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Dynamic changes in the brain’s lateral ventricles on magnetic resonance imaging are powerful bio-
markers of disease progression in mild cognitive impairment (MCI) and Alzheimer’s disease (AD).
Ventricular measures can represent accumulation of diffuse brain atrophy with very high effect sizes.
Despite having no direct role in cognition, ventricular expansion co-occurs with volumetric loss in gray
and white matter structures. To better understand relationships between ventricular and cortical
changes over time, we related ventricular expansion to atrophy in cognitively relevant cortical gray
matter surfaces, which are more challenging to segment. In ADNI participants, percent change in ven-
tricular volumes at 1-year (N ¼ 677) and 2-year (N ¼ 536) intervals was significantly associated with
baseline cortical thickness and volume in the full sample controlling for age, sex, and diagnosis, and in
MCI separately. Ventricular expansion in MCI was associated with thinner gray matter in frontal, tem-
poral, and parietal regions affected by AD. Ventricular expansion reflects cortical atrophy in early AD,
offering a useful biomarker for clinical trials of interventions to slow AD progression.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

As brain tissue is lost in normal aging and dementia, the vol-
ume of cerebral spinal fluid (CSF) in the lateral ventricles and
surrounding the brain expands to fill the space, within the fixed
volume of the skull (Ferrarini et al., 2008; Nestor et al., 2008;
Sullivan et al., 2002; Walhovd et al., 2005). The clear tissue
contrast between CSF and brain tissues makes it easier to reliably
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segment and measure the lateral ventricles in standard T1-
weighted anatomic magnetic resonance imaging (MRI) scans,
even in populations that present challenges for segmentation of
other brain structures (Ferrarini et al., 2008; Qiu et al., 2009). The
lateral ventricles can be reliably segmented with semi- or fully-
automated methods that measure their overall volume (Jack
et al., 2004; Nestor et al., 2008; Resnick et al., 2003), shape
(Chou, 2007; Ferrarini et al., 2006; Gong et al., 2011), radial width
(Apostolova et al., 2012; Frisoni et al., 2002; Thompson et al.,
2004), or boundary shift integral (Ridha et al., 2008; Schott
et al., 2005). By comparison, accurate and reliable segmentation
of the cortical gray matter surface is somewhat challenging in the
brains of older adults, as gray matter (GM) and white matter
contrast decreases with age, the cortical surface may also become
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increasingly complex and irregular in shape as more brain tissue is
lost. Time-consuming manual editing is often required even with
the most sophisticated widely used cortical GM segmentation
packages (Fischl and Dale, 2000; Sanchez-Benavides et al., 2010).
Some of these issues can be alleviated by collecting scans with
specialized protocols to increase the signal-to-noise-ratio at the
cortical boundary. Some researchers advocate averaging 2 or more
MRI scans within the participant to improve the accuracy of
cortical segmentation, although collecting several scans is not al-
ways feasible (Perlman, 2007). Relating expansion of the lateral
ventricles to detailed 3D maps of cortical GM thinning takes
advantage of a subcortical brain structure that is very easily
segmented in standard MRI data from older adults, although also
allowing interpretations of the likely cortical changes, which have
more direct clinical relevance.

Ventricular measures achieve some of the highest possible
effect sizes for tracking longitudinal changes in the human brain.
Ventricular volume is a powerful MRI biomarker that has been
widely used in studies of normal aging, mild cognitive impairment
(MCI), and Alzheimer’s disease (AD) (Apostolova et al., 2012; Chou,
2007; Ferrarini et al., 2006; Fleisher et al., 2008; Jack et al., 2004,
2005, 2008a, 2008b; Nestor et al., 2008; Qiu et al., 2009;
Thompson et al., 2004; Wang et al., 2002). In comparative
studies, fewer participants may be needed (Head-to-head com-
parisons of effect sizes for brain biomarkers require many caveats
as therapeutic interventions may affect each biomarker differ-
ently. Also, simply reducing the numerical rate of change for
different biomarkers many have different functional or clinical
consequences for the patient. Some of these issues are discussed in
Hua et al. (2013) to detect statistical effects of disease-modifying
interventions in clinical trials using ventricular biomarkers
compared with using many other neuroimaging measures. One
study demonstrated, for example, that approximately 60 partici-
pants are needed to detect a fixed percentage of slowing of ven-
tricular expansion versus 90 participants needed to detect slowing
in hippocampal atrophy, and 300 participants needed to detect the
same proportional slowing of the rate of decline on neuropsy-
chological tests (Ridha et al., 2008).

Larger or expanding ventricles are linked with a broad range of
brain-related health factors in older adults, including current
cognitive status and future memory decline (Coffey et al., 2001;
Murphy et al., 2010), the brain reserve or general resiliency
against neurodegeneration (Cavedo et al., 2012), depression, lan-
guage scores, CSF measures of amyloid beta, APOE genotype (Chou
et al., 2010), poorer cardiovascular health (Isaac et al., 2011),
vitamin D deficiency (Annweiler et al., 2013), elevated homocys-
teine levels (Feng et al., 2013), postoperative cognitive dysfunction
(Bourne et al., 2012; Kline et al., 2012), decreased survival in de-
mentia (Olesen et al., 2011), and conversion to MCI and AD
(Carmichael et al., 2007b; Fleisher et al., 2008; Jack et al., 2004;
Nestor et al., 2008).

Although the ventricles provide several practically useful
MRI biomarkers, the structure does not play a direct role in
cognition. Therefore, it is vital to determine how the changes
in brain regions of functional and cognitive significance in AD
relate to expansion in lateral ventricles. Lateral ventricle ex-
pansion co-occurs with degeneration of gray and white matter
globally and nearby subcortical regions (Ferrarini et al., 2008;
Qiu et al., 2009). By associating ventricular expansion with
detailed profiles and patterns in cortical GM thickness, we can
make good use of the reliability and ease of ventricular seg-
mentation, relating changes to likely differences in cortical
structures that are somewhat more difficult or time-consuming
to segment but which are more directly susceptible to
AD-related pathologies.
2. Methods

2.1. Study population

We analyzed participants that underwent high-resolution,
T1-weighted, structural, MRI scanning of the brain, as part of
phase 1 of the Alzheimer’s Disease Neuroimaging Initiative
(ADNI1). Our sample included only participants listed in the stan-
dard set of N ¼ 817 baseline, N ¼ 685 one-year follow-up, and N ¼
544 two-year follow-up scans obtaining during the ADNI1 phase of
data collection that was created to promote rigor and more
meaningful comparability across ADNI studies (Wyman et al.,
2012). In the ventricle analysis, 2 baseline scans and 1 scan from
the 1-year follow-up timepoint were not included, although they
are currently listed in the standard set, because they were added to
the list after we had completed data processing. In the cortical GM
analysis, all standard participants were processed.

ADNI was launched in 2004 by the National Institutes of Health,
the Food and Drug Administration, private pharmaceutical com-
panies, and nonprofit organizations to identify and evaluate bio-
markers of AD for use inmultisite studies. All ADNI data are publicly
available at adni.loni.usc.edu. All ADNI studies are conducted in
compliance with the Good Clinical Practice guidelines, the Decla-
ration of Helsinki, and the US 21 CFR Part 50eProtection of Human
Subjects, and Part 56eInstitutional Review Boards. Written in-
formed consent was obtained from all ADNI participants before the
study. ADNI is a multisite longitudinal study of patients with AD,
MCI, and healthy older adult control. Standardized protocols
maximize consistency across scan sites.

All individuals received a thorough clinical and cognitive eval-
uation near the time of their scan. The examination included the
Mini-Mental State Examination a standardized and widely used 30
point questionnaire with scores of 24e30 typically indicating
normal cognition for participants without memory complaints,
scores of 24e30 indicating probable MCI for participants with
objective memory loss, and scores of 20e26 indicating probable
AD; (Folstein et al., 1975) and diagnosis of probable AD, MCI, or
cognitively normal. Inclusion and exclusion criteria are detailed in
the ADNI protocol (Mueller et al., 2005) and are available online at
http://adni.loni.usc.edu/wp-content/uploads/2010/09/ADNI_Gener
alProceduresManual.pdf.

2.2. Image acquisition

High-resolution structural MRI scans of the brain were acquired
for participants included in the standardized ADNI list (Wyman et al.,
2012) on 1.5 T scanners from General Electric (Milwaukee, WI, USA),
Siemens (Germany), or Philips (the Netherlands) using a standard-
ized MRI protocol for 3-dimensional sagittal magnetization-
prepared rapid gradient-echo sequences (Jack et al., 2008a, 2008b).

For lateral ventricle segmentation, we analyzed baseline (N ¼
834), 1-year (N ¼ 677), and 2-year (N ¼ 536) follow-up brain MRI
scans (1.5-Tesla, T1-weighted, 3D, magnetization-prepared rapid
gradient-echo, repetition time/echo time ¼ 2400/1000 ms, flip
angle ¼ 8�, slice thickness ¼ 1.2 mm, final voxel resolution ¼
0.9375 � 0.9375 � 1.2 mm3). Raw MRI scans were preprocessed to
reduce signal inhomogeneity and linearly registered to the ICBM
template (Mazziotta et al., 2001) (using 9-parameter registration).
Percent change was calculated from both follow-ups compared
with baseline, resulting in 1-year (N ¼ 677) and 2-year (N ¼ 536)
percent change in ventricular volume.

For cortical GM segmentation, we analyzed baseline (N ¼ 677),
1-year (N ¼ 646), and 2-year (N ¼ 507) follow-up brain MRI scans
(1.5-Tesla, T1-weighted, 3D, magnetization-prepared rapid
gradient-echo, repetition time/echo time ¼ 2400/1000 ms, flip
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angle ¼ 8�, slice thickness ¼ 1.2 mm, 24-cm field of view, a 192 �
192 � 166 acquisition matrix, final voxel resolution ¼ 1.25 � 1.25 �
1.2 mm3, later reconstructed to 1 mm isotropic voxels).

The samples analyzed in exploratory general linear models
(GLMs) included all participants with the applicable data, resulting
in slightly different sample sizes for GLMs using ventricular
expansion and clinical variables only compared with the GLMs run
on cortical surface maps. The sample analyzed in GLMs on cortical
surface maps included participants who had usable data for both
cortical GM and percent change in ventricular volume at the
appropriate time points (baseline GM: N ¼ 677 for associations
with 1-year percent change in ventricular volume, N ¼ 536 for
associations with 2-year percent change in ventricular volume; 1-
year follow-up cortical GM: N ¼ 646 for associations with 1-year
percent change in ventricular volume). QC procedures are
described in the following.

2.3. Segmentation of the lateral ventricles

Prior methods for ventricular segmentation have used semi-
automated, automated (Chou et al., 2008), and single-atlas or
multiatlas methods (Chou et al., 2009). Here, we chose to segment
the ventricles with a modified multiatlas approach described pre-
viously (Gutman et al., 2013), which builds on 2 validated methods
developed in our laboratory (Chou et al., 2008; Leow et al., 2007).
The method was tested in a preliminary analysis (Madsen et al.,
2013) that we have expanded up on here. Our segmentation
approach uses groupwise registration of manually delineated sur-
face templates for point-to-point surface correspondence and
surface-based template blending to yield more accurate results.
Similar to the validated method of Chou et al. (2008), ventricular
surfaces were deformed onto each new participant image using an
inverse-consistent fluid registration with a mutual information fi-
delity term. (Leow et al., 2007). The template surfaces were regis-
tered as a group using medial-spherical registration, and the
template that best fits the new boundary was selected for each
individual participant independently at each surface point (Gutman
et al., 2013), allowing more flexible segmentation, particularly for
outliers. All segmentations are represented as one continuous piece
connecting the body and horns of the lateral ventricles. In cases
where a fissure separates a horn from the main body of the
ventricle, as described in Djamanakova et al. (2013), the method is
susceptible to excluding the portion of the lateral ventricle that is
visibly separated from the main body in the MR image. Few of our
participants would be expect to exhibit this morphology because
ventricular expansion would only accentuate the connection to the
occipital horn of the lateral ventricle, which should be visible in our
participants at the T1 resolution of 1 mm. Therefore, we did not
exclude these cases, although this may result in slightly lower es-
timates of ventricle volume for those participants. Segmentations
were assessed visually for defects from multiple views. All partici-
pants passed QC for ventricular segmentations.

2.4. Segmentation of cortical GM

Cortical reconstructions and segmentations were obtained to
measure cortical GM thickness and volume at each surface point,
using the FreeSurfer image analysis package (v5.0.0), which is
documented and freely downloadable online (http://surfer.nmr.
mgh.harvard.edu/). Technical details have been described previ-
ously (Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 1999a,
1999b, 2002, 2004; Han et al., 2006). Briefly, the processing pipe-
line involves removing non-brain tissue, intensity normalization,
tessellation of the cortical GM and/or white matter boundary,
automated topology correction and surface deformation along
intensity gradients to optimally define the cortical surface, align-
ment of cortical anatomy across individuals via registration to a
spherical atlas using individual cortical folding patterns, segmen-
tation of total cortical GM volume for the left and right hemi-
spheres, and creation of 3D maps of GM thickness and volume at
each cortical surface point in the left and right hemispheres for each
participant. Processed images are in an isotropic space of 256 voxels
along each axis (x, y, and z) with a final voxel size of 1 mm3. Six
participants at baseline and 35 participants at 1-year follow-up
were excluded during QC of cortical GM surfaces.

2.5. Statistical analysis: associations with total cortical GM volumes

Our main interest was to examine how ventricle expansion
related to local differences in cortical GM thickness and volume,
which is novel. To confirm the expected relationship between
ventricular expansion and overall (global) measures of cortical GM
in our data, we also chose to analyze total GM volume, a single
value that describes the total amount of cortical GM in each
hemisphere. This seemed more appropriate than average cortical
GM thickness across each hemisphere. GLMs associating left and
right ventricular volumes with total cortical GM volumes were
conducted in R (http://www.r-project.org/, R Development Core
Team, 2008).

To analyze our cortical surface data, we used a series of GLMs,
which have received growing acceptance for the statistical anal-
ysis of longitudinal brain imaging data (Bernal-Rusiel et al., 2013).
We tested GLMs with outcome variables of either ventricular
volume at baseline (N ¼ 834), percent change in ventricular vol-
ume (relative to baseline volume) after 1 year (N ¼ 677), percent
change in ventricular volume after 2 years (N ¼ 536), or total
baseline cortical GM volume (N ¼ 677) in the left and right
hemispheres separately.

Dependent variables included age, sex, and diagnosis (i.e.,
healthy older adults, MCI, or AD). We also tested GLMs with
outcome variables of total and percent change in cortical GM vol-
ume at 1-year (N ¼ 646) and 2-year (N ¼ 507) follow-ups, using
dependent variables of baseline ventricular volumes, age, sex, and
diagnosis. Diagnosis was coded using indicator variables for each of
the AD and MCI groups, with healthy controls as the reference
group. We also ran similar GLMs in each diagnostic group sepa-
rately and tested for associations between total baseline cortical GM
volumes and ventricular volume measures, controlling for the
appropriate covariates in the left and right hemispheres. Education
was not a significant predictor of ventricular or cortical GM mea-
sures in these models, so it was not included as a covariate in
subsequent analyses.

2.5.1. Post hoc determination of clinical threshold in ventricular
expansion to assist AD classification

Clinically, it would be useful to identify a threshold level of
ventricular expansion that best predicts dementia status. Classifi-
cation algorithms are highly nuanced, often including features from
more than 1 imaging modality, and a full diagnostic classification
analysis is beyond the scope of the present study. Instead, we
wanted to determine if ventricle expansion rates alone could
differentiate AD from controls, and how well. We calculated
quantiles (every 10th percentile) for percent change in ventricle
volume over both the 1-year and 2-year intervals, separately. Using
these percentiles as classification thresholds, we calculated the
sensitivity and specificity of each threshold value for classifying
each participant as AD or not AD. For the purposes of the experi-
ment, participants whose percent change in ventricle volume were
greater than or equal to the cutoff threshold were classified as AD.
The classifications were then compared with the actual AD
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Table 1
Demographic characteristics of the N ¼ 677 individuals analyzed in the cortical surface maps

AD MCI Controls All individuals

Sample size (n) 142 335 200 677
Sex (women/men) 67/75 124/211 95/105 286/391
Age (y) 75 � 7 75 � 7 76 � 5 75 � 7
MMSE (baseline) 23 � 2 27 � 2 29 � 1 27 � 3
Lateral ventricular volume (mm3)
Left 28,600 � 13,300 22,500 � 12,300 18,800 � 10,200 25,000 � 12,200
Right 26,500 � 11,900 20,800 � 11,000 17,719 � 8900 22,700 � 11,000

Selected demographic information (mean � standard deviation). We report the volumes to 3 significant figures, as it is not possible to measure them more accurately.
Key: AD, Alzheimer’s disease; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination.
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diagnosis made by ADNI, to generate receiver operating charac-
teristic (ROC) plots.
2.6. Statistical analysis: cortical surface maps

Statistical tests were conducted at each point on the left and
right cortical surface using the GLM analysis tools in FreeSurfer
(mri_glmfit, v5.0.0). Before analysis, a smoothing kernel of size
25 mm (full width at half maximum) was applied to each partici-
pant’s 3D cortical surface map for GM thickness and volume,
separately. We chose a large smoothing kernel because the regions
of brain atrophy seen in normal aging and in AD are relatively large
(Buckner et al., 2005; Serra et al., 2010). We did not perform
exploratory analyses at different smoothing kernel sizes in this
series of analyses, as we wanted to focus on testing our a priori
hypotheses involving large regions of the cortical GM surface.

Based on the results of the GLMs using ventricular volume
measures and total cortical GM volumes, we tested a series of GLMs
for percent change in ventricular volume on baseline cortical GM
thickness and volume after: (1) controlling for effects of sex, age, and
diagnosis (AD, MCI, or healthy older adults) in all individuals (1-year
interval: N ¼ 677; 2-year interval: N ¼ 536); (2) controlling for sex
and age in AD, MCI, and control groups, separately (1-year: AD N ¼
142, MCI N¼ 335, control N¼ 200; 2-year: ADN¼ 109, MCI N¼ 251,
control N ¼ 176); and (3) controlling for sex and age, in matched
groups of N ¼ 100 AD, MCI, and controls, separately to equalize
statistical power.We also tested 1-year percent change in ventricular
volume for relationships with cortical GM 1 year after baseline, after
controlling for effects of sex, age, and diagnosis. Analyses were run
separately for the left and right hemispheres, testing for associations
of percent change in left lateral ventricles with left baseline cortical
GM at each surface point and similarly for the right ventricle and
right cortical surface. To control the rate of false positives, we
enforced a standard false discovery rate correction (Benjamini and
Hochberg, 1995) for multiple statistical comparisons across all sur-
face vertices on the entire left and right cortical surfaces, using the
conventionally accepted false positive rate of 5% (q ¼ 0.05).

To examine the magnitude of significant associations in these
vertex-wise GLMs, we calculatedmean cortical GM thickness or total
cortical GM volume within significant regions and obtained beta
coefficients using the GLM design setup as described previously.
Fig. 1. (A) Percent change in ventricular volume compared with baseline after 1- and
2-year follow-up intervals averaged across left and right hemispheres for AD, MCI, and
control groups. As expected, the amount of expansion (because baseline) roughly
doubles from the 1-year to 2-year interval. Without controlling for confounding fac-
tors, and perhaps surprisingly, the standard deviations in these measures were large
enough that neither the baseline nor percent change measures were significantly
different between any pair of groups. Error bars are standard deviation. (B) ROC plot is
shown for classification of AD based on the 10th percentiles of ventricle volume
expansion rates over both 1-year and 2-year intervals. Abbreviations: AD, Alzheimer’s
disease; MCI, mild cognitive impairment; SD, standard deviation.
3. Results

3.1. Study population characteristics

Characteristics of the study population are shown in Table 1.
Total GM volumes at baseline were 7.41% lower in AD and 1.77%
lower in MCI compared with controls, whereas ventricular volumes
at baseline were 50.6% larger in AD and 18.5% larger in MCI
compared with controls, after averaging the left and right hemi-
sphere values. Rates of ventricular expansion also differed between
groups, with average percent change between baseline and 1-year
and baseline and 2-years showing a successive increase from con-
trols to MCI to AD. As expected, the ventricles expanded by about
twice asmuch over the 2-year interval than they did over the 1-year
interval, for each of the AD, MCI, and control groups (Fig. 1).

Looking at the ROC curve for ventricular expansion rates and AD
classification, the 2-year interval data performs slightly better,
achieving a higher true positive classification at any given level of
false positives. This might be expected as the brain changes more
substantially over a longer interval. From this data alone, it would
be difficult to establish a single threshold for ventricular expansion
to identify AD in a clinical setting.

3.2. Associations among total cortical GM volume, ventricular
volumes, and dementia status

We found the expected relationships among cortical GM vol-
ume, ventricle volume, and dementia in our data.



Fig. 2. Hemispheric 3D maps in the full sample (A, B) show significant negative associations of 1-year (A, N ¼ 677) and 2-year (B, N ¼ 536) percent change in ventricular volume
with baseline cortical GM in the full sample (AD, MCI, and healthy older adults pooled) (A, baseline cortical GM thickness and 1-year percent change, left: �log10(p-values) ¼
1.77e4.03, right: �log10(p-values) ¼ 2.61e4.87; B, baseline cortical GM thickness and 2-year change, left: �log10(p-values) ¼ 1.62e3.88, right: �log10(p-values) ¼ 1.98e4.24, and
baseline cortical GM volume and 2-year change, left: �log10(p-values) ¼ 2.61e4.42, corrected, controlling for age, sex, and diagnosis). C shows associations between 1-year percent
change in ventricular volume (C, N ¼ 646) and cortical GM at 1-year follow-up in the full sample (C, follow-up cortical GM thickness and 1-year percent change, left: �log10(p-
values) ¼ 1.41e3.67, right: �log10(p-values) ¼ 1.39e3.65, follow-up cortical GM volume and 1-year percent change, left: �log10(p-values) ¼ 1.58e3.84, right: �log10(p-values) ¼
1.48e3.73, corrected, controlling for age, sex, and diagnosis). To correct for multiple comparison, reported t statistic values correspond to the significance threshold that controls the
false discovery rate (FDR) at a q ¼ 0.05 threshold across the entire brain surface. Blue represents areas where corrected p-values passed the significance threshold for a negative
relationship between longitudinal ventricular enlargement and cortical GM values (as hypothesized, higher rates of ventricular enlargement were associated with less cortical GM at
baseline). Significant regions are labeled as aeii. Abbreviations: AD, Alzheimer’s disease; GM, gray matter; MCI, mild cognitive impairment. (For interpretation of the references to
color in this Figure, the reader is referred to the web version of this article.)
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The AD, MCI, and control groups differed significantly in total
cortical GM volumes at baseline (AD: p < 2 � 10�16; MCI: p < 2 �
10�16, averaged for left and right with controls as the reference
group) and in 1-year and 2-year percent difference in ventricular
volumes (for 1-year, AD: p < 2 � 10�16; MCI: p ¼ 6.25 � 10�7; for 2
years, AD: p < 2 � 10�16; MCI: p ¼ 5.17 � 10�7), after controlling for
age and sex. It is noteworthy that the ratemeasures are much better
at differentiating diagnostic groups than the baseline ventricular
volumes, which depend on many factors unrelated to the disease
(e.g., neurodevelopmental differences). The ROC plots showed that
percent change in ventricle volume at both 1-year and 2-year in-
tervals performed better than chance for all percentiles analyzed
(Fig. 1).
In these models, AD was associated, on average, with a
17,650 mm3 reduction in total cortical GM volume and amounts of
ventricular expansion that were 5.55% greater over the 1-year interval
and 11.39% greater across the 2-year interval compared with controls,
on average. MCI was associated with an 8580 mm3 average reduction
in total cortical GM volume and amounts of ventricular expansion
that were 2.53% greater for the 1-year interval and 4.73% greater
across the 2-year interval compared with controls, on average.

Percent change in total GM volume is significantly associated
with percent change in ventricular volume at 1-year (p ¼ 2.44 �
10�9) and 2-year (p ¼ 4.45 � 10�12) intervals, in the whole sample
after controlling for age, sex, and diagnosis. Considering each group
separately, in AD we found that lower total GM volumes at baseline



Table 2
Mean values and beta coefficients for regions with significant associations between
ventricular expansion and cortical GM

GM thickness
(mean)

GM thickness
(SD)

Cluster area
(mm2)

Beta
coefficient

a 2.29 0.15 17,480 �0.0044
b 2.29 0.19 11,306 �0.0053
c 2.18 0.24 683 �0.0058
d 3.16 0.40 349 0.0028
e 2.54 0.22 977 �0.0070
f 2.39 0.20 2631 �0.0059
g 2.14 0.29 408 �0.0060
h 2.44 0.37 228 �0.0073
i 2.78 0.39 213 �0.0061
j 2.12 0.34 91 �0.0048
k 2.79 0.42 61 �0.0015
l 2.27 0.15 41,533 �0.0034
m 2.05 0.53 28 �0.0033
n 2.41 0.20 2843 �0.0040
o 2.33 0.17 8192 �0.0030
p 2.55 0.22 1266 �0.0044
q 2.19 0.21 2878 0.0001
r 2.36 0.26 917 �0.0045
s 2.16 0.19 1495 �0.0027
t 2.64 0.20 769 �0.0032
u 2.05 0.22 399 �0.0021
v 2.25 0.16 66,530 �0.0064
w 2.26 0.16 67,514 �0.0076

Total GM volume
(mean)

Total GM
volume (SD)

Cluster area
(mm2)

Beta
coefficient

aa 13,844 2044 4139 �23
bb 4422 678 1987 �13
cc 13,357 2148 5012 �45
dd 1473 415 497 �7.0
ee 20,120 2474 8173 �69
ff 95,654 12,357 35,980 �37
gg 501 114 279 �2.1
hh 148,381 18,135 54,730 �590
ii 737 64 485 2.30

Cortical GM thickness in mm (mean � standard deviation) or total cortical GM
volume in mm3 (mean � standard deviation), cluster area (mm2), and beta co-
efficients are listed for regions shown in Fig. 2. The beta coefficient values represent
the magnitude of cortical GM thinning (difference in thickness at baseline) associ-
ated with each one percent higher rate of ventricle expansion, after adjusting for
effects of age, sex, and dementia status in our model.
Key: GM, gray matter; SD, standard deviation.
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were significantly associated with higher 1-year (p ¼ 0.022) and 2-
year (p ¼ 0.043) percent expansion in lateral ventricular volume in
the left but not right hemisphere. InMCI, lower total GM volumes at
baseline were significantly associated with higher ventricular
expansion after 2 years (left: p ¼ 0.046, right: p ¼ 0.004) but not
after 1 year. In controls, total GM volume at baseline was not asso-
ciated with ventricular volume expansion in either interval or
hemisphere.

3.3. Mapping ventricular expansion onto the cortical GM surface

In maps of baseline cortical GM thickness in the full sample,
(panels A and B of Fig. 2) percent change in ventricular volumes
over 1-year (N ¼ 677) and 2-year (N ¼ 536) intervals was signifi-
cantly associated with baseline cortical GM thickness in temporal,
inferior and anterior frontal, inferior parietal, and lateral occipital
regions, after controlling for age, sex, and diagnosis. The significant
regions were somewhat more expansive, in the same areas, for the
2-year percent change compared with the 1-year percent change in
ventricular volume. If we expect ventricular change to be roughly
linear over time, these 2 sets of maps should be identical; however,
the map for change over a longer interval may have greater signal-
to-noise-ratio, increasing the power to detect significant
associations.
In maps of baseline cortical GM volume in the full sample
(right panel of Fig. 2B), percent change in ventricular volumes
over a 2-year (N ¼ 536) interval were significantly associated with
baseline cortical GM volume in the temporal, inferior parietal
regions, and occipital regions, after controlling for age, sex, and
diagnosis. No significant associations with baseline cortical GM
volume were found for percent change in ventricular volume over
a 1-year interval (N ¼ 677) or in the right hemisphere for the 2-
year interval.

In follow-up maps of cortical GM thickness in the full sample,
percent change in ventricular volumes over 1-year (N ¼ 646) was
significantly associated with cortical GM thickness at 1-year follow-
up (left panel of Fig. 2C) in regions covering most of the cortical
surface, except for the primary sensorimotor strip and medial oc-
cipital regions, after controlling for age, sex, and diagnosis. As ex-
pected, no areas of significant positive associations were found in
any tests.

In follow-up maps of cortical GM volume in the full sample
(right pane of Fig. 2C), percent change in ventricular volumes over a
1-year (N ¼ 646) interval was significantly associated with cortical
GM volume at 1-year follow-up in regions covering most of the
cortical surface, although to a somewhat lesser extent than in the
maps for cortical GM thickness, after controlling for age, sex, and
diagnosis. One small region of significant positive association was
found in the right occipital pole.

All results presented in this manuscript passed a hemispheric
false discovery rat correction at q ¼ 0.05. Table 2 lists beta co-
efficients for significant regions corresponding to Fig. 2.

3.4. Mapping ventricular expansion onto cortical GM in AD, MCI,
and healthy older adults

Considering each diagnostic group separately in maps of base-
line cortical GM thickness, the 1-year and 2-year percent change in
ventricular volume were significantly associated with baseline
cortical GM thickness in MCI only (left pane of Fig. 3), with no
detectable associations in AD or in healthy older adults. In maps of
baseline GM volume, 2-year percent change in ventricular volume
was significantly associated with baseline cortical GM volume in
MCI only (right pane of Fig. 3), with no detectable associations for 1-
year percent change in ventricular volume in MCI or any of the tests
in AD or in healthy older adults.

TheMCI group has the largest sample size (N¼ 335 for 1-year and
N ¼ 251 for 2-year intervals) compared with the AD (N ¼ 142 for 1-
year and N ¼ 109 for 2-year intervals) and control groups (N ¼ 200
for 1-year and N ¼ 176 for 2-year intervals), suggesting that the
lower power could have contributed to the lack of results in AD and
controls (this point is addressed in Section 3.4). In MCI, small regions
of thinner baseline cortical GM, in the bilateral superior frontal and
inferior parietal gyri, left precuneus and isthmus of the cingulate, and
right supramarginal gyri, were significantly associated with 1-year
percent change in ventricular volume (left: �log10(p-values) ¼
2.58e4.84, right: �log10(p-values) ¼ 3.15e5.41, corrected, control-
ling for age, sex). The maps associating baseline cortical GM thick-
ness with 2-year percent change in ventricular volume in MCI were
much more expansive, with significant relationships detected in the
bilateral superior, middle, and inferior temporal, lateral occipital,
inferior, and some superior parietal, supramarginal, rostral inferior,
middle, and superior frontal gyri, the precuneus, posterior cingulate,
medial orbitofrontal, entorhinal, parahippocampal, fusiform, and
lingual gyri (left: �log10(p-values) ¼ 1.71e3.97, right: �log10(p-
values) ¼ 1.79e4.04, corrected, controlling for age, sex), which
matches thewell-knownpattern of AD-related pathology (Braak and
Braak, 1991; Braskie et al., 2010; Thompson et al., 2003). No signifi-
cant associations were found in the AD or healthy control groups. As



Fig. 3. Hemispheric 3D maps show significant negative associations of 1-year (A, N ¼ 335) and 2-year (B, N ¼ 251) percent change in ventricular volume with baseline cortical GM in
MCI, after controlling for age, sex (A, baseline cortical GM thickness and 1-year percent change, left: �log10(p-values) ¼ 2.58e4.84, right: �log10(p-values) ¼ 3.15e5.41; baseline
cortical GM volume and 1-year percent change, left and right not significant; B, baseline cortical GM thickness and 2-year percent change, left: �log10(p-values) ¼ 1.71e3.97,
right: �log10(p-values) ¼ 1.79e4.04; baseline cortical GM volume and 2-year percent change, left: �log10(p-values) ¼ 2.55e4.80, right: not significant, FDR corrected as described in
Fig. 2). No significant results were found for AD or healthy controls, separately. Abbreviations: AD, Alzheimer’s disease; GM, gray matter; MCI, mild cognitive impairment.

S.K. Madsen et al. / Neurobiology of Aging 36 (2015) S32eS41S38
expected, no areas of significant positive associations were found for
any group.

We felt it was important to determine if significant results were
found only in MCI, which had a larger N compared with the AD and
control groups because of differences in power related to the
available sample sizes. After limiting the samples to equal-sized
subsets of size N ¼ 100 (the approximate size of the smallest
group) that werematched for age and sex, the datawere reanalyzed
for AD, MCI, and healthy older adults. For cortical thickness, sig-
nificant negative associations were found in MCI for 2-year percent
change in left ventricular volume related to baseline cortical GM
thickness in left superior temporal, supramarginal, inferior and
superior parietal, lateral occipital, fusiform, precuneus, posterior
cingulate, and small regions in the superior frontal gyri (left:�log10(p-
values) ¼ 2.05e4.31, controlling for age, sex). No significant results
were found for cortical thickness in AD or controls at either time in-
terval or in the 1-year interval for MCI using the smaller and equally
sized samples. For cortical volume, no significant results were found
in any group at either time interval. No significant positive associa-
tions were found.

4. Discussion

Our results add to the current literature that identifies changes
in ventricular enlargement as a robust biomarker of AD. We make a
novel contribution to the field, by showing how longitudinal
changes in ventricular volume relate to specific patterns of thinner
cortical GM in early stages of this neurodegenerative disorder.
These results allow us to make connections between possible at-
rophy in functionally important cortical areas and more obvious
changes in ventricular segmentations. Ventricular measures are
among the most reliable and robust MRI measures for tracking the
progression of AD but are naturally limited in terms of making
specific inferences about brain structure and function. Because
cortical regions can be challenging or time-consuming to segment
in the brains of older adults, combining information about the
cortical architecture and ventricular enlargement gives us a better
understanding of early stages of neurodegenerative disease.

Interestingly, the pattern of significant associations in MCI
matches the well-known pattern of progressive cortical atrophy in
AD (see, e.g., Figure 6 in Thompson et al. (2003)) and in MCI to AD
conversion (see, e.g., Figures 2e4 in Whitwell et al. (2007)), path-
ologic amyloid plaque and tau neurofibrillary tangle deposition,
metabolic disruption, and functional disconnectivity (see, e.g.,
Figure 6 in Buckner et al. (2005)) characteristic of AD progression.
Primary sensorimotor areas that may not experience heavy disease
burden did not show significant associations in our MCI sample or
in the whole sample. These are also relatively difficult cortical areas
for measuring GM thickness as the extensive myelination can lead
to poor tissue contrast on standard anatomic MRI. When diagnostic
groups of the same sample size were studied, in an attempt to
equalize statistical power to detect associations, longitudinal ven-
tricular expansion was most strongly associated with thinner
cortical GM in the early stages of disease progression, rather than in
healthy older adults or in more severely impaired individuals.

In healthy older adults, the lateral ventricles expand approxi-
mately linearly with age, and the changes are accompanied by a
progressive decrease in total brain volume (Blatter et al., 1995).
Enlarged ventricles are commonly observed even in very healthy
older adults (Longstreth, 1998). In cross-sectional studies, average
ventricular volumes are largest in AD and MCI compared with
healthy older adults (in AD, roughly 60% larger than in MCI and



S.K. Madsen et al. / Neurobiology of Aging 36 (2015) S32eS41 S39
roughly 4 times larger than in controls) (Nestor et al., 2008).
However, this measure is not ideal for diagnostic classification, as
cross-sectional ventricular volumes overlap substantially between
healthy older adults and AD participants (AD: 20e146 cm3, CON:
11e82 cm3) (Wang et al., 2002). This makes it vital to consider
longitudinal patterns and rates of ventricular expansion. Interest-
ingly, ventricular volumes are larger in AD compared with healthy
centenarians who did not differ from healthy 80- to 90-year-old
adults in one study (Gong et al., 2011). This suggests that the
accelerated expansion of ventricular volumes in AD does eventually
result in cross-sectional differences that are large enough to
distinguish from normal aging.

Expansion of the lateral ventricles reflects the accumulation of
brain tissue reductions globally, throughout multiple brain regions,
in which rates of change may be too subtle or more challenging to
detect directly. In normal aging, rates of ventricular enlargement
accelerate around the age of 60 years then continue at a stable pace
at least into the late 90s (Jernigan et al., 2001;Walhovd et al., 2005).
In healthy older adults, the annual increase of 3%e13% (approxi-
mately 1500 mm3) in ventricular volume represents a change of
less than 0.5% in total brain volume and is much greater than the
<1%e3% volume reduction seen in the hippocampus (Fjell et al.,
2009b; Resnick et al., 2000, 2003; Ridha et al., 2008; Zhang et al.,
2010). Perhaps because this measure is so powerful, many studies
have concluded that ventricular measures are more strongly asso-
ciated than temporal lobe structures with hallmark features of
dementia such as baseline cognition, change in global clinical scores
and dementia ratings over time, and plaque and tangle accumula-
tion (Fjell et al., 2009a; Jack et al., 2004; Ridha et al., 2008; Silbert
et al., 2003).

In our data we also found a greater number of significant asso-
ciations and larger extent of cortical regions associated with ven-
tricular volume expansion for cortical GM thickness compared with
cortical GM volume. Lateral ventricle expansion may co-occur with
patterns of local cortical GM thinning specifically, rather than the
loss of cortical GM volume locally. Cortical GM thickness may be a
more sensitive measure of global brain atrophy in older adults
compared with cortical GM volume. Cortical GM volume may be a
noisier measure as it is calculated using cortical surface area, which
is quite variable across individuals and may be less strongly related
to disease- or age-related loss of brain tissue in older adults,
in combination with cortical GM thickness, which may be less
variable.

Because of the overlap in ventricular volumes among diagnostic
groups, accelerated rates of brain atrophy may be better indicators
of MCI and AD. Rates of ventricular enlargement distinguish AD
from healthy older adults, even when cross-sectional ventricular
volumes overlap between the 2 groups (Wang et al., 2002). The
most extreme acceleration in the rate of ventricular expansion may
occur in MCI and at the point of conversion from MCI to AD
(Apostolova et al., 2012; Carmichael et al., 2007a; Jack et al., 2008a,
2008b; Ridha et al., 2008), whereas accumulated total volumes and
expansion rates are most extreme later in the disease (Wahlund
et al., 1993). Faster rates of ventricular expansion also indepen-
dently predict cognitive decline (Adak et al., 2004) and are more
predictive than other MRImeasures in detecting early conversion to
AD (Fleisher et al., 2008; Jack et al., 2005).

As far as we know, all previous joint studies of cortical gray
matter and the lateral ventricles have been conducted using region
of interest summary measures for volumes or thickness. Prior
studies have reported the co-occurrence of significant associations
between ventricle and cortical measures with factors such as age
(Coffey et al., 1992; Fjell et al., 2009b; Long et al., 2012) andmemory
decline (Murphy et al., 2010) in healthy older adults, and with APOE
genotype in MCI and AD (Liu et al., 2010). One study directly
examined the correlation between whole brain mean cortical
thickness and lateral ventricle “width” in normal aging, finding a
significant and strong correlation of approximately r ¼ �0.4 (Preul
et al., 2006). It makes sense that lateral ventricle expansion might
be associated with cortical thickness in older adults; we believe this
is the first article to report these associations using detailed 3D
maps of the cortical surface.

One limitation of the present study is that we used an auto-
mated segmentation for cortical gray matter thickness and lateral
ventricle volume. These automated methods have been validated,
but there is some error involved in using any segmentation tool, in
both manual and automated segmentations. We chose automated
methods for practical reasons given the large sample size in our
analyses. Also, we used ventricle volume measures rather than
ventricle shape, which arguably may be a more sensitive biomarker
although it is perhaps not quite as intuitive (Thompson et al., 2004).
It would also be interesting to apply the reverse approach, that is,
mapping cortical GM measures (e.g., average and change in GM
thickness in regions of interest) onto 3D ventricular shapes, to see
exactly which areas of the ventricles are most strongly associated
with cortical thickness changes, at different stages of the illness. In
their study, Ferrarini et al. (2006), reported that 22% of the ven-
tricular surface was “significantly different” between AD and
healthy older adults, although this number will vary depending on
sample size. Even so, the frontal and temporal horns are most
sensitive to AD progression in this study and others (Apostolova
et al., 2012; Thompson et al., 2004). If significant associations are
found between cortical GM and ventricular shape at later stages of
AD, we might expect to see expansion of the frontal horns of the
lateral ventricle associated with thinner frontal GM, which is
typically affected later in the disease.
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