with
the control cohort.

Individuals in the AD cohort exhibited the typical CSF
biomarker phenotype of AD, with higher mean levels of tau
and p-tau181 and lower mean levels of Aβ42. Baseline CSF
VILIP-1 and VILIP-1/Aβ42 levels were higher in the AD cohort
than in the control cohort. Compared with controls, indi-
viduals with AD had lower baseline whole-brain volumes,
hippocampal volumes, and cortical thickness measures of
the entorhinal, parahippocampal, fusiform, cingulate, and
precuneus regions.

Table 1. Baseline Demographic, Clinical, Genotype, Magnetic Resonance Imaging, and Cerebrospinal Fluid (CSF)
Biomarker Characteristics of Study Participantsa

Variable

Clinical Dementia
Rating 0
(n = 64)

Alzheimer
Disease
(n = 23) P Value

Demographics

Age at lumbar puncture, mean (SE), y 72.3 (0.8) 73.6 (2.1) .46

Sex .44

Female-male ratio 45:19 14:9

Female sex, No. (%) 45 (70) 14 (61)

Education, mean (SE), y 15.4 (0.4) 14.0 (0.7) .06

APOE ε4 genotypeb .04c

ε4+ to ε4− Ratio 20:44 13:10

ε4+, No. (%) 20 (31) 13 (57)

Duration of follow-up, mean (SE), y 2.7 (0.2) 2.5 (0.3) .62

Baseline Clinical Dementia Rating sum of boxes,
mean (SE)

0.02 (0.01) 2.70 (0.50) <.001c

Baseline Mini-Mental State Examination score,
mean (SE)

29.0 (0.2) 26.0 (0.9) <.001c

Positron emission tomography with PIBd .005c

PIB+ to PIB− ratio 13:37 8:3

PIB+, No./total number (%) 13/50 (26) 8/11 (73)

Baseline Whole-Brain and Regional Volume or Cortical Thickness Measures, Mean (SE)e

Normalized whole-brain volume 0.770 (0.004) 0.740 (0.007) .001c

Hippocampal volume, mm3 7438 (111) 6310 (237) <.001c

Entorhinal thickness, mm 3.49 (0.05) 3.22 (0.08) .007c

Parahippocampal thickness, mm 2.60 (0.04) 2.45 (0.06) .04c

Fusiform thickness, mm 2.59 (0.03) 2.46 (0.04) .01c

Posterior cingulate thickness, mm 2.48 (0.02) 2.40 (0.03) .04c

Precuneus thickness, mm 2.26 (0.01) 2.16 (0.03) .003c

Pericalcarine thickness, mm 1.52 (0.02) 1.56 (0.04) .28

Baseline CSF Biomarker Measures, Mean (SE)

VILIP-1, pg/mL 396 (16) 549 (43) <.001c

tau, pg/mL 297 (21) 543 (52) <.001c

p-tau181, pg/mL 53 (3) 82 (6) <.001c

Aβ42, pg/mL 613 (30) 436 (30) .001c

tau to Aβ42 ratio 0.62 (0.07) 1.44 (0.18) <.001c

p-tau181 to Aβ42 ratio 0.11 (0.01) 0.21 (0.02) <.001c

VILIP-1 to Aβ42 ratio 0.78 (0.06) 1.39 (0.13) <.001c

Abbreviations: APOE, apolipoprotein
E ε4; PIB, Pittsburgh Compound B.
a t Tests or χ2 tests were used to

compare demographic, clinical,
genotype, CSF, and magnetic
resonance imaging biomarker
characteristics between the
Alzheimer disease cohort (Clinical
Dementia Rating 0.5) and control
cohort (Clinical Dementia Rating 0).

b The APOE ε4+ genotype was
defined by the presence of at least
1 APOE ε4 allele.

c P < .05.
d Of 87 participants in the study,

61 underwent positron emission
tomography with PIB, including 50
individuals in the control cohort
(Clinical Dementia Rating 0) and 11
individuals in the Alzheimer disease
cohort (Clinical Dementia Rating
0.5).

e Values represent baseline
normalized whole-brain volume
(Clinical Dementia Rating 0, n = 64,
and Clinical Dementia Rating 0.5,
n = 23) and regional cortical volume
or thickness measures in cubic
millimeters or millimeters,
respectively (Clinical Dementia
Rating 0, n = 61, and Clinical
Dementia Rating 0.5, n = 23).

Research Original Investigation CSF Markers of Neurodegeneration and Brain Atrophy in AD

658 JAMA Neurology June 2015 Volume 72, Number 6 (Reprinted) jamaneurology.com

Copyright 2015 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023



Copyright 2015 American Medical Association. All rights reserved.

Correlations Between Baseline CSF Biomarker Measures
and Annual Change in MR Imaging Measures
in the AD Cohort
The mean (SE) adjusted rate of atrophy in the AD cohort was
−0.007 (0.001) points per year for normalized whole-brain
volume (−0.9% annual change from baseline), −271 (42) mm3

per year for hippocampal volume (−4.3% annual change
from baseline), and −0.14 (0.03) mm per year for entorhinal
thickness (−4.3% annual change from baseline), adjusting for
age, sex, imaging system type, and APOE ε4 genotype. The
mean (SE) adjusted rate of atrophy in the control cohort was
−0.003 (0.001) points per year for normalized whole-brain
volume (−0.4% annual change from baseline), −100 (25) mm3

per year for hippocampal volume (−1.3% annual change from
baseline), and −0.05 (0.02) mm per year for entorhinal thick-
ness (−1.3% annual change from baseline) (eTable 1 in the
Supplement).

When examined as continuous variables, baseline CSF
VILIP-1, tau, and p-tau181 levels (but not Aβ42 or Aβ40 lev-
els) predicted annual change in normalized whole-brain vol-
ume in the AD cohort over the follow-up period (adjusting for
age, sex, imaging system type, and APOE ε4 genotype). Simi-
larly, baseline CSF VILIP-1, tau, and p-tau181 levels (but not
Aβ42 or Aβ40 levels) were closely associated with rates of hip-
pocampal, entorhinal, parahippocampal, fusiform, cingu-
late, and precuneus atrophy in the AD cohort. None of the CSF
biomarker measures correlated with rates of pericalcarine at-
rophy in the AD cohort (Table 2).

Analyses were then performed for CSF biomarker mea-
sures as categorical variables (adjusting for age, sex, imaging
system type, and APOE ε4 genotype). Individuals in the AD
cohort (n = 23) were divided into 3 terciles for each CSF bio-
marker measure (using the 33rd and 66th percentile values as
cutoffs). Cerebrospinal fluid VILIP-1, tau, or p-tau181 levels in
the upper tercile (corresponding to ≥595, ≥550, and ≥92

pg/mL, respectively) predicted more rapid rates of whole-
brain atrophy than those in the lower 2 terciles over time
(Table 3 and Figure, A). Similarly, compared with those in the
lower 2 terciles, CSF VILIP-1, tau, and p-tau181 levels in the
upper tercile predicted more rapid rates of hippocampal,
entorhinal, and parahippocampal atrophy (Table 3 and
Figure, B-D), as well as fusiform, cingulate, and precuneus
atrophy (eTable 2 in the Supplement). There were no signifi-
cant differences in rates of whole-brain or regional atrophy
between individuals in the lower tercile of Aβ42 values (cor-
responding to <320 pg/mL) and those in the upper 2 terciles.

Correlations Between Baseline CSF Biomarker Measures
and Annual Change in MR Imaging Measures
in the Control Cohort
When examined as continuous variables, baseline CSF
VILIP-1 levels (P = .03) and tau levels (P = .04) (but not
p-tau181, Aβ42, or Aβ40 levels) predicted annual change in
whole-brain volume in cognitively normal controls (adjust-
ing for age, sex, imaging system type, and APOE ε4 geno-
type). None of the CSF biomarker measures (examined as
continuous variables) correlated with annual change in
regional volume or thickness measures in controls (eTable 3
in the Supplement). When examined as categorical vari-
ables, cognitively normal controls whose CSF VILIP-1, tau, or
p-tau181 levels were in the upper tercile (corresponding to
≥427, ≥293, and ≥57 pg/mL, respectively) had more rapid
rates of whole-brain, hippocampal, entorhinal, parahippo-
campal, and fusiform atrophy compared with those in the
lower 2 terciles (Table 4, eTable 4 and eFigure in the Supple-
ment). Cerebrospinal fluid Aβ42 terciles were not associated
with rates of whole-brain or regional atrophy in controls.
None of the CSF biomarker terciles correlated with rates of
cingulate, precuneus, or pericalcarine atrophy in our control
cohort.

Table 2. Cerebrospinal Fluid (CSF) Biomarker Measures as Predictors of Annual Change in Whole-Brain and Regional Volume
or Thickness Measures in Alzheimer Diseasea

CSF Biomarker P Value β Estimate P Value β Estimate P Value β Estimate P Value β Estimate

Normalized Whole-Brain Volume Hippocampal Volume Entorhinal Thickness Parahippocampal Thickness

VILIP-1 .006b −0.004 .01b −95.0 .001b −0.093 .006b −0.087

tau .005b −0.003 .02b −90.3 .01b −0.076 .01b −0.076

p-tau181 .006b −0.003 .04b −76.1 .008b −0.076 .03b −0.064

Aβ42 .17 0.002 .05 77.9 .15 0.048 .71 0.012

Aβ40 .19 −0.001 .17 −57.4 .24 −0.039 .79 −0.009

Fusiform Thickness Posterior Cingulate Thickness Precuneus Thickness Pericalcarine Thickness

VILIP-1 .04b −0.056 .005b −0.062 .07 −0.036 .28 0.007

tau .04b −0.057 .04b −0.049 .08 −0.033 .52 −0.005

p-tau181 .001b −0.081 .002b −0.069 .02b −0.044 .36 −0.006

Aβ42 .58 −0.017 .38 −0.023 .90 0.003 .44 −0.006

Aβ40 .10 −0.055 .09 −0.051 .53 −0.015 .61 −0.010

Abbreviation: VILIP-1, visinin-like protein 1.
a In these analyses, 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 or thickness

measure per standardized biomarker unit. Analyses were adjusted for age, sex,
imaging system type, and apolipoprotein E ε4 genotype. Cerebrospinal fluid
Aβ40 levels were used as a control.

b P < .05.

CSF Markers of Neurodegeneration and Brain Atrophy in AD Original Investigation Research

jamaneurology.com (Reprinted) JAMA Neurology June 2015 Volume 72, Number 6 659

Copyright 2015 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023



Copyright 2015 American Medical Association. All rights reserved.

Discussion

VILIP-1 is a calcium-sensor protein6,30 that is abundantly ex-
pressed in neurons but not other cell types in the brain8,31 and
has demonstrated potential usefulness as a marker of neuro-
nal injury in large-scale gene arrays.7 The protein is found in
close association with NFTs and amyloid plaques in AD brains
but does not appear to be a component of NFTs.8,31 The re-
sults of previous studies30,31 suggest that VILIP-1 may be in-
volved in calcium-mediated neurodegeneration in AD. In-
creased CSF VILIP-1 levels in AD but not in other types of
dementia8,32,33 and altered expression patterns in AD are
thought to reflect the selective vulnerability of VILIP-1–
expressing neurons to altered calcium signaling pathways in
the presence of AD pathology.8,31,34

Our group has previously shown that CSF VILIP-1 levels
predict clinical disease progression similarly to p-tau181 and
tau9 and correlate with cross-sectional measures of whole-
brain and regional atrophy in early AD.8 Furthermore, CSF
VILIP-1 levels are associated with amyloid load and future
cognitive impairment in cognitively normal individuals.8

Together, these findings support the potential usefulness of
CSF VILIP-1 as a biomarker surrogate for neurodegeneration
in preclinical and early symptomatic AD.10

We herein investigate the usefulness of CSF VILIP-1, tau,
and p-tau181 in predicting rates of brain atrophy in a well-
characterized cohort of individuals with early symptomatic AD
and cognitively normal controls who were followed up for 2
to 3 years. Our results suggest that CSF VILIP-1, tau, and p-
tau181 levels predicted rates of whole-brain and regional at-
rophy of the hippocampus, entorhinal, parahippocampal, fu-
siform, cingulate, and precuneus regions in early AD over the
follow-up period. In our cohort, individuals with baseline
VILIP-1, tau, or p-tau181 values in the upper tercile had higher
rates of whole-brain and regional atrophy compared with in-
dividuals in the lower 2 terciles over time. The ability of CSF
VILIP-1, tau, and p-tau181 to predict rates of subsequent brain
atrophy when examined as continuous measures, as well as
the ordered gradation in rates of brain atrophy among these
CSF biomarker terciles in AD, underscores their predictive abil-
ity independent of the cutoff values proposed in this study.

Our findings that baseline CSF tau and p-tau181
levels35-38 (but not Aβ42 levels37,39,40) predicted rates of

Table 3. Rates of Change in Normalized Whole-Brain Volume, Hippocampal Volume, and Entorhinal Thickness Measures as a Function
of Cerebrospinal Fluid (CSF) Biomarker Measures in Alzheimer Diseasea

CSF Biomarkerb Mean (SE) P Valuec

Normalized Whole-Brain Volume, Points per Year

Lower 2 Terciles Upper Tercile

VILIP-1 −0.0048 (0.0017) −0.0123 (0.0025) .02d

tau −0.0042 (0.0014) −0.0092 (0.0018) .03d

p-tau181 −0.0044 (0.0018) −0.0113 (0.0022) .02d

Upper 2 Terciles Lower Tercile

Aβ42 −0.0061 (0.0011) −0.0085 (0.0026) .40

Hippocampal Volume, mm3 per Year

Lower 2 Terciles Upper Tercile

VILIP-1 −220.2 (45.3) −418.3 (76.6) .03d

tau −209.2 (44.3) −423.3 (71.6) .01d

p-tau181 −202.4 (44.7) −414.1 (67.9) .02d

Upper 2 Terciles Lower Tercile

Aβ42 −236.7 (46.9) −366.8 (85.1) .18

Entorhinal Cortical Thickness, mm per Year

Lower 2 Terciles Upper Tercile

VILIP-1 −0.083 (0.037) −0.248 (0.051) .01d

tau −0.091 (0.039) −0.220 (0.051) .04d

p-tau181 −0.088 (0.037) −0.225 (0.051) .03d

Upper 2 Terciles Lower Tercile

Aβ42 −0.124 (0.069) −0.147 (0.039) .77

Abbreviations: APOE, apolipoprotein E ε4; VILIP-1, visinin-like protein 1.
a Mixed linear models were used to estimate rates of change in normalized

whole-brain volume, hippocampal volume, and entorhinal thickness measures
in Alzheimer disease (Clinical Dementia Rating 0.5) over time as a function of
CSF biomarker measures (adjusting for age, sex, imaging system 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 2 terciles for CSF biomarker measures (or the lower tercile vs the upper
2 terciles for Aβ42).

b The 66th percentile cutoff values in the Alzheimer disease cohort were �595,
�550, and �92 pg/mL for VILIP-1, tau, and p-tau181, respectively.
Cerebrospinal fluid Aβ42 values were dichotomized at the 33rd percentile
value of <320 pg/mL.

c P values reflect whether CSF biomarker measures (dichotomized at the 33rd
or 66th percentile value) significantly predict rates of brain atrophy in
Alzheimer disease (adjusting for age, sex, imaging system type, and APOE ε4
genotype).

d P < .05.
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whole-brain and regional atrophy in AD are consistent with
previous reports and with our current understanding of the
temporal sequence of pathological changes in early AD.2,41,42

Several lines of evidence suggest that NFT load43-45 and neu-
ronal counts46,47 (but not cortical amyloid burden39,48) are
associated with rates of brain atrophy in AD. Cerebrospinal
fluid Aβ42 levels are thought to first decrease a decade or
more before the onset of cognitive impairment.1,2,49 Once
this low set point is reached,19 CSF Aβ42 levels do not
change substantially over time in individuals with and with-
out impairment.50,51 Conversely, following the first signs of
cognitive impairment, progressive increase in NFT pathol-
ogy and progressive neuronal and synaptic loss on a back-
ground of substantial Aβ accumulation are thought to con-
tinue into the more advanced stages of disease.9,42,49 While
CSF Aβ42 levels are reflective of disease stage,37,52 it is likely
that CSF tau and VILIP-1 levels (reflective of neurodegenera-

tion) and p-tau181 levels (reflective of NFT burden) are more
closely associated with disease intensity53 and with rates of
subsequent brain atrophy in early symptomatic AD.9,52

Therefore, markers of amyloid pathology and markers of
tangle pathology or neurodegeneration appear to have dif-
ferent prognostic roles in the different stages of disease.52

Volumetric MR imaging measures of whole-brain and re-
gional atrophy provide indirect assessments of neuronal loss54

and have been proposed as useful radiological surrogates of
neurodegeneration in AD.46,47,55 Data from several longitudi-
nal MR imaging studies56-58 suggest a spatial pattern of re-
gional volume loss that closely parallels the staging of neuro-
fibrillary pathology by Braak et al.27 This AD signature of
regional atrophy is characterized by predominantly early in-
volvement of medial temporal structures (entorhinal cortex,
hippocampus, and parahippocampal gyrus),54,57-59 as well as
cingulate, fusiform, and precuneus in very mild AD or MCI,59,60

Figure. Rates of Change in Normalized Whole-Brain Volume, Hippocampal Volume, and Entorhinal and Parahippocampal Thickness Measures
as a Function of Cerebrospinal Fluid (CSF) Visinin-Like Protein 1 (VILIP-1) Terciles in Alzheimer Disease
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Mixed linear models were used to estimate rates of change in normalized
whole-brain volume (A), hippocampal volume (B), and entorhinal (C) and
parahippocampal (D) thickness measures in the Alzheimer disease cohort over
time as a function of CSF VILIP-1 levels. Estimated slope and intercept for each
of the 3 CSF VILIP-1 terciles are plotted, adjusting for age, sex, imaging system
type, and apolipoprotein E ε4 genotype. Adjusted rates of brain atrophy in
individuals in the Alzheimer disease cohort whose CSF VILIP-1 levels were in the

upper, middle, and lower terciles were −0.012, −0.005, and −0.005 points per
year, respectively, for normalized whole-brain volume; −418, −241, and −191
mm3 per year, respectively, for hippocampal volume; −0.25, −0.13, and −0.04
mm per year, respectively, for entorhinal thickness; and −0.21, −0.06, and
−0.03 mm per year, respectively, for parahippocampal thickness. LP indicates
lumbar puncture.
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followed by spread of the pathology into the lateral temporal,
inferior parietal, and orbitofrontal regions as the disease
progresses.58,60 In very mild AD or MCI compared with con-
trols, our group’s observations that baseline volume or thick-
ness measures of these regions were lower and that rates of
regional atrophy over the follow-up period were higher are con-
sistent with the topographical distribution of neuronal loss in
these very early stages.60,61

Medial temporal lobe structures are implicated as the
sites of earliest neurodegeneration in AD, with an estimated
volume loss of 10% to 25% in very mild AD or MCI compared
with healthy controls.27,58,62 Our group has previously
shown that CSF VILIP-1 levels are closely associated with
baseline hippocampal, entorhinal, and parahippocampal
volumes in early AD.8 Notably, we show herein that baseline
CSF VILIP-1 levels predicted rates of whole-brain, hippocam-
pal, entorhinal, and parahippocampal atrophy over the
follow-up period at least as well as tau and p-tau181 in our
longitudinal cohort. While CSF tau, p-tau181, and Aβ42 each
reflect a specific pathological substrate of AD, brain atrophy
(as a surrogate of neuronal loss) likely reflects the cumula-
tive outcome of different and highly intricate pathological

processes.55 Data from other cohorts suggest that CSF tau
and Aβ42 explain only a fraction of regional volume changes
in early AD.63 Together, these findings support the notion
that markers that reflect neuronal loss or neurodegeneration
(such as VILIP-1) may offer usefulness in predicting baseline
or longitudinal brain volume loss that is at least comparable
to that of CSF markers of tau or amyloid pathologies. Most
important, such markers may be useful in monitoring clini-
cal or radiological disease progression and in assessing
response to potential disease-modifying therapies indepen-
dent of changes to tau or Aβ42.

Similarly to previous cohorts,8 our control cohort in the
present study included individuals whose CSF biomarker
values are comparable to those in AD, many of whom had
evidence of amyloid retention on positron emission tomog-
raphy with Pittsburgh Compound B and therefore likely rep-
resent a subset of cognitively normal individuals with pre-
clinical AD. In the cohort studied herein, cognitively normal
controls whose baseline CSF VILIP-1, tau, or p-tau181 values
were in the upper tercile had more rapid rates of whole-brain
and regional atrophy compared with those in the lower 2 ter-
ciles. Notably, CSF biomarker levels and rates of whole-brain

Table 4. Rates of Change in Normalized Whole-Brain Volume, Hippocampal Volume, and Entorhinal Thickness Measures as a Function
of Cerebrospinal Fluid (CSF) Biomarker Measures in Control Subjectsa

CSF Biomarkerb Mean (SE) P Valuec

Normalized Whole-Brain Volume, Points per Year

Lower 2 Terciles Upper Tercile

VILIP-1 −0.0018 (0.0009) −0.0051 (0.0011) .02d

tau −0.0016 (0.0008) −0.0059 (0.0012) .003d

p-tau181 −0.0020 (0.0008) −0.0056 (0.0014) .02d

Upper 2 Terciles Lower Tercile

Aβ42 −0.0026 (0.0009) −0.0035 (0.0011) .51

Hippocampal Volume, mm3 per Year

Lower 2 Terciles Upper Tercile

VILIP-1 −50.7 (27.8) −199.4 (38.6) .001d

tau −57.7 (27.4) −202.3 (44.3) .01d

p-tau181 −69.1 (27.2) −192.5 (44.5) .02d

Upper 2 Terciles Lower Tercile

Aβ42 −84.8 (30.9) −123.9 (38.7) .41

Entorhinal Cortical Thickness, mm per Year

Lower 2 Terciles Upper Tercile

VILIP-1 −0.017 (0.019) −0.104 (0.026) .007d

tau −0.027 (0.019) −0.076 (0.029) .01d

p-tau181 −0.028 (0.019) −0.078 (0.030) .01d

Upper 2 Terciles Lower Tercile

Aβ42 −0.052 (0.021) −0.036 (0.026) .64

Abbreviations: APOE, apolipoprotein E ε4; VILIP-1, visinin-like protein 1.
a Mixed linear models were used to estimate rates of change in normalized

whole-brain volume, hippocampal volume, and entorhinal thickness measures
in cognitively normal control subjects (Clinical Dementia Rating 0) over time as
a function of CSF biomarker measures (adjusting for age, sex, imaging system
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 2 terciles for CSF biomarker measures (or the
lower tercile vs the upper 2 terciles for Aβ42).

b The 66th percentile cutoff values in the control cohort were �427, �293, and
�57 pg/mL for VILIP-1, tau, and p-tau181, respectively. Cerebrospinal fluid
Aβ42 values were dichotomized at the 33rd percentile value of <502 pg/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 control subjects (adjusting for age, sex, imaging system
type, and APOE ε4 genotype).

d P < .05.
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and regional atrophy in this subset of controls were similar
to those of individuals in the AD cohort. These results are in
line with previously reported associations between NFT load
and neuronal loss in preclinical AD10,64 and with proposed
models of disease progression suggesting that AD pathology
is associated with ongoing neurodegeneration even before
symptom onset.2,65-67 In the presence of AD pathology, sub-
stantial volume loss in vulnerable brain regions, particularly
higher rates of medial temporal lobe atrophy, can be
detected on structural MR imaging years before the first
signs of cognitive impairment.68,69

Conclusions
Our findings highlight the potential usefulness of CSF VILIP-1 as
a secondary or tertiary outcome measure in clinical trials of
disease-modifyingtherapiesinbothpreclinicalandsymptomatic
AD.70 By providing a CSF surrogate of neurodegeneration, CSF
VILIP-1 and tau may assist in guiding trial design and contribute

todiagnosticandoutcomeassessments.TheincorporationofCSF
biomarkers in these trials may assist with participant selection
by enriching study populations with individuals who are likely
to progress within the study period. While MR imaging measures
of volume loss provide insight into regional patterns of neuro-
nal loss or subtypes of AD pathology,60 CSF markers of neuro-
degeneration (such as VILIP-1 and tau) may provide univariate
indicators to monitor disease progression and response to thera-
pies over shorter follow-up periods and complement informa-
tion provided by MR imaging.

Our study is limited by the small sample size of our AD and
control cohorts and the short duration of follow-up. It will be
of interest in the future to validate these findings in larger co-
horts with longer durations of follow-up from different cen-
ters. Efforts to standardize the VILIP-1 immunoassay used in
this study are under way. Studies with individuals in the more
advanced stages of disease and those with longitudinal CSF bio-
marker measurements will be needed to provide further in-
sight into the usefulness of CSF VILIP-1 as a biomarker surro-
gate of neurodegeneration in AD.
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Announcement
The American Neurological Association is having a satellite symposium
“Circuits and Circuit Disorders: Approaches to Neuromodulation,”
Saturday, September 26, 2015, 7:00 PM, Marriott Downtown Hotel,
Chicago, Illinois, the evening before the start of the annual meeting. It is
cosponsored by the Annals of Neurology and JAMA Neurology and fea-
tures Mahlon Delong, MD, Emory University, 2014 Lasker Prize in Medi-
cine recipient for his research in developing deep brain stimulation; Philip
Starr, MD, PhD, University of California, San Francisco, the dystonias;
Jonathan Mink, MD, PhD, University of Rochester Medical Center, Tourette
syndrome; Helen Mayberg, MD, Emory University, depression; and Bryan
L. Roth, PhD, University of North Carolina, chemogenetics.

Registration for the meeting and hotel accommodations can be
obtained at http://myana.org/events/ana-2015-annual-meeting.
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