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A B S T R A C T

This study examined whether longitudinal MRI trajectories in medial temporal lobe (MTL) brain regions differed
among groups of cognitively normal individuals defined by their cerebrospinal fluid (CSF) levels when they were
first enrolled (N = 207; mean clinical follow-up = 13.3 years (max = 20 years), mean MRI follow-up = 2.4 -
years (max = 8 years)). We first compared atrophy rates among groups defined by CSF amyloid and phos-
phorylated-tau (p-tau) vs. CSF amyloid and total tau (t-tau). We also examined whether, in the presence of
amyloid or tau/p-tau, the atrophy rates differed based on whether the subjects ultimately progressed to a di-
agnosis of mild cognitive impairment (MCI), as well as whether apolipoprotein ε4 (Apoε4) status had an impact
on the longitudinal MRI trajectories. The primary finding was that when the groups were defined using CSF
amyloid and p-tau, individuals with low levels of CSF amyloid and high levels of CSF p-tau (referred to as Stage
2) showed a significantly greater rate of atrophy in a composite measure of MTL volumes compared to groups
defined by evidence of abnormal CSF levels in only one of the brain proteins (but not both), or no evidence of
CSF abnormality. In contrast, there were no differences in rate of MTL atrophy when the groups were defined by
levels of CSF amyloid and t-tau (instead of p-tau). Additionally, the rate of MTL atrophy did not differ between
subjects who progressed to MCI at follow-up vs. those who remained cognitively normal when CSF levels of
amyloid, t-tau, or p-tau were covaried. Lastly, the presence of an APOE ε4 genotype did not modulate the degree
of MTL atrophy once baseline levels of CSF amyloid, p-tau or t-tau were accounted for. These results suggest that
abnormal levels of CSF amyloid and CSF p-tau (but not t-tau) maximize the likelihood of observing significant
MTL atrophy over time among individuals with normal cognition at baseline, and emphasize the importance of
differentiating biomarkers that primarily reflect neurofibrillary tangle pathology (CSF p-tau) compared with
biomarkers of neuronal injury (CSF t-tau).

1. Introduction

The pathological processes underlying Alzheimer's disease (AD)
begin years to decades prior to the emergence of clinical symptoms,
during the preclinical phase of AD (Sperling et al., 2011). The early
development of AD pathology has particular importance for the timing
of intervention strategies, as it is hypothesized that interventions will be
most successful if initiated prior to the occurrence of substantial neu-
ronal loss, and progression to the symptomatic phase of AD, commonly
referred to as Mild Cognitive Impairment (MCI). As a result, consider-
able effort is being devoted to planning clinical trials for those with
preclinical AD. Magnetic resonance imaging (MRI) measures are of
particular interest in this regard, since studies among individuals with

MCI suggest that MRI may be well suited for tracking the evolution of
disease and thus informative with respect to response to treatment.
There are, however, few studies that can provide information about
MRI measures that might be most useful for tracking disease during the
preclinical phase of AD.

A small number of studies have examined regional brain volumes,
demonstrating that a set of MRI measures obtained when individuals
are cognitively normal are associated with the time to onset of the
clinical symptoms of MCI (Csernansky et al., 2005; Soldan et al., 2015;
Pettigrew et al., 2016). Several studies have examined the relationship
of atrophy rates in various brain regions to the presence of abnormal
levels of the primary brain proteins associated with AD, as measured in
cerebrospinal fluid (CSF) (Desikan et al., 2011; Pegueroles et al., 2017),
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or in relation to cut-points derived from brain imaging, such as Flour-
odeoxyglucose (FDG) (Knopman et al., 2013; Jack et al., 2014; Gordon
et al., 2016; Knopman et al., 2016). Taken together, these studies have
reported greater atrophy in the medial temporal and temporo-parietal
cortical regions among cognitively normal individuals who have evi-
dence of abnormalities based either on CSF protein levels or imaging
cut-points.

The primary limitation of these studies is, however, that the follow-
up period for the participants has been quite limited, approximately
2–4 years for most studies. Moreover, none of the analyses published to
date, to our knowledge, have examined atrophy rates in cognitively
normal individuals in relation to their subsequent development of MCI.
In the current analyses, we stratified cognitively normal participants
based on their CSF levels of AD-related proteins and examined MRI
atrophy rates in relation to these subgroups. We also compared these
findings between those cognitively normal individuals who remained
normal vs. those who progressed to MCI. Additionally we examined the
impact of apolipoprotein E (ApoE) genetic status on MRI atrophy rates.

To address these issues, we examined data from a cohort of cogni-
tively normal individuals who have been followed clinically for a mean
of 13.3 years (SD = 3.8). The mean MRI follow-up time was 2.4 years,
but 81 subjects had an MRI follow-up time of 4–8 years, allowing us to
estimate longer MRI trajectories than previous studies. We classified the
subjects into subgroups, based on their CSF levels of amyloid and either
total tau (t-tau) or phosphorylated tau (p-tau), when they were first
enrolled. We based our classification scheme on the hypothetical sta-
ging model proposed by the Preclinical AD Workgroup sponsored by
the National Institute on Aging and the Alzheimer's Association (NIA-
AA) (Sperling et al., 2011). This model proposed that the preclinical
phase of AD can be divided into several successive stages: (1) Stage 0
includes individuals with no evidence of either amyloid or tau-related
neuronal injury; (2) Stage 1 includes individuals with biomarker evi-
dence of amyloid pathology, but no evidence of neuronal injury; (3)
Stage 2 includes individuals with biomarker evidence of both amyloid
accumulation and neuronal injury; and (4) Stage 3 includes individuals
with evidence of subtle cognitive decline in combination with bio-
marker evidence of both amyloid pathology and neuronal injury. Sub-
sequently, an additional group of individuals were described, those
with no evidence of amyloid pathology but with evidence of tau-related
neuronal injury, referred to as suspected non-AD pathology (SNAP)
(Jack et al., 2012).

In the present study we compared MRI atrophy rates in several
medial temporal lobe (MTL) brain regions in four groups of individuals
who were cognitively normal when first enrolled: Stage 0, 1, 2 and
SNAP, as defined above. Stage 3 was omitted, since criteria for this
stage are not well developed. The substantial sample size in the current
study (N = 207) allowed us to address several issues that remain un-
resolved by prior investigations. First, we compared atrophy rates
among groups defined by CSF amyloid and p-tau vs. CSF amyloid and t-
tau in order to determine if there were differential rates of atrophy
depending on which brain proteins are abnormal. Based on prior ana-
lyses of cognitive and imaging data in this cohort (Pettigrew et al.,
2016; Soldan et al., 2016b), we hypothesized that the individuals with
accumulations of both amyloid and p-tau would show the highest
atrophy rates. This issue is also of theoretical importance since a recent
A/T/N classification system (Jack et al., 2016) proposes that bio-
markers of neurofibrillary tangle pathology (as reflected by CSF p-tau
and tau PET imaging) should be classified separately from biomarkers
of neuronal injury (e.g., CSF t-tau, FDG PET). Second, we examined
whether the atrophy rates differed based on whether the subjects ulti-
mately progressed to a diagnosis of MCI. Previous studies have not been
able to address this issue due to the limited duration of follow-up.
Third, we examined whether genetic status, specifically ApoE-4 status,
had an impact on the longitudinal MRI trajectories (the major genetic
risk factor for AD; Corder et al., 1993); we hypothesized that atrophy
rates would not differ between those who were ApoE ε4 positive vs.

negative, based on prior analyses of cognitive change within this cohort
(Albert et al., 2014).

2. Material and methods

2.1. Study design

The data reported here were derived from the BIOCARD study,
which was designed to recruit and follow a cohort of cognitively normal
individuals who were primarily middle-aged at baseline. The over-
arching goal was to identify variables among cognitively normal in-
dividuals that could predict subsequent development of mild to mod-
erate symptoms of AD. The study was initiated at the National Institutes
of Health (NIH) in 1995 and stopped in 2005 for administrative rea-
sons. During the initial study at the NIH, participants were administered
a comprehensive neuropsychological battery annually, and magnetic
resonance imaging, CSF samples, and blood specimens were obtained
approximately every 2 years. In 2009, a research team at the Johns
Hopkins School of Medicine was funded to re-establish the cohort,
continue annual cognitive and clinical assessments, and evaluate the
previously collected MRI scans, and CSF and blood specimens. In 2015,
the collection of MRI and CSF biomarkers was re-initiated, and amyloid
imaging begun.

2.2. Selection of participants

Recruitment procedures, baseline evaluations, annual clinical and
cognitive assessments, and consensus diagnosis procedures have been
described in detail previously (Albert et al., 2014). Briefly, recruitment
was conducted by the staff of the geriatric psychiatry branch of the
intramural program of the National Institute of Mental Health between
1995 and 2005. At baseline, all individuals completed a comprehensive
evaluation at the NIH consisting of a physical and neurological ex-
amination, an electrocardiogram, standard laboratory studies, and
neuropsychological testing. Individuals were excluded from participa-
tion if they were cognitively impaired or had significant medical pro-
blems, such as severe cerebrovascular disease, epilepsy, or alcohol or
drug abuse. A total of 349 cognitively normal individuals were initially
enrolled in the study after providing written informed consent. By de-
sign, approximately 75% of the participants had a first-degree relative
with dementia of the Alzheimer type. The analyses presented herein are
based on 207 participants who provided baseline CSF biomarkers
within 12 months of their baseline MRI scan (M gap time = 8.4 days
between MRI and CSF measures, SD = 37.8). The study was approved
by the Johns Hopkins University (JHU) Institutional Review Board.

2.3. Clinical and cognitive assessments

Cognitive and clinical assessments and consensus diagnosis proce-
dures were completed annually at both the NIH and JHU (see Albert
et al., 2014, for details). Each participant included in our analyses re-
ceived a consensus diagnosis by the staff of the JHU BIOCARD Clinical
Core. All cases were handled in a manner, comparable with those used
in the National Institute on Aging Alzheimer's Disease Centers program:
(1) clinical data pertaining to the medical, neurological, and psychiatric
status of the individual were examined; (2) reports of changes in cog-
nition by the individual and by collateral sources were reviewed; and
(3) decline in cognitive performance, based on review of longitudinal
testing from multiple domains, was established. We followed the di-
agnostic recommendations incorporated in the NIA-AA working group
reports for the diagnosis of MCI (Albert et al., 2011) and dementia due
to AD (McKhann et al., 2011). The clinical diagnoses were masked to
biomarker assessments. Each individual's most recent (i.e., last) diag-
nosis was coded by a dichotomous indicator variable: 0 if participants
have remained cognitively normal over time, or 1 if they have since
progressed from normal cognition to clinical symptoms of MCI or
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dementia due to AD (mean time from baseline MRI to most recent di-
agnosis = 13.3 years (SD = 3.8)).

2.4. Cerebrospinal fluid assessments

CSF samples were analyzed with the same protocol used in the
Alzheimer Disease Neuroimaging Initiative. This protocol used the
xMAP-based AlzBio3 kit (Innogenetics, Ghent, Belgium) run on the
BioPlex 200 system. The kit contains monoclonal antibodies specific for
Aβ1–42 (4D7A3), total tau (t-tau) (AT120), and phosphorylated tau181p
(p-tau) (AT270), each chemically bonded to unique sets of color-coded
beads, and analyte-specific detector antibodies (HT7 and 3D6).
Calibration curves were produced for each biomarker using aqueous
buffered solutions that contained the combination of 3 biomarkers at
concentrations ranging from 25 to 1555 pg/mL for recombinant tau,
54–1799 pg/mL for synthetic Aβ1–42, and 15–258 pg/mL for a synthetic
tau peptide phosphorylated at the threonine 181 position (i.e., the p-
tau181p standard). All assays were run in triplicate and each subject had
all their samples analyzed on the same plate (see Moghekar et al., 2012,
Moghekar et al., 2013 for additional details).

2.5. Magnetic resonance imaging assessments

The MRI scans used in the present study were collected approxi-
mately every two years while the study was at the NIH (i.e.,
1995–2005). MRI scans acquired at the NIH were obtained using a
standard multimodal protocol on a GE 1.5T scanner. MTL regions of
interest (ROI) – including the volumes of the hippocampus, entorhinal
cortex, and amygdala, and thickness of the entorhinal cortex – were
reconstructed from the coronal spoiled gradient echo (SPGR) sequence
(TR = 24, TE = 2, FOV = 256 × 256, thickness/gap = 2.0/0.0 mm,
flip angle = 20, 124 slices).

MTL ROI volumes were reconstructed using a semi-automated
procedure, as previously described (Miller et al., 2013). For each ROI,
landmarks were placed manually in each MRI scan to mark the
boundaries of the ROI, following previously published protocols. Next,
a template was created for the left and right hemispheres of each ROI by
hand segmenting these structures in a control subject. The same set of
landmarks was placed in this template as in the individual subject
scans. After landmarking, region-of-interest large deformation diffeo-
morphic metric mapping was used to map the template to the in-
dividual subject scans, using both landmark matching (Joshi and Miller,
2000) and volume matching (Beg et al., 2005). The resulting segmented
binary images were used to calculate the volume of each structure, by
hemisphere, by summing the number of voxels within the volume.
Entorhinal cortex thickness was modeled by first generating a smooth
surface from the segmented gray matter volume. The gray/white sur-
face was then extracted from the closed surface by curvature-based
dynamic programming delineation of the extremal boundaries so that
the surface closest to the white matter was retained. Laminar thickness
was calculated as a single parameter based on the ratio of volume/
surface-area (in units of millimeters, mm). Additionally, total in-
tracranial volume (ICV) was calculated using the coronal SPGR scans in
Freesurfer 5.1.0 (Segonne et al., 2004). Additional details about the
scans acquired under the multimodal protocol, the reconstruction
procedures, and their reliability are included in Supplementary Mate-
rials I.

The main outcomes of interest were longitudinal rates of change in
MTL regions over time, including hippocampus volume, entorhinal
cortex volume, amygdala volume, a composite of the MTL volumes, and
entorhinal cortex thickness. For each region, at each time point, we first
averaged over the left and right hemispheres. The volume measures
were then normalized for head size by regressing the left/right averages
on ICV, with the standardized residuals from these regression models
serving as the volumetric dependent variables. To create the MTL vo-
lume composite score, the standardized residuals for the hippocampus,

entorhinal cortex, and amygdala were averaged. The dependent vari-
able for entorhinal cortex thickness was the average of the left and right
hemispheres, uncorrected for ICV.

2.6. APOE genotyping and coding

APOE genotype was established in all but one of the cohort parti-
cipants (n = 348). Genotypes were determined by restriction en-
donuclease digestion of polymerase chain reaction amplified genomic
DNA (performed by Athena Diagnostics, Worcester, Massachusetts).
APOE ε4 carrier status was coded by a dichotomous indicator variable:
ε4 carriers (i.e., individuals with at least one APOE ε4 allele) were
coded as 1, and non-carriers were coded as 0. Analyses including APOE
carrier status excluded n= 5 individuals with the ε2/ε4 genotype given
the ε4 allele increases AD dementia risk (Corder et al., 1993), whereas
the ε2 allele decreases AD dementia risk (Corder et al., 1994).

2.7. Statistical analysis

Participants were classified into the four groups based on CSF bio-
marker levels (i.e., Stage 0, Stage 1, Stage 2, and SNAP) using binary
predictors (0, 1) for each group. Because published cut-points for ab-
normality in CSF AD-biomarkers (e.g., Shaw et al., 2009) cannot be
applied to the current study due to considerable inter-laboratory
variability even when using the same samples and the same assays (see
Mattsson et al., 2011), we applied the same procedures as those re-
ported by Soldan et al. (2016a): biomarker abnormality was defined as
CSF Aβ1–42, levels in the lower one-third of the distribution, CSF t-tau in
in the upper one-third of the distribution, and CSF p-tau in the upper
one-third of the distribution. Tertile cut-points were selected based on
the observation that approximately one-third of cognitively normal
individuals have evidence of AD pathology (see Soldan et al., 2016a, for
more details). The resulting proportion of individuals classified into the
four CSF groups was very comparable to prior studies that used clini-
cally validated cut-points (e.g., Jack et al., 2017; Mormino et al., 2014;
Vos et al., 2013). These four CSF groups are descriptively referred to as
preclinical AD stages (i.e., Stage 0, 1, 2) and SNAP; however, given
statistically validated cut-points were not used to define biomarker
abnormality, the groups would be more accurately described by their
tertile descriptors (e.g., ‘low CSF amyloid and high CSF tau group’,
rather than Stage 2). Unless noted otherwise, the results were the same
when using more stringent cut-points (i.e., quartiles or quintiles) to
classify individuals into the four groups (see Supplementary Materials
III). Participants were classified into the groups twice, once according
to abnormality in CSF Aβ1–42 and t-tau, and once according to ab-
normality in CSF Aβ1–42 and p-tau.

Differences in baseline characteristics between individuals in the
four CSF groups were first assessed with a global F-test for continuous
variables or global chi-square tests for categorical variables. If the
global test was significant at p < 0.05, post-hoc t-tests for continuous
variables or chi-square tests for dichotomous variables were performed
to compare individual groups. Correlations between the baseline CSF
and MRI measures were assessed with partial Pearson correlations
(covarying age at baseline MRI scan) and p-values were adjusted for
multiple comparisons using the Bonferroni-Holm correction.

Linear mixed effect models were used to examine the relationship of
baseline Preclinical AD Stages and SNAP to MRI measures over time.
These models included linear effects of time, and a random intercept
and slope for each participant; all models were run twice – once using
CSF groups determined by CSF Aβ1–42 and t-tau, and once using CSF
groups determined by Aβ1–42 and p-tau. The outcome variables were
the MRI measures over time, including baseline measures and all
available follow-up. The predictors were age at baseline MRI, gender
(dichotomous), years of education, Stage 1 (dichotomous), Stage 2
(dichotomous), SNAP (dichotomous), time since baseline, and the in-
teraction of each predictor with time. Stage 0, therefore, was treated as
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the reference group. In these models, the interaction of each stage in-
dicator with time tests if the rate of change in MRI biomarker measures
differs between Stage 0 and the other stages.

To determine whether APOE ε4 genetic status or follow-up diag-
nosis impact longitudinal MRI trajectories, both sets of models were re-
run including either the APOE ε4 indicator variable and its interaction
with time as additional predictors, or the diagnosis indicator variable
and its interaction with time. To test whether the APOE ε4 indicator
variable's effects differed by Stage, additional models were run, one for
each CSF group (again in reference to Stage 0), that also included the
three-way interaction between the Stage indicator, APOE ε4 indicator,
and time, as well as the Stage by APOE-e4 interaction. Only one three-
way interaction term was tested at a time to limit the total number of
terms in the model. Potential three-way interactions between follow-up
diagnosis, Stage indicators, and time were not examined in a similar
manner because the number of subjects who had progressed to MCI
within each CSF group was too small to obtain reliable estimates
(range = 5–16 progressors per group).

3. Results

Characteristics of participants at baseline for the entire BIOCARD
cohort and for participants in the analysis are shown in Table 1. Table 2
lists baseline characteristics separately for the 4 groups (Stage 0, Stage
1, Stage 2, and SNAP). The groups did not differ in sex, years of edu-
cation, and baseline MMSE score. However, individuals classified as
Stage 2 were older, were more likely to be APOE ε4 carriers, and were
more likely to progress to MCI or dementia at follow-up than in-
dividuals in Stage 0 (all p < 0.05). Individuals in Stage 1 and SNAP did
not differ from Stage 0 on these measures, except that the Stage 1 group
had a higher proportion of APOE ε4 carriers than the Stage 0 group.
Although individuals classified as Stage 0 tended to have numerically
smaller MTL measures than individuals classified as Stage 2, these
differences were not significant.

Of the 207 subjects included in the analyses, 38 (18%) were clas-
sified in a different CSF group when groups were defined using Aβ1–42
and tau vs. Aβ1–42 and p-tau. The majority of changes in group mem-
bership were between Stage 0 and SNAP (n = 30); the remaining
changes were between Stages 1 and 2 (n = 8) (see Supplementary
Materials II for more details).

There were no significant correlations between the MRI measures
and the CSF biomarker values at baseline (all p > 0.05). However, CSF
p-tau was correlated with t-tau (r= 0.65, p < 0.001) and with Aβ1–42
(r = −0.25, p < 0.001).

3.1. Relationship between CSF groups and MRI atrophy over time

The results from the mixed-effects model examining the association
between each Stage and the longitudinal MTL volume composite are
summarized in Table 3. When the preclinical AD groups were defined
using CSF Aβ1–42 and p-tau, there was a significant interaction between
Stage 2 and time (< 0.006), indicating greater atrophy in the MTL
volume composite over time for individuals in Stage 2 compared to

Stage 0. By comparison, the Stage 1 × time and SNAP × time inter-
actions were not significant (both p > 0.2), suggesting similar rates of
change over time in the MTL volume composite for Stages 0, 1, and
SNAP. A follow-up mixed-effects model using Stage 2 as the reference
group showed that the rate of atrophy of the MTL composite for the
Stage 2 group was also greater than for Stage 1 [mean estimate (SE)
= 0.09 (0.03), p= 0.0086], but the difference did not reach sig-
nificance compared to the SNAP group [mean estimate (SE) = 0.05
(0.03), p = 0.128]. These findings are illustrated in Fig. 1. When the
preclinical AD groups were defined using Aβ1–42 and t-tau, there were
no significant interactions between any of the Stage indicators and time
(all p > 0.13), suggesting that the rates of change in the MTL volume
composite over the follow-up period did not differ for the four groups.
The same pattern of results was obtained using more stringent cut-
points (quartiles or quintiles) to classify subjects into the four CSF
groups, with one exception: the rate of atrophy of the MTL volume
composite of the SNAP group defined using Aβ1–42 and p-tau was sig-
nificantly greater than for Stages 0 and 1 (p < 0.05, see Supplemen-
tary Materials III).

The results for the individual MTL regions were similar to the results
using the MTL composite score as the outcome, though less robust, and
can be found in the Supplementary Materials IV. Specifically, when the
groups were defined using Aβ1–42 and t-tau, there were no interactions
between any of the Stage indicators and time (all p > 0.11), suggesting
similar rates of change in the individual regions for the four groups.
When the groups were defined by Aβ1–42 and p-tau, there was a sig-
nificant Stage 2 × time interaction for the amygdala (p= 0.035) and a
marginally-significant interaction for the entorhinal cortex volume
(p = 0.068). For the hippocampus and entorhinal cortex thickness, the
Stage 2 × time interactions were in the same direction, but not sig-
nificant (p = 0.155, and p= 0.260, respectively).

3.2. Effect of APOE ε4 status on relationship between CSF groups and MRI
atrophy over time

Follow-up models examining the effects of APOE ε4 status and
follow-up diagnosis were only performed for the MTL volume compo-
site. When the APOE ε4 indicator and its interaction with time were
added to the model, the results remained the same and neither the ef-
fect of APOE ε4 status, nor the APOE ε4 status by time interaction were
significant (all p > 0.2 for both Aβ1–42/t-tau and Aβ1–42/p-tau).
Furthermore, the three-way interactions between APOE ε4 status, time,
and the Stage indicator variables were not significant (all p > 0.8),
indicating similar rates of MTL atrophy for APOE ε4 carriers and non-
carriers within each of the four groups.

3.3. Effect of follow-up diagnosis on relationship between CSF groups and
MRI atrophy over time

Baseline characteristics for individuals who remained normal vs.
those who progressed to MCI or dementia at follow-up are shown in
Supplementary Materials V. When the follow-up diagnosis indicator
and its interaction with time were added to the main models, the results
also remained the same. Across all four groups, there was a main effect
of diagnosis [mean estimate (SE) = −0.27 (0.13), p= 0.045 for
groups defined by Aβ1–42 and t-tau; mean estimate (SE) = −0.28
(0.13), p = 0.04 for groups defined by Aβ1–42 and p-tau], but the di-
agnosis by time interaction was not significant (both p > 0.48). This
suggests that individuals who progressed to MCI at follow-up had
smaller MTL volume composites at baseline than those who remained
cognitively normal, even after accounting for baseline levels of CSF
Aβ1–42, t-tau, and p-tau, but the rate of atrophy was the same for pro-
gressors and non-progressors. (The three-way interactions between
follow-up diagnosis, Stage indicators, and time were not examined due
to the small number of progressors in each CSF group (see Table 2).)

Table 1
Participant characteristics at baseline. Values reflect means (standard deviations) unless
otherwise indicated.

Variable Entire BIOCARD cohort Participants in analyses

N 349 207
Age, years 57.3 (10.4) 56.9 (10.0)
Sex, female (%) 57.6% 59.4%
Ethnicity, Caucasian (%) 97.1% 97.6%
APOE ε4 carriers (%) 33.6% 32.2%
Education, years 17.0 (2.4) 17.2 (2.3)
MMSE score 29.5 (0.9) 29.6 (0.8)

C. Pettigrew et al. NeuroImage: Clinical 16 (2017) 439–446

442



Table 2
Participant characteristics at baseline for the four CSF groups (Stage 0, 1, 2, and SNAP). Values reflect means (standard deviations) unless otherwise indicated.

Stage 0 Stage 1 Stage 2 SNAP

Groups defined by CSF Aβ and CSF total tau
N 97 41 28 41
N (%) progressed to MCI or dementia due to AD 14 (14.4%) 6 (14.6%) 16 (57.1%)⁎⁎ 5 (12.2%)
Age, years 54.9 (10.3) 55.7 (7.5) 65.3 (9.6)⁎⁎ 57.2 (9.2)
Sex, female (%) 61.9% 56.1% 50.0% 63.4%
Ethnicity, Caucasian (%) 96.9% 97.6% 100% 97.6%
APOE ε4 carriers (%)a 22.9% 40.0% ⁎ 50.0%⁎ 35.0%
Education, years 17.2 (2.4) 16.9 (2.4) 17.3 (2.2) 17.2 (2.1)
MMSE score 29.6 (0.7) 29.4 (0.9) 29.6 (1.0) 29.6 (0.7)
CSF Aβ, pg/mL 454.7 (54.5) 319.3 (38.9)⁎⁎ 253.7 (73.8)⁎⁎ 473.6 (54.8)
CSF tau, pg/mL 58.0 (10.5) 44.8 (13.7) 115.1 (36.3)⁎⁎ 93.9 (26.6)⁎⁎

CSF p-tau, pg/mL 30.8 (8.6) 27.0 (7.7) 57.2 (21.8)⁎⁎ 41.8 (11.8)⁎⁎

Hippocampal volume, standardized residual 0.02 (0.89) −0.03 (1.10) 0.09 (1.04) 0.14 (0.95)
Entorhinal cortex volume, standardized residual −0.08 (0.96) 0.16 (1.09) 0.05 (0.89) 0.17 (0.98)
Entorhinal cortex, thickness, mm 2.13 (0.26) 2.22 (0.27) 2.21 (0.24) 2.22 (0.25)
Amygdala volume, standardized residual 0.11 (0.96) −0.03 (0.93) 0.10 (1.18) −0.22 (0.88)⁎

MTL volume composite 0.02 (0.61) 0.04 (0.78) 0.08 (0.79) 0.03 (0.72)
Number of MRI scans (range) 2.3 (1–5) 2.3 (1–6) 2.4 (1–5) 2. 5 (1–5)
MRI follow-up time, years 2.3 (1.3) 2.3 (1.5) 2.4 (1.3) 2.5 (1.4)
N with > 1 MRI scans 61 23 17 26
Number of MRI scans for subjects with > 1 scan (range) 3.0 (2–5) 3.3 (2–6) 3.4 (2–5) 3.3 (2–5)
MRI follow-up time for subjects with > 1 scan, years 4.0 (2.3) 4.2 (1.8) 4.4 (1.9) 4.7 (2.2)

Groups defined by CSF Aβ and CSF phosphorylated tau
N 95 43 26 43
N (%) progressed to MCI or dementia due to AD 14 (14.7%) 6 (14.0%) 16 (61.5%)⁎⁎ 5 (11.6%)
Age, years 55.9 (9.5) 57.0 (8.4) 63.9 (9.9)⁎⁎ 54.9 (11.2)
Sex, female (%) 60.0% 48.8% 61.5% 67.4%
Ethnicity, Caucasian (%) 92 (96.8%) 42 (97.7%) 26 (100%) 42 (97.7%)
APOE ε4 carriers (%)a 23.9% 42.9% ⁎ 44.0%⁎ 32.6%
Education, years 17.3 (2.4) 17.0 (2.4) 17.2 (2.3) 17.0 (2.1)
MMSE score 29.6 (0.7) 29.4 (1.0) 29.7 (0.7) 29.7 (0.7)
CSF Aβ, pg/mL 457.7 (57.4) 309.7 (52.4)⁎⁎ 264.5 (72.4)⁎⁎ 466.1 (49.8)
CSF tau, pg/mL 61.8 (17.7) 49.5 (21.7) 112.7 (40.6)⁎⁎ 83.8 (27.8)⁎⁎

CSF p-tau, pg/mL 28.5 (7.1) 26.2 (6.3) 60.8 (19.2)⁎⁎ 46.2 (7.3)⁎⁎

Hippocampal volume, standardized residual 0.03 (0.87) −0.02 (1.08) 0.09 (1.06) 0.12 (1.00)
Entorhinal cortex volume, standardized residual −0.06 (0.94) 0.10 (1.10) 0.15 (0.85) 0.10 (1.02)
Entorhinal cortex, thickness, mm 2.13 (0.26) 2.23 (0.27)⁎ 2.20 (0.24) 2.21 (0.27)
Amygdala volume, standardized residual 0.08 (1.03) 0.09 (1.00) −0.07 (1.09) −0.13 (0.72)
MTL volume composite 0.02 (0.64) 0.06 (0.76) 0.06 (0.81) 0.03 (0.67)
Number of MRI scans (range) 2.5 (1–5) 2.3 (1–6) 2.4 (1–5) 2.0 (1–5)
MRI follow-up time, years 3.0 (2.9) 2.4 (2.6) 2.6 (2.5) 2.0 (2.2)
N with > 1 MRI scans 62 24 16 25
Number of MRI scans for subjects with > 1 scan (range) 3.3 (2–5) 3.4 (2–6) 3.3 (2–5) 2.7 (2–5)
MRI follow-up time for subjects with > 1 scan, years 4.5 (2.4) 4.4 (1.8) 4.2 (1.9) 3.4 (1.9)

⁎ p ≤ 0.05 for differences between Stage 1, Stage 2, and SNAP relative to Stage 0.
⁎⁎ p < 0.001 for differences between Stage 1, Stage 2, and SNAP relative to Stage 0.
a Excludes n= 5 participants with APOE ε2/ε4 genotype.

Table 3
Results of linear mixed effects models for the medial temporal lobe volume composite.

Groups defined by CSF Aβ and p-tau Groups defined by CSF Aβ and total tau

Model Predictors Estimate SE p-Value Estimate SE p-Value

Time −0.038 0.087 0.665 −0.007 0.093 0.941
Baseline age 0.003 0.005 0.589 0.003 0.005 0.593
Gender (male) 0.413 0.099 < 0.0001 0.411 0.098 < 0.0001
Education −0.012 0.021 0.578 −0.011 0.021 0.589
Stage 1 −0.005 0.125 0.971 −0.112 0.127 0.930
Stage 2 −0.031 0.158 0.844 −0.059 0.154 0.700
SNAP 0.018 0.124 0.886 −0.032 0.126 0.801
Baseline age × time 0.001 0.001 0.384 0.000 0.001 0.714
Gender × time −0.023 0.019 0.227 −0.015 0.019 0.455
Education × time −0.003 0.004 0.444 −0.003 0.004 0.427
Stage 1 × time 0.007 0.022 0.766 −0.009 0.025 0.719
Stage 2 × time −0.082 0.029 0.006 −0.043 0.028 0.137
SNAP × time −0.029 0.026 0.261 −0.017 0.022 0.439

Note: Stage 0 was used as the reference group in these models. Thus, estimates for Stage 1, 2, and SNAP and their interactions with time reflect differences relative to Stage 0.
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4. Discussion

This study compared rates of brain atrophy within several medial
temporal brain regions among cognitively normal individuals, cate-
gorized on the basis of their CSF biomarker profiles, and determined
whether any group differences observed were influenced by whether
the participants progressed to MCI over time. The primary finding was
that when the groups were defined using CSF Aβ1–42 and p-tau, in-
dividuals in Stage 2 (low levels of CSF Aβ1–42 and high levels of CSF p-
tau) showed a significantly greater rate of atrophy in the MTL volume
composite measure than individuals in Stage 0 and 1, which did not
differ from one another. The SNAP group showed intermediate levels of
atrophy and did not differ from Stage 0, 1, or 2. When abnormality of
CSF p-tau was defined using more extreme cut-points, the SNAP group
also showed greater atrophy in the MTL composite than Stages 0 and 1
and did not differ from Stage 2. However, when the groups were de-
fined using levels of CSF Aβ1–42 and CSF t-tau, there were no differences
between the four groups at baseline or in the rate of change of the MTL
volume composite over time, independent of cut-points.

The long clinical follow-up period of individuals in the current study
also allowed us to examine whether follow-up diagnostic status (cog-
nitively normal or MCI) influences the association between the CSF AD
biomarkers and rate of change in MTL atrophy. We found that, even
after accounting for baseline CSF levels, individuals who progressed to
MCI at follow-up had smaller MTL volumes composites at baseline than
individuals who remained cognitively normal over time. However, the
rate of MTL atrophy did not differ between subjects who progressed to
MCI at follow-up vs. those who remained cognitively normal when CSF
levels of Aβ1–42, and t-tau or p-tau, were covaried, though we cannot
rule out the possibility that we were underpowered to detect an effect.
Additionally, future studies are needed to determine whether different
rates of atrophy are found among progressors within each of the CSF
groups, as the present study did not have the power to examine this
question.

These results suggest that individuals who subsequently progressed
to MCI had already undergone some degree of MTL atrophy prior to
their baseline CSF collection, when they were cognitively normal. This
interpretation would be consistent with the finding that baseline mea-
sures of MTL structures predict the time to progress from normal cog-
nition to symptom onset of MCI> 6 years prior to symptom onset
(Soldan et al., 2015) and show volumetric shape changes between 3 and
10 years before symptom onset (Younes et al., 2014). Another possi-
bility is that individuals who progressed to MCI had smaller MTL vo-
lumes prior to the accumulation of amyloid and tau pathology, possibly
reflecting genetic or developmental events. Our results also suggest that
the additional atrophy in the MTL among those destined to develop MCI
is not independent of CSF levels of Aβ1–42, p-tau, and t-tau. Ad-
ditionally, it is noteworthy that even among subjects in Stage 0, the
volume of the MTL composite tended to decrease over time, which may
be indicative of atrophy due to non-AD related causes.

Taken together, these findings suggest that abnormal levels of CSF
p-tau, particularly in combination with abnormal levels of CSF Aβ1–42,
are necessary for observing significant MTL atrophy over time among
individuals with normal cognition at baseline. This finding is in line
with the results reported by Desikan et al. (2011), indicating that ab-
normal levels of Aβ1–42 and p-tau appear to be more important for
observing AD-related brain atrophy than abnormal levels of Aβ1–42 and
t-tau. The finding that individuals with very high levels of p-tau and
normal levels of Aβ1–42 may also show elevated MTL atrophy provides
some evidence for amyloid-independent, tau-mediated atrophy, though
these results need to be replicated given the relatively small number of
participants in this group. It is possible that atrophy is directly caused
by neurofibrillary tangle pathology (as indexed by CSF p-tau), in-
dependent of amyloid, but higher levels of brain amyloid facilitate the
accumulation and spread of tangles.

We also found that a composite MTL volume measure provided a
more sensitive index of MRI atrophy over time than measures of the
individual MTL regions. This finding has implications for AD clinical
trials using structural MRI measures for tracking disease progression or
response to treatment. Our results suggest that a composite MTL mea-
sure would provide a more sensitive endpoint than hippocampal vo-
lume or entorhinal cortex volume alone, when tracking atrophy during
the preclinical phase of AD. This is likely due to the reduction in
measurement error conferred by the use of composite scores (Mosier,
1943), as well as the fact that CSF biomarkers reflect whole brain
markers of the underlying disease process and may therefore show
stronger associations with more global than local measures of brain
atrophy. Future studies are necessary for determining whether MRI
composite scores are also more sensitive than individual regional
measures when using amyloid and tau PET imaging to classify in-
dividuals into preclinical AD stages.

Lastly, we found that although APOE ε4 carriers were more likely to
be classified as Stage 1 or 2 than Stage 0 or SNAP, the presence of an
APOE ε4 genotype did not modulate the degree of MTL atrophy once
baseline levels of CSF Aβ1–42, t-tau, and p-tau were accounted for.
Similar findings have been reported for the rate of change in cognition
over time among individuals in the four groupings examined here
(Soldan et al., 2016a). With respect to the design of clinical trials for AD
therapeutics, these findings suggest that while over-recruitment of in-
dividuals with the APOE ε4 genotype may be beneficial for ensuring a
greater proportion of individuals in Stage 2 (i.e., those at highest risk
for AD-related cognitive decline and brain atrophy), the samples do not
need to be stratified by ε4 carrier status when baseline levels of amyloid
and tau are taken into account.

The results from the current study provide support for the recently
proposed A/T/N classification scheme for AD (Jack et al., 2016), which
recommends that biomarkers of neurofibrillary tangle pathology (CSF
p-tau and tau PET imaging) should be differentiated from biomarkers of
neuronal injury (CSF t-tau, structural MRI, and FDG PET imaging).
Although CSF p-tau and t-tau were highly correlated in the current
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Fig. 1. Estimated atrophy rates from linear mixed-effects models
predicting longitudinal medial-temporal lobe volume atrophy
among individuals classified into the 4 preclinical AD groups
(Stage 0, Stage 1, Stage 2, and suspected non–Alzheimer disease
pathology [SNAP]) using baseline cerebrospinal fluid Aβ1–42 and
phosphorylated tau (p-tau). The estimates are adjusted for
baseline age, sex, education, and their interactions with time.
There was no difference in atrophy rates between Stage 0, 1, and
SNAP (Table 3), but Stage 2 had a greater rate of atrophy than
Stages 0 and 1, while the SNAP group had intermediate atrophy
levels.
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study, only elevated p-tau was reliably associated with longitudinal
MTL atrophy. This likely reflects the fact that CSF p-tau is very closely
related to the AD pathophysiological process, with CSF p-tau con-
centration levels correlating with neurofibrillary tangle pathology in
AD patients (Buerger et al., 2006; Seppala et al., 2012). CSF t-tau levels,
while significantly higher among AD-dementia patients than among
cognitively normal individuals, can also be seen in other diseases and
reflect more general levels of neuronal injury due to both AD and non-
AD processes (Zetterberg, 2017). Additionally, it has been hypothesized
that CSF p-tau becomes abnormal earlier in the course of AD than CSF t-
tau (Jack et al., 2013), so that during the initial phases of the disease,
abnormal levels of CSF Aβ1–42 and p-tau may be more strongly asso-
ciated with MTL atrophy than abnormal levels of CSF Aβ1–42 and t-tau.
For example, a study by Gomar et al. (2016) showed that atrophy in the
hippocampus was predicted by decreasing levels of Aβ1–42 and in-
creasing levels of p-tau but not t-tau among older, cognitively normal
individuals. Similarly, a recent study by Pascoal et al. (2017) reported a
significant decline in FDG medial temporal metabolism among cogni-
tively normal individuals with abnormal levels of both amyloid and CSF
p-tau, but not among those with abnormal levels of amyloid and t-tau. It
is also noteworthy that participants in the current study were relatively
young and had a strong family history of AD-dementia; therefore, the
atrophy observed among individuals in the current study is more likely
to be due to AD than to other causes, which may also explain the p-tau
specific association. This interpretation would be consistent with the
finding that studies of older individuals, who tend to harbor greater
levels of other age-related neurodegenerative pathologies, have ob-
served elevated MTL atrophy among individuals categorized by ab-
normal levels of amyloid and neuronal injury (i.e., Stage 2, Knopman
et al., 2013, Jack et al., 2014, Gordon et al., 2016, Knopman et al.,
2016, Pegueroles et al., 2017).

The results from the current study are also consistent with pre-
viously reported dissociations between CSF t-tau and p-tau in the
BIOCARD cohort. For example, Moghekar et al. (2013) reported that
baseline levels of Aβ1–42 and p-tau were associated with the time to
progression from normal cognition to MCI due to AD, but t-tau levels
were not. Additionally, Pettigrew et al. (2016) found that lower cortical
thickness among cognitively normal individuals was associated with p-
tau but not with t-tau levels, and that lower cortical thickness predicted
the time to progress to symptom onset of MCI. Lastly, Soldan et al.
(2016b) found that performance in a visual-spatial episodic memory
task was associated with CSF p-tau but not t-tau levels 10 years earlier,
when individuals were cognitively normal. Taken together, these re-
sults support the view that p-tau levels are more closely related to the
cognitive and brain changes associated with AD among middle-aged
individuals than t-tau levels. An exception to this pattern of dissocia-
tions between t-tau and p-tau is the finding that significant cognitive
decline over the course of up 20 years was observed for individuals
classified as preclinical Stage 2 using both Aβ1–42/p-tau and Aβ1–42/t-
tau (Soldan et al., 2016a). One possibility that may explain this ap-
parent discrepancy is that the long-term cognitive decline observed by
Soldan et al. (2016a) among individuals with abnormal levels of Aβ1–42
and t-tau reflected contributions from both AD and non-AD related
pathologies, with non-AD processes exerting their effects over a longer
time-frame, when individuals were older.

This study must be interpreted within the context of its limitations.
First, the BIOCARD cohort is a convenience sample and consists of well-
educated, primarily Caucasian participants, the majority of whom have
a family history of AD. These factors may limit generalization to the
population at large. Second, the mean MRI follow-up time for subjects
with> 1 MRI scan was only 4 years and 38% of the cohort only had 1
MRI scan. It is possible, therefore, that MRI atrophy patterns during
preclinical AD differ over longer follow-up periods. Third, we did not
examine rates of MRI atrophy outside of the MTL; it remains unclear,
therefore, whether our results generalize to AD-vulnerable regions
outside of the MTL. For example, cortical thinning outside of the MTL

has been reported several years prior to the onset of symptoms asso-
ciated with AD both for late onset and dominantly-inherited AD (e.g.,
Pettigrew et al., 2016; Weston et al., 2016); it will be important to
compare rates of atrophy across these regions in relationship to CSF
biomarkers. Fourth, the present study used tertiles (and quintiles) to
define the CSF groups, rather than statistically and clinically validated
cut-points for determining biomarker abnormality; this method may be
highly sample dependent and biased by sample characteristics (such as
sample age and family history of dementia). Future studies are there-
fore necessary to determine if similar findings are obtained using
clinically validated CSF cut-points and more diverse samples, and to
test whether similar results are obtained when using PET amyloid and
tau imaging to classify individuals into preclinical AD stages.
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