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The apolipoprotein E epsilon 4 allele (ApoE-¢4) is the strongest known genetic risk factor for late onset
Alzheimer’s disease. Expansion of the lateral ventricles occurs with normal aging, but dementia accel-
erates this process. Brain structure and function depend on ApoE genotype not just for Alzheimer’s
disease patients but also in healthy elderly individuals, and even in asymptomatic young individuals.
Therefore, we hypothesized that the ApoE-¢4 allele is associated with altered patterns of longitudinal
ventricular expansion, in dementia and normal aging. We tested this hypothesis in a large sample of

ll:ejtz)\évords: elderly participants, using a linear discriminant analysis-based approach. Carrying more ApoE-¢4 alleles
Vle)ntri cular expansion was associated with faster ventricular expansion bilaterally and with regional patterns of lateral ventricle
Dementia morphology at 1- and 2-year follow up, after controlling for sex, age, and dementia status. ApoE geno-

typing is considered critical in clinical trials of Alzheimer’s disease. These findings, combined with earlier
investigations showing that ApoE is also directly implicated in other conditions, suggest that the selective
enrollment of ApoE-¢4 carriers may empower clinical trials of other neurological disorders.

© 2014 Elsevier Inc. All rights reserved.

Neuroimaging genetics
Structural MRI

1. Introduction

Age- and disease-related expansion of the lateral ventricles
reflects the accumulation of brain tissue loss throughout multiple
brain regions. It co-occurs with gray and white matter degener-
ation globally and in nearby subcortical regions (Ferrarini et al.,
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2008; Qiu et al,, 2009). In normal aging, ventricular enlarge-
ment rates accelerate around the age of 60 years, and then
continue at a stable pace even in those who survive into their late
90s (Jernigan et al., 2001; Walhovd et al., 2005). Dementia affects
ventricular volumes (Carmichael et al.,, 2007a) and the rate of
ventricular enlargement (Carmichael et al., 2007b), and this rate
distinguishes Alzheimer’s disease (AD) patients from healthy
elderly control subjects, even when cross-sectional ventricular
volumes overlap between the 2 groups (Wang et al., 2002).

The apolipoprotein E epsilon 4 allele (ApoE-e4) is the stron-
gest known genetic risk factor for late onset AD, and has un-
equivocally been linked to AD in over 100 studies (Bertram et al.,
2007). Although there are ethnic and demographic differences in
allele frequencies, around 25% of the world’s population carries at
least 1 copy of the &4 risk allele, and each copy of this risk allele is
associated with an approximate 3-fold increase in the odds of
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developing AD (Bertram et al., 2007). The ApoE-¢4 allele in-
creases not only the risk of developing late onset AD but also the
rate of dementia progression both in terms of cognitive decline
(Stone et al., 2010) and temporal lobe atrophy (Filippini et al.,
2009b; Hua et al., 2010; Lehtovirta et al., 1995).

A recent study examined how the ApoE-¢4 allele affects ven-
tricular volume trajectory (Erten-Lyons et al., 2013). Greater
ventricular volume enlargement over time was significantly
associated with carrying the ApoE-¢4 allele (Erten-Lyons et al.,
2013). However, this study had several limitations, including a
small sample (N = 71), and the use of a semi-automated meth-
odological approach to measure ventricular volumes on magnetic
resonance imaging (MRI) scans. Most importantly, the study
included both healthy elderly individuals and individuals with
dementia, but the investigators did not control for dementia
status when assessing how the ApoE-¢4 allele related to longi-
tudinal ventricular expansion. As dementia affects the rate of
ventricular enlargement (Carmichael et al., 2007b; Erten-Lyons
et al., 2013; Wang et al., 2002), this study design did not reveal
whether the ApoE-e4 allele may independently influence ven-
tricular volume trajectory, or whether the observed effects were
mediated by dementia status, since people with AD are also more
likely to carry the ApoE-¢4 allele.

Brain structure and function are related to ApoE genotype not
just for AD patients but also in healthy elderly individuals, and
even in asymptomatic young individuals who carry the ApoE-¢4
allele. For example, healthy young ApoE-¢4 carriers show different
patterns of brain activity both in resting state and during memory
encoding tasks, compared with noncarriers (Filippinietal.,2009a).
Further, medial temporal lobe volumes are smaller in healthy
middle-aged carriers as well as elderly ApoE-¢4 carriers (Barboriak
et al., 2000; den Heijer et al.,, 2002; Wishart et al., 2006) and
hippocampal volumes are reduced in healthy young ApoE-¢4 car-
riers (O'Dwyer et al., 2012). Moreover, cognitively normal, late-
middle-aged adults show whole-brain atrophy rates that are
correlated with ApoE-¢4 gene dose (Chen et al.,, 2007). Healthy
elderly ApoE-¢4 carriers also have localized abnormalities in
ventricular shape and volume (Chou et al., 2008, 2010). Based on
the above findings, we thus hypothesized that the ApoE-¢4 allele is
associated with the overall trajectory of ventricular volume
expansion both in dementia and in normal aging.

Here, we tested this primary hypothesis in a large sample of
elderly participants (N = 736 at baseline) from the Alzheimer’s
Disease Neurolmaging Initiative (ADNI). To track the volume of
the lateral ventricles across baseline, 1-year (N = 622) and 2-year
(N = 479) follow up scans; we used an innovative linear
discriminant analysis-based approach previously developed by
our group (Gutman et al, 2013). We also applied advanced
surface-based anatomic modeling to examine associations be-
tween ApoE-¢4 loading and regional changes in the shape and
volume of the lateral ventricles—after controlling for age, sex,
and dementia status. This allowed us to create 3D maps of ven-
tricular expansion associated with the ApoE-¢4 allele. We also
conducted exploratory post hoc analyses to examine the effects of
ApoE genotype on ventricular expansion and expansion rate
within each hemisphere and within each diagnostic group, to
assess its possible impact on left-right asymmetry in expansion,
and to test alternate models of allele effects.

2. Methods
2.1. Subjects

Data used in this study were obtained from the ADNI data-
base. The ADNI was launched in 2003 by the National Institute on

Aging, the National Institute of Biomedical Imaging and Bioen-
gineering, the Food and Drug Administration, private pharma-
ceutical companies and nonprofit organizations, as a 5-year
public-private partnership. The primary goal of ADNI has been
to test whether serial MRI, positron emission tomography, other
biological markers, and clinical and neuropsychological assess-
ment can be combined to measure the progression of mild
cognitive impairment (MCI) and early AD. Determination of
sensitive and specific markers of very early AD progression is
intended to help researchers and clinicians develop new treat-
ments and monitor their effectiveness, as well as decrease the
time and cost of clinical trials.

All ADNI studies are conducted according to the Good Clinical
Practice guidelines, the Declaration of Helsinki, and U.S. 21 CFR
Part 50 (Protection of Human Subjects), and Part 56 (Institutional
Review Boards). Written informed consent was obtained from all
participants before protocol-specific procedures were performed.
To avoid the known effects of population stratification on genetic
analysis (Lander and Schork, 1994), we only included non-
Hispanic Caucasian subjects identified by self-report and
confirmed by multi-dimensional scaling analysis (Stein et al.,
2010). The ADNI cohort included 3 diagnostic groups: people
with AD, amnestic MCI, and healthy elderly (cognitively normal)
participants (Aisen et al., 2010). About 14% of ADNI participants
reported a paternal history of AD and 35% reported a maternal
history of dementia (Andrawis et al., 2012) and the 2-year MCI to
AD conversion rate was 37.7% (Tatsuoka et al., 2013). Our final
analysis comprised 736 individuals (average age + SD = 75.52 +
6.79 years; 436 men/300 women) including 173 AD, 358 MCI, and
205 healthy participants at baseline (Table 1).

2.2. ApoE genotyping

ApoE genotyping was performed on DNA samples obtained from
subjects’ blood, using an ApoE genotyping kit, as described in http://
www.adni-info.org/Scientists/Pdfs/adniproceduresmanual12.pdf
(also see http://www.adni-info.org for detailed information on
blood sample collection, DNA preparation, and genotyping me-
thods). The ApoE gene is polymorphic, with 3 major isoforms:
ApOE2 (2 allele), ApoE3 (e3 allele), and ApoE4 (&4 allele). In all our
analyses, ApoE genotype was coded as 0, 1, and 2 for the presence of
0,1, and 2 ApoE-¢4 adverse alleles, respectively.

2.3. Image acquisition, correction, and pre-processing

Participants were scanned with a standardized MRI protocol
developed for this cohort (Jack et al., 2008; Leow et al., 2006).
Briefly, high-resolution structural brain MRI scans were acquired
at 58 sites across North America, using 1.5 Tesla MRI scanners.
There was no trend in the data whereby a great number of people
with any one diagnosis were preferentially evaluated on any one
scanner. To minimize variation because of technical nonunifor-
mity in the data collected at different sites, a major effort was
taken to establish very specific standards in the MRI protocol and
acquisition parameters. The ADNI MRI protocol was selected in a
data-driven manner with considerable deliberation by a group of
experts in the field (Jack et al., 2008). A sagittal 3D MP-RAGE
sequence was used, and optimized for consistency across sites
(repetition time/echo time = 2400/1000 ms; flip angle = 8°; field
of view = 24 cm; final reconstructed voxel resolution = 0.9375 x
0.9375 x 1.2 mm?) (Jack et al., 2008). In addition, phantom-based
monitoring of the instruments themselves was conducted to
monitor performance over time for each scanner involved in the
ADNI project (Jack et al., 2008). Based on 622 phantom scans
collected at 49 sites, the average standard deviations of scale
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Table 1
Demographic data by diagnostic and genotype groups

APOE genotype  CON MCI AD Total

0 APOE ¢ 4 allele
No 151 (68) 162 (56) 60 (31) 373 (155)
Ni2 130 (56) 138 (49) 45 (22) 313 (127)
P 112 (52) 8 (36) 31(16) 241 (104)
Age 76.10 (+5.16) 76. 27 (£7.66) 77.15 (+£8.53) 76.34 (+6.92)
MMSE 29.15 (+0.94) 27.24 (£1.77) 23.17 (+2.07) 27.36 (£2.55)

1 APOE ¢ 4 allele
No 50 (24) 153 (54) 79 (33) 282 (111)
Ni2 46 (22) 129 (45) 62 (28) 237 (9 )
Nog 40 (20) 94 (29) 49 (21) 183 (70
Age 76.54 (+4.52) 74.85 (+6.79) 75.97 (+6.52) 75.46 (16 38)
MMSE 29.18 (+1.02) 27.01 (£1.75) 23.48 (+2.02) 26.40 (+2.64)

2 APOE ¢ 4 alleles
No 4(2) 43 (18) 34 (14) (3
Ni2 4(2) 39 (16) 29 (11) 2 (29)
No4 4(2) 30(11) 21(8) 5(21)
Age 73.75 (£3.86) 71.81 (+5.98) 71.91 (£7.28) 71 95 (£6.43)
MMSE 29.00 (+0.82) 26.84 (£1.98) 23.44 (+1.86) 25.52 (+£2.62)

Total
No 205 (94) 358 (128) 173 (78) 736 (300)
Ni2 180 (80) 306 (110) 136 (61) 622 (251)
N24 156 (74) 222 (76) 101 (45) 479 (195)
Age 76.16 (£4.99) 75.13 (+£7.23) 75.58 (£7.61) 75.52 (+£6.79)
MMSE 29.16 (+£0.95) 27.09 (£1.79) 23.36 (+2.00) 26.79 (£2.67)

No, N2, and Ny4 indicate sample sizes at baseline, 12-month follow up, and
24-month follow up, respectively. Sample sizes are followed by the number of
women in parentheses. Age and MMSE indicate baseline age and scores on the mini
mental status examination. Means are followed by standard deviations in paren-
theses.

Key: AD, Alzheimer’s disease; APOE ¢ 4, apolipoprotein E; CON, control; MCI, mild
cognitive impairment; MMSE, Mini-Mental State Examination.

factors across individual scanners were 0.04, 0.07, and 0.11% along
the x, y, and z axes, respectively (Gunter et al., 2007). Furthermore,
image quality control procedures and post-acquisition correc-
tion of various image artifacts were performed at a single site
(Mayo clinic) to ensure the consistency of these preprocessing
steps (Jack et al., 2008).

2.4. Segmentation of the lateral ventricles

For lateral ventricle segmentation, we analyzed baseline (N =
736), 1-year (N = 622), and 2-year (N = 479) follow up brain MRI
scans from the ADNI cohort. Raw MRI scans were pre-processed to
reduce signal inhomogeneity and linearly registered to a template
(using 9 parameter registration). Prior methods for ventricular
segmentation have used semi-automated, automated (Chou et al.,
2008), and single-atlas or multi-atlas methods (Chou et al., 2009).
Here, we chose to segment the ventricles with our modified
multi-atlas based approach described previously (Gutman et al.,
2013), which was further tested and expanded in 2 prior ana-
lyses (Madsen et al.,, 2013). Our segmentation approach uses
group-wise surface registration to existing templates in addition
to surface-based template blending to yield more accurate results.
The lateral ventricles were segmented in each subject using a
validated method (Chou et al., 2008). Ventricular surfaces were
then extracted from these segmentations and an inverse-
consistent fluid registration with a mutual information fidelity
term aligned a set of hand-labeled ventricular templates to each
scan (Leow et al.,, 2007). The template surfaces were registered
into homologous point-to-point correspondence as a group using
medial-spherical registration (Gutman et al., 2012).

To construct a surface boundary of the new subject, a
normalized similarity measure (mutual information) between
each template image and the new image was computed around
each vertex point of each deformed template surface. The

position of each new boundary point was defined by the template
with the best similarity score, and the final surface was then
constrained to be a smooth approximation of this “winner-takes-
all” construction. This approach is very similar to that of
Yushkevich et al. (2010), except that the current approach is
based on surface geometry rather than image voxels. This “patch-
based” approach is advantageous compared with whole-template
approaches typically used in multi-atlas segmentation, allowing
more flexible segmentation, particularly for outliers. Segmenta-
tions were assessed visually for defects from multiple views.
While visually inspecting ventricular surface segmentations, we
removed 4 subjects (2 CON, 1 MCI, 1 AD) whose meshes deviated
by several millimeters from the actual periventricular bound-
aries. Our final analysis included 736 ADNI subjects at the base-
line, 622 at 12-month follow up, and 479 at 24-month follow up
(Table 1).

2.5. Volumetric analyses: statistical associations of ApoE genotype
with ventricular volumes

In most analyses, the number of ApoE-¢4 alleles (0, 1, or 2)
was used to predict variations in ventricular volumes and ven-
tricular expansion using general linear models (GLMs) in SPSS
21.0. As each copy of the 4 risk allele is associated with an
approximate 3-fold increase in the odds of developing AD
(Bertram et al., 2007), and ApoE-¢4 gene dose correlates with
whole-brain atrophy rates (Chen et al.,, 2007), our primary
modeling approach essentially assumed an additive model of
allele effects. In some of the post hoc analyses described in sec-
tion 3.3.2, we tested other models of ¢4 alleles effects. In the
dominant model, ApoE-¢4 genotype was defined as carrying 0 £4
allele versus carrying of 1 or 2 4 alleles; in the recessive model,
it was defined as carrying of 0 or 1 &4 allele versus being ho-
mozygous for e4.

In the primary volumetric analyses (section 3.2), GLM outcome
measures included ventricular volume at baseline (in cubic mm,
N = 736), difference between total ventricular volume at baseline
and volume after 1 year (in cubic mm, N = 622), and difference
between total ventricular volume at baseline and volume after 2
years (in cubic mm, N = 479). In the exploratory post hoc volu-
metric analyses, we examined additional GLM outcome measures,
including difference between ventricular volumes at baseline and
volumes after 1 or 2 years, within each hemisphere (N = 622 at
12-month and N = 479 at 24-month follow up, section 3.3.1), dif-
ference between ventricular volumes at baseline and volumes
after 1 or 2 years divided by volume at baseline, within each
hemisphere (i.e., “expansion rate”, N = 622 at 12-month and N =
479 at 24-month follow up, section 3.3.1), and difference between
left and right ventricular volumes and ventricular expansion at
baseline, 12-month, and 24-month follow up (i.e., “left-right
asymmetry”, section 3.3.5).

Unless otherwise specified, all analyses controlled for age, sex,
and diagnosis (i.e., baseline dementia status: healthy elderly con-
trol, MCI, or AD). As the volume images were already normalized for
overall brain size by the 9-parameter affine alignment, additional
volume normalization was unnecessary.

2.6. Surface-based analyses: mapping ApoE genotype effects across
the ventricular surface

The methods for surface-based image analysis have been
described in detail elsewhere (Ballmaier et al., 2008; Coscia et al.,
2009; Roussotte et al., 2012; Thompson et al., 2004). The surface
models constructed as described in section 2.4 were also used for
these analyses. Briefly, a 3D medial curve was computed along
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the long axis for the surface model of each structure and radial
distance measures (distance from the medial core to the surface)
were estimated and recorded at each corresponding surface
point. These values were used to generate individual distance
maps that allowed relationships between the number of ApoE-¢4
alleles (0, 1, or 2) and regional ventricular surface morphology to
be assessed at high spatial resolution in 3D. As in the GLMs
described above, age, sex, and dementia status (i.e., healthy
elderly control, MCI, or AD) were included as nuisance covariates
in the primary surface-based analyses (section 3.4.1). As also
mentioned previously, since the volume images were already
normalized for overall brain size during the 9-parameter affine
alignment, we did not control for total brain volume. Maps were
corrected for multiple comparisons using a false discovery rate
(FDR) of 5% (g < 0.05) according to the implementation by Storey
et al. (Storey, 2002; Storey et al., 2004). In the post hoc surface-
based analyses (section 3.4.2), we generated individual distance
maps to assess relationships between the number of ApoE-e4
alleles (0, 1, or 2) and regional ventricular surface morphology
within diagnostic groups, controlling for age and sex. Maps did
not pass correction for multiple comparisons using a FDR of 5%
(q < 0.05), so we presented uncorrected maps.

3. Results
3.1. Analyses of demographic data

Table 1 indicates the sample sizes at baseline, 12-month follow
up, and 24-month follow up in participants stratified by diagnosis,
and substratified by ApoE-e4 genotype groups. This table also
shows the mean baseline ages and Mini-Mental State Examination
(MMSE) scores (Folstein et al., 1975), and we examined whether the
various subgroups of subjects differed in these measures. Diagnosis
was not significantly related to age after controlling for sex and
ApoE-¢4 genotype (Supplementary Table 1). However, we found a
significant linear relation between the number of ApoE-¢4 alleles
carried and age in the entire sample (N = 736), after controlling for
sex and diagnosis (p < 0.001, Supplementary Table 1). The strati-
fication by diagnosis revealed that carrying more ApoE-¢4 alleles
was significantly associated with being younger, within the MCI
(p = 0.002) and AD groups (p = 0.004), but not within the CON
group (p = 0.540, Supplementary Table 1). ApoE-¢4 status was not
significantly related to MMSE scores after controlling for sex and
diagnosis (Supplementary Table 1). However, we found a significant
linear relation between diagnosis and MMSE scores in the entire
sample, after controlling for sex and genotype (p < 0.001,
Supplementary Table 1). The stratification by genotype showed that
increasing levels of dementia were significantly associated with
lower MMSE scores in all 3 genotype groups, which was expected
given that MMSE scores are one of the diagnostic criteria for de-
mentia, as described in http://www.adni-info.org/Scientists/Pdfs/
adniproceduresmanual12.pdf.

3.2. Primary volumetric analyses

The mean left, right, and total ventricular volumes for partici-
pants stratified by diagnosis, and substratified by ApoE-¢4 geno-
type groups are provided in Supplementary Tables 2—4, for
baseline, 12-month, and 24-month follow up, respectively. Diag-
nosis was not significantly related to total ventricular volumes at
baseline (p = 0.384) or at 12-month follow up (p = 0.534), but at
24-month follow up, increasing levels of dementia were signifi-
cantly associated with larger ventricular volumes (p = 0.032, F-
ratio = 3.479), consistent with the literature (Apostolova et al.,
2012), after controlling for age, sex, and ApoE-e4 status. ApoE-¢4

genotype was not significantly related to total ventricular volumes
at any time point, after controlling for age, sex, and diagnosis (p =
0.822 at baseline; p = 0.757 at 1-year follow up; and p = 0.592 at 2-
year follow up).

To test our hypothesis that ApoE genotype affected the trajec-
tory of ventricular volume expansion, we examined differences
between ventricular volumes at baseline and volumes after 1 year
(in cubic mm, N = 622), and 2 years (in cubic mm, N = 479), after
controlling for sex, age, and dementia status. Total ventricular
expansion relative to overall brain size showed a significant cor-
relation with the number of ApoE-¢4 alleles carried. After 1 year,
carrying more ¢4 alleles was associated with greater overall ven-
tricular expansion (p = 0.011, F-ratio = 4.546, Table 2). Effect sizes
were even larger at 2-year follow up, when we observed a more
pronounced linear relation between the number of ApoE-¢4 alleles
carried and total ventricular expansion, after controlling for age,
sex, and diagnosis (p < 0.001, F-ratio = 10.252, Table 2).

3.3. Post hoc volumetric analyses

3.3.1. Ventricular expansion and expansion rate within each
hemisphere

We conducted post hoc analyses to determine if increasing
numbers of ApoE-¢4 alleles related to the trajectory of ventricular
volume expansion within each hemisphere. After 1 year, carrying
more ¢4 alleles was associated with greater expansion in the left
(p =0.015, F-ratio = 4.203) and right ventricle (p = 0.010, F-ratio =
4.622, Table 2), after controlling for age, sex, and diagnosis (N =
622). As in the primary analyses of the effects of ApoE-¢4 genotype
on total ventricular expansion, the effect sizes increased after
2 years. At 24-month follow up, greater ApoE-e£4 loading was
associated with greater expansion in the left (p < 0.001, F-ratio =
9.923) and right ventricle (p < 0.001, F-ratio = 9.156, Table 2), after
controlling for age, sex, and dementia status (N = 479).

We also sought to determine if ApoE-¢4 affected left and right
ventricular expansion rates, defined as the difference between
ventricular volume at baseline and volume after 1 or 2 years,
divided by volume at baseline. After 1 year, carrying more ¢4 alleles
was associated with greater left (p < 0.001, F-ratio = 8.115) and
right expansion rates (p < 0.001, F-ratio = 9.514, Table 2), with age,
sex, and diagnosis regressed out (N = 622). The effect sizes were
even larger after 2 years, when greater ApoE-e¢4 loading was
associated with greater left (p < 0.001, F-ratio = 17.050) and right
expansion rates (p < 0.001, F-ratio = 14.559, Table 2), after con-
trolling for age, sex, and dementia status (N = 479).

3.3.2. Alternate models of allele effects

Because some studies of hippocampal atrophy in healthy
elderly individuals reported no ApoE-¢4 gene dose effect (Crivello
et al., 2010; Lemaitre et al., 2005), we also investigated dominant
and recessive models of ¢4 allele effects. First, we examined dif-
ferences between ventricular volumes at baseline and volumes
after 1 year (in cubic mm, N = 622), and 2 years (in cubic mm, N =
479), after controlling for sex, age, and dementia status. Total
ventricular expansion relative to overall brain size showed a sig-
nificant correlation with ApoE-e4 status, in both the dominant
(noncarriers of the ¢4 allele vs. carriers of 1 or 2 ¢4 alleles) and
recessive (carriers of 0 or 1 ¢4 allele vs. ¢4 homozygotes) models of
minor allele effects. After 1 year, ApoE-e4 status was associated
with greater overall ventricular expansion (dominant model: p =
0.014, F-ratio = 6.093, Table 2; recessive model: p = 0.016, F-ratio =
5.795, Table 2). At 2-year follow up, we also observed a significant
association between ApoE-¢4 status and total ventricular expan-
sion, after controlling for age, sex, and diagnosis (dominant model:
p < 0.001, F-ratio = 19.495, Table 2; recessive model: p = 0.023,
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Measures of ventricular
expansion

Additive model, 3
diagnostic groups®

Dominant model, 3
diagnostic groups”

Recessive model, 3
diagnostic groups®

Additive model, CON,

and AD only*

12-m N = 622 N = 622 N = 622 N =316

Total expansion (cubic mm) F-ratio = 4.546 F-ratio = 6.093 F-ratio = 5.795 F-ratio = 3.332
p = 0.011° p = 0.014 p = 0.016 p = 0.037

Left expansion (cubic mm) F-ratio = 4.203 F-ratio = 6.785 F-ratio = 4.060 F-ratio = 2.411
p = 0.015 p = 0.009 p = 0.044 p = 0.091

Right expansion (cubic mm) F-ratio = 4.622 F-ratio = 4.782 F-ratio = 7.200 F-ratio = 3.980
p = 0.010 p = 0.029 p = 0.007 p = 0.020

Left expansion rate F-ratio = 8.115 F-ratio = 10.543 F-ratio = 10.596 F-ratio = 4.929
p < 0.001 p = 0.001 p = 0.001 p = 0.008

Right expansion rate F-ratio = 9.514 F-ratio = 12.680 F-ratio = 12.063 F-ratio = 8.208
p < 0.001 p <0.001 p = 0.001 p <0.001

24-m N =479 N = 479 N =479 N =257

Total expansion (cubic mm) F-ratio = 10.252 F-ratio = 19.495 F-ratio = 5.225 F-ratio = 5.431
p < 0.001 p <0.001 p = 0.023 p = 0.005

Left expansion (cubic mm) F-ratio = 9.923 F-ratio = 18.918 F-ratio = 4.971 F-ratio = 4.648
p < 0.001 p <0.001 p = 0.026 p = 0.010

Right expansion (cubic mm) F-ratio = 9.156 F-ratio = 17.366 F-ratio = 4.775 F-ratio = 5.403
p < 0.001 p < 0.001 p = 0.029 p = 0.005

Left expansion rate F-ratio = 17.050 F-ratio = 27.995 F-ratio = 14.950 F-ratio = 7.596
p <0.001 p <0.001 p <0.001 p = 0.001

Right expansion rate F-ratio = 14.559 F-ratio = 27.400 F-ratio = 7.796 F-ratio = 6.641
p < 0.001 p < 0.001 p = 0.005 p = 0.002

Key: AD, Alzheimer’s disease; CON, control; MCI, mild cognitive impairment.

2 The number of ApoE-¢4 alleles (0, 1, or 2) was used to predict variations in ventricular expansion in the total sample of subjects, with age, sex, and diagnosis (CON, MCI, AD)

regressed out.

b ApoE-e4 status (defined as carrying no £4 allele, vs. carrying at least 1) was used to predict variations in ventricular expansion in the total sample of subjects, with age, sex,

and diagnosis (CON, MCI, AD) regressed out.

€ ApoE-¢4 status (defined as carrying 0 or 1 &4 allele, vs. being homozygous for e4) was used to predict variations in ventricular expansion in the total sample of subjects, with

age, sex, and diagnosis (CON, MCI, AD) regressed out.

4 The number of ApoE-¢4 alleles (0, 1, or 2) was used to predict variations in ventricular expansion in CON and AD subjects (MCI excluded), with age, sex, and diagnosis (CON,

AD) regressed out.

€ In multiple regressions, the F-ratio is used to test the hypothesis that the slopes of the regression lines are 0. The F is large when the independent variable helps to explain
the variation in the dependent variable, independently of the other explanatory variables that are regressed out. For instance, here we reject the hypothesis that the slope of the
regression line is O (F-ratio = 4.546, p = 0.011), meaning that there is a significant linear relation between the number of APOE ¢ 4 alleles carried and total ventricular expansion

at 12-month follow up, independent of age, sex, and diagnosis.

f Bold font indicates significant results (p < 0.05), and regular font indicates results that did not reach statistical significance.

F-ratio = 5.225, Table 2). As with the additive model, ApoE-¢4
status was also significantly associated with the trajectory of
ventricular volume expansion within each hemisphere and with
left and right ventricular expansion rates when using the domi-
nant and recessive models of allele effects (Table 2).

3.3.3. Analyses restricted to control subjects and Alzheimer’s disease
patients

MCI increases the risk of developing AD but some patients
remain stable; therefore, MCI cannot simply be thought of an in-
termediate stage (Patel and Holland, 2012). Thus, we sought to
determine if our findings remained significant when we restricted
the analyses to the CON and AD groups (N = 316 at 12-month and
N = 257 at 24-month follow up). We found that carrying more 4
alleles was still significantly associated with greater overall ven-
tricular expansion, with greater expansion within each hemi-
sphere, and with faster left and right ventricular expansion rates at
both time points (Table 2). The only difference with the previous
results including all 3 diagnostic groups was that, at 12-month
follow up, increasing numbers of ApoE-¢4 alleles showed only a
trend-level association with the expansion of the left ventricle,
when restricting analyses to the CON and AD groups (p = 0.091,
F-ratio = 2.411, Table 2).

3.3.4. Genotype by diagnosis interaction and analyses within
diagnostic groups

To determine whether the ApoE-¢4 allele affected ventricular
expansion equally in healthy, MCI, and AD participants, we intro-
duced a genotype by diagnosis interaction term in the regression

models. We found no significant ApoE-e4 by diagnosis interaction
in the analyses of total ventricular expansion, or left and right
expansion rates at 12-month follow up. However, we detected a
significant genotype by diagnosis interaction at 24-month follow
up (p = 0.013, F-ratio = 4.378 for total expansion; p = 0.039,
F-ratio = 3.269 for left expansion rate; and p = 0.005, F-ratio =
5.280 for right expansion rate), suggesting that the effects of ApoE
on ventricular expansion may be smaller in the AD than in the CON
or MCI groups. We sought to further characterize the effects of
ApoE in each diagnostic group by testing the association between
ApoE-¢4 status and 2-year ventricular expansion separately within
each group. Despite an important loss of statistical power, we
found significant effects of ApoE on all 3 measures of ventricular
expansion in every diagnostic group at 24-month follow up
(Table 3), though total expansion reached only a trend level of
significance in the AD group (p = 0.083, F-ratio = 2.552, Table 3).

3.3.5. Left-right asymmetry in ventricular volumes and ventricular
expansion

Because previous reports suggested that both dementia
(Daianu et al., 2013; Madsen et al., 2010) and ApoE genotype (Donix
et al., 2013) could affect hemispheric asymmetry, we also inves-
tigated possible effects of diagnosis and ApoE-£4 loading on
left-right asymmetry in ventricular volumes and ventricular
expansion. The mean difference between left and right ventricular
volumes at baseline, 12-month, and 24-month follow up for par-
ticipants stratified by diagnosis, and substratified by ApoE-e4
genotype groups are provided in Supplementary Table 5. This table
also shows the mean difference between left ventricular expansion
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Table 3
Results of multiple regression analyses: associations between ApoE-¢4 genotype and
ventricular expansion at 24-month follow up, within diagnostic groups

Measures of CON group only® MCI group only®  AD group only®

ventricular expansion

24-m N =156 N =222 N =101
Total expansion F-ratio = 3.291 F-ratio = 6.136  F-ratio = 2.552
(cubic mm) p = 0.040%¢ p = 0.003 p = 0.083
Left expansion rate F-ratio = 4502 F-ratio = 10.573 F-ratio = 3.863
p = 0.013 p <0.001 p = 0.024
Right expansion rate ~ F-ratio = 3.843  F-ratio = 9.524  F-ratio = 3.733
p = 0.024 p <0.001 p = 0.027

Key: AD, Alzheimer’s disease; CON, control; MCI, mild cognitive impairment.

2 The number of ApoE-e4 alleles (0, 1, or 2) was used to predict variations in
ventricular expansion in healthy elderly only, with age and sex regressed out.

b The number of ApoE-¢4 alleles was used to predict variations in ventricular
expansion in the MCI group only, with age and sex regressed out.

¢ The number of ApoE-e4 alleles was used to predict variations in ventricular
expansion in AD patients only, with age and sex regressed out.

4" In multiple regressions, the F-ratio is used to test the hypothesis that the slopes
of the regression lines are 0. The F is large when the independent variable helps to
explain the variation in the dependent variable, independently of the other
explanatory variables that are regressed out. For instance, here reject the hypothesis
that the slope of the regression line is 0 (F-ratio = 3.291, p = 0.040), meaning that
there is a significant linear relation between the number of ApoE-¢4 alleles carried
and total ventricular expansion at 24-month follow up within the control group,
after controlling for age, sex, and diagnosis.

¢ Bold font indicates significant results (p < 0.05), and regular font indicates re-
sults that did not reach statistical significance.

and right ventricular expansion at 12-month and 24-month follow
up, for each subgroup of participants. We found that, overall, ApoE-
¢4 genotype and diagnosis did not significantly affect left-right
asymmetry in ventricular volumes and ventricular expansion
(Supplementary Table 6).

3.4. Surface-based analyses

3.4.1. Primary surface-based analyses

Consistent with the volumetric analyses, ApoE €4 status was not
significantly related to ventricular surface morphology at baseline.
However, 3D surface statistics revealed significant (FDR-corrected at
q < 0.05) effects of the number ApoE-¢4 alleles on regional patterns
of lateral ventricle morphology at 1- and 2-year follow up, after
controlling for sex, age, and dementia status. At 12-month follow up,
carrying more ApoE-¢4 alleles was associated with ventricular sur-
face expansion, especially at the center (body) of the lateral ven-
tricles. That is, higher ApoE-¢4 loading was associated with regions
of expansion in the ventrolateral and dorsomedial ventricles bilat-
erally, while the frontal and temporal horns appeared less affected
(N = 622, Fig. 1). At 24-month follow up, carrying more ApoE-¢4
alleles was significantly associated with expansion of almost the
entire ventricular surface. Only very small regions, notably the outer
edges of the frontal and temporal horns did not show a detectable
association with ApoE 4 status in our maps. This suggests that the
association between higher ApoE-¢4 loading and expansion of the
ventricular surfaces may “spread” from the body toward the edges
of the structures over time (N = 479, Fig. 2).

3.4.2. Post hoc surface-based analyses

As with the volumetric analyses, we sought to further charac-
terize the effects of ApoE in each diagnostic group by testing the
association between genotype and ventricular surface morphology
separately within each group. The uncorrected maps suggested
associations between ApoE-¢4 status and ventricular morphology
consistent with the results of the primary surface-based analyses
across groups (Supplementary Fig. 1). Carrying more ApoE-e4
alleles was associated with ventricular surface expansion, and this
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0.01

0.00
-0.01
-0.02
-0.03
-0.04
-0.05

Right

N

Fig. 1. Surface maps depicting relationships between number of ApoE-¢4 alleles (0, 1,
or 2) and regional deformations of the lateral ventricular surface at 12-month follow
up (N = 622). Red-to-yellow hues indicate regions where higher ApoE-¢4 loading is
associated with expansion of the surfaces, after controlling for age, sex, and dementia
status. For all statistical maps, the color bar encodes the FDR-corrected values (q <
0.05) for the observed effects. Abbreviations: ApoE, apolipoprotein E; FDR, false dis-
covery rate.

association was more widespread and more significant at 2-year
than at 1-year follow up, in all diagnostic groups (Supplementary
Fig. 1). However, the effects of genotype on regional patterns of
lateral ventricle morphology at 1- and 2-year follow up after
controlling for age and sex, did not pass FDR correction within any
diagnostic group, probably as a result of insufficient statistical
power, as sample size were much smaller than in the surface-based
analyses across groups.

4. Discussion

This study is the first to show that the ApoE-¢4 allele is directly
associated with altered 3D profiles of longitudinal ventricular
expansion rates and lateral ventricle surface morphology, both in
dementia and in normal aging. Our 3D maps of ventricular surface
morphology revealed that the effects of the ApoE-e4 allele on
longitudinal ventricular expansion were somewhat spatially
distinct from the known effects of dementia progression. In
contrast to prior studies showing that the frontal (Apostolova et al.,
2012) and temporal horns (Thompson et al., 2004) were most
sensitive to AD progression, we found that the association between
higher ApoE-¢4 load and expansion of the ventricular surfaces
started in the body of the lateral ventricles and extended toward
the frontal and temporal horns over time.
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Fig. 2. Surface maps depicting relationships between number of ApoE-¢4 alleles (0, 1,
or 2) and regional deformations of the lateral ventricular surface at 24-month follow
up (N = 479). Red-to-yellow hues indicate regions where higher ApoE-¢4 loading is
associated with expansion of the surfaces, after controlling for age, sex, and dementia
status. For all statistical maps, the color bar encodes the FDR-corrected values (q <
0.05) for the observed effects. Abbreviations: ApoE, apolipoprotein E; FDR, false dis-
covery rate.
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Carrying more ApoE-¢4 alleles was associated with being
younger, within the MCI and AD groups but not within the control
group. Assuming that all participants enrolled in the ADNI study a
similar amount of time after disease onset, this finding could reflect
the fact that ApoE-¢4 carriers develop dementia at younger ages,
consistent with the literature (Slooter et al.,, 1998; Thambisetty
et al., 2013). Post hoc analyses suggested that the association be-
tween ApoE-¢4 genotype and longitudinal ventricular expansion
was significant using all possible models of allele effects. Previous
studies focusing on medial temporal lobe atrophy reported no gene
dose effects of ApoE-¢4 in the healthy elderly individuals (Crivello
et al., 2010; Lemaitre et al., 2005), and found significant effects of
ApoE genotype and dementia on hemispheric asymmetry (Donix
et al, 2013). In contrast, our results suggest that the ApoE-¢4
allele may affect longitudinal ventricular expansion in a dose-
dependent manner, and that neither ApoE-e4 genotype nor
diagnosis affect left-right asymmetry in ventricular volumes and
ventricular expansion.

We found a significant genotype by diagnosis interaction at
2-year follow up, indicating that ApoE-e4 status did not affect
ventricular expansion equally in each diagnostic group. Within-
group analyses of total ventricular expansion also suggested that
at 24-month follow up, the effects of ApoE genotype on ventricular
expansion may be smaller in the AD than in the CON or MCI groups.
It is likely that AD patients have more factors contributing to faster
ventricular expansion than participants in the other 2 groups,
including other dementia-related genetic factors, as well as addi-
tional developmental and lifestyle factors. As a result, ApoE geno-
type appears to account for a smaller portion of the variance in
ventricular expansion in the AD group. Family history of dementia
is related to genotype, but it may well be another factor influencing
the trajectory of ventricular expansion differently in each diag-
nostic group, as emerging evidence suggests that ApoE-e4 status
and family history exert independent effects on brain atrophy
(Andrawis et al., 2012).

Despite these group differences, the effects of ApoE-e4 genotype
on ventricular expansion became larger and more significant over
time in the entire sample, after controlling for dementia status. In
addition, the effects of ApoE-e4 status after controlling for diag-
nosis, remained significant in studies restricting the analyses to the
control and AD groups, even if the sample sizes were about half as
large at both time points. Likewise, the effects of ApoE-e4 on ven-
tricular expansion remained significant within each diagnostic
group in the volumetric studies of expansion rates. Furthermore, in
all diagnostic groups, the uncorrected maps indicated associations
between genotype and ventricular morphology consistent with the
results across groups, even if the within-group surface based-
analyses were not adequately powered to detect the effects of
ApoE-¢4 status on lateral ventricle morphology after correction for
multiple comparisons. Taken together, these findings strongly
suggest that ApoE genotype is associated with ventricular expan-
sion rate and surface morphology in both cognitively normal and
demented participants.

Progressive ventricular expansion reflects atrophy of the sur-
rounding gray and white matter, and there is growing evidence
that the ApoE4 protein has direct neurotoxic effects that in turn
can lead to secondary neuronal dysfunction and degeneration
(Mahley and Huang, 2012b; Zlokovic, 2013). ApoE4 leads to the
generation of neurotoxic fragments, which cause pathologic
mitochondrial dysfunction and cytoskeletal alterations. Protein
instability and altered protein conformation (“domain interac-
tion”) are responsible for these neurotoxic effects (Mahley and
Huang, 2012b). As ventricular expansion reflects the accumula-
tion of neuronal loss in neighboring tissues, future studies should
examine whether ApoE-¢4 effects on regional brain volumes

follow a similar pattern of spatial progression in the areas sur-
rounding the lateral ventricles. This could be achieved by map-
ping the longitudinal effects of ApoE-e4 loading on regional brain
atrophy, to determine whether the association is first observed in
regions adjacent to the callosal body and thalamus—Ilocated just
above and below the body of the lateral ventricles, respectively.
Future investigations could also examine the spatial progression
of ApoE-e4 effects on other areas in the brain, such as in the
cortex, where thinner gray matter has been linked with ven-
tricular expansion rates in the elderly individuals (Madsen et al.,
2013).

ApoE4 exerts its neurotoxic effects both via amyloid f-
dependent and amyloid B-independent pathways (Zlokovic,
2013), consistent with the involvement of the ApoE-¢4 allele not
only in AD but also in the etiology, pathogenesis, and prognosis of
various other neurologic disorders. Indeed, the ApoE-¢4 allele is
associated with genetic predisposition to (Ely et al., 2007) and
lower rates of recovery from delirium (Adamis et al., 2007). ApoE-
¢4 also predicts poor neurologic outcome after traumatic brain
injury (Friedman et al., 1999) and cerebral hemorrhage (Alberts
et al,, 1995). Moreover, the same allele is a risk factor for hippo-
campal volume loss in alcoholics (Bleich et al., 2003; Wilhelm
et al., 2008), suggesting that ApoE-e4 may also promote neuro-
degeneration based on certain gene-environment interactions
(Wilhelm et al., 2008).

ApoE genotyping is currently considered beneficial in clinical
trials for Alzheimer’s disease and mild cognitive impairment, but
the relevance of ApoE is not limited to AD and its prodromal states.
ApoE participates in general cellular pathways designed to respond
adaptively to many environmental, metabolic, and genetic stimuli
(Mahley and Huang, 2012b). Our findings, combined with earlier
investigations showing that ApoE-e4 is a risk factor for other
neurological conditions (Ely et al., 2007), is associated with reduced
capacity for neuronal regeneration (Friedman et al.,, 1999) and
modulates the neurotoxic effects of alcohol abuse (Bleich et al.,
2003; Wilhelm et al., 2008), suggest that the selective enrollment
of ApoE-e4 carriers (or post hoc stratification by ApoE status) may
empower clinical trials of other disorders, such as alcoholism and
traumatic brain injury.

ApoE genotype should also be an important factor when
devising novel approaches to treat and prevent a large spectrum of
neurological disorders. In fact, an emerging approach is to prevent
neurodegeneration—as opposed to treating a specific brain dis-
order—by developing therapies to directly counteract ApoE4’s
neurotoxic effects, before the onset of any sign of neuropathology
(Mahley and Huang, 2012b). For example, as ApoE4’s detrimental
effects result from its altered protein conformation (“domain
interaction”), small-molecule-based therapeutics that induce pro-
per ApoE4 folding and block domain interaction in ApoE4 have
been shown to reverse many of its harmful effects, both in vitro
and in vivo (Mahley and Huang, 2012a). Moreover, whole-
transcriptome cerebral cortex gene expression data in unaffected
ApoE-¢4 carriers recently identified a set of candidate core regula-
tory mediators, including SV2A, which encodes a well-described
regulator of neuronal endocytosis (Rhinn et al., 2013). In human
induced neuron cultures derived from human skin fibroblasts of ¢4
carriers or noncarriers, a selective SV2A inhibitor was shown to
suppress the accumulation of amyloid B species selectively in the
ApoE-e4 carrier cultures (Rhinn et al., 2013). It is still unclear
whether such a therapeutic approach will be successful in human
trials. Even so, this line of research represents an important shift
from the current “reactive approach” to treating neurological dis-
orders, which focuses on managing a specific condition after
symptoms appear, to a more “proactive approach” based on early
prevention and personalized treatments.
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