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We previously demonstrated 2 statistically distinct factors of degeneration in Alzheimer’s disease: one
strongly related to white matter damage and age interpreted as “age- and vascular-related”, and the
other related to cortical atrophy thought to represent “neurodegenerative changes associated with
Alzheimer’s disease”. Those factors are now replicated in a distinct cross-sectional data set of 364 par-
ticipants from the Alzheimer’s Disease Neuroimaging Initiative and their interpretation is improved
using correlations with CSF biomarkers. Furthermore, we now show that changes in both factors over 2
years are independently associated with decline in MinieMental State Examination score in a longitu-
dinal subset of 116 individuals with mild cognitive impairment. Progression in the “age- and vascular-
related” factor was greater for individuals with 2 APOE ε4 alleles and linked to a greater attributable
change in MinieMental State Examination than the “neurodegenerative” factor. These results suggest
benefits of targeting white matter and vascular health to complement interventions focused on the
neurodegenerative aspect of the disease, even in individuals with little discernable vascular comorbidity.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The conclusive diagnosis of Alzheimer’s disease (AD) is currently
determined based on the presence of AD pathology, such as beta-
amyloid plaques and neurofibrillary tangles, which guides models
of the pathophysiology of the disease (Hyman et al., 2012; Jack et al.,
2010). However, there is a diversity of additional changes that occur
in the brain throughout the course of the disease which are typically
highly prevalent across patients yet considered either secondary or
independent to the primary diagnostic pathologies. In a recent study
(Coutu et al., 2016), we found 2 statistically distinct classes of
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imaging markers (factors) indicative of degenerative processes that
were affected by AD. One factor was strongly linked to imaging
measures of cortical atrophy that are presumed to be related to the
neurodegenerative changes in AD and to plaque and tangle accu-
mulation. This factor was therefore interpreted to be “neurodegen-
erative” (neurodegenerative factor [NDF]). The other factor was
statistically independent from the NDF, was highly weighted by
white matter lesions of presumed vascular origin (Gottesman et al.,
2010; Gouw et al., 2011; Jeerakathil et al., 2004; Pantoni, 2010;
Rostrup et al., 2012; Wardlaw et al., 2013), and was strongly associ-
ated with age. This factor was therefore interpreted to represent
“age- and vascular-related” tissue damage (age- and vascular-related
factor [AVF]). Of particular interest, both factors were independently
weighted by hippocampal volume demonstrating the multiple
sources of variance contributing to this often used imaging marker of
AD neurodegeneration (Atiya et al., 2003). Both factors were also
related to MinieMental State Examination (MMSE) scores cross-
sectionally. The main goals of this follow-up work were to replicate
our previous factor analysis in a distinct data set and determine the
longitudinal associations between these degenerative factors and
cognitive decline in older adults with mild cognitive impairment
(MCI). Secondary exploratory goals included investigating associa-
tions between those classes of degenerative change and CSF
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biomarkers, and distinguishing converters from older adults with
MCI who have not converted.

2. Materials and methods

2.1. Participants and MRI acquisition

The cross-sectional data set used to replicate the factor analysis
came from the Alzheimer’s Disease Neuroimaging Initiative GO/2
(ADNI, http://adni.loni.usc.edu) and included 113 controls, 159
participants with MCI, and 92 participants with ADwho underwent
whole-brain MRI scanning on a 3-Tesla Siemens scanner as
described in ADNI Core MRI protocols (Jack et al., 2008) and had
sagittal T1-weighted images and pulsed arterial spin labeling im-
ages available at the time of download. The specific requirement of
arterial spin labeling data availability was to obtain a data set that is
similar but independent from the one used in our previous study
which was also from ADNI GO/2 (Coutu et al., 2016), as participants
who had arterial spin labeling data available were not scanned with
diffusion-weighted imaging by design in ADNI GO/2. The arterial
spin labeling data were not used in this study, except to obtain
estimates of participant motion. One participant did overlap both
data sets, but data for that participant were obtained 4 years apart
on different scanners. Cerebrospinal fluid (CSF) biomarkers (Ab1-42,
t-tau and p-tau181) were available in 319 participants, but only data
from the 251 participants who had their CSF drawnwithin 1 year of
scanning were used (on average drawn 145 days before scan). The
longitudinal data set included 122 individuals with MCI from the
cross-sectional data set who underwent whole-brain MRI scanning
twice approximately 2 years apart and had data for these 2 visits.
Five individuals were excluded from the analysis due to outlier,
improbable longitudinal segmentation data (i.e., large expansion of
the volume of tissue and/or shrinking of the ventricles). One indi-
vidual was excluded because of missing clinical information.

Clinical profiles and diagnostic information were obtained from
the assessment closest in time to the MRI acquisition. This included
the MMSE (Folstein et al., 1975), the Alzheimer’s Disease Assessment
Scale (ADAS-Cog 13-item scale; Mohs et al., 1997), and the Clinical
Dementia RatingeSum of Boxes (CDR-SB; Morris, 1993). Group
designation of control, MCI, and probable AD was determined by
ADNI based on the standard criteria (McKhann et al., 1984; see ADNI
2 Procedures Manual on www.adni-info.org for more information).
Among other exclusion criteria, individuals with vascular comor-
bidities, such as a history of stroke, were excluded if they had a
Modified Hachinski score greater than 4 (Rosen et al., 1980). Written
informed consent was obtained from all participants or their repre-
sentatives through ADNI. The study procedures were approved by
institutional review boards of all participating institutions.

2.2. Automated subcortical and white matter lesion segmentation

Automated subcortical and white matter segmentation were
obtained from the T1-weighted images using the longitudinal pro-
cessing stream of FreeSurfer version 5.3 (https://surfer.nmr.mgh.
harvard.edu; Fischl et al., 2002; Reuter et al., 2012). The automated
segmentation also included awhitematter lesion segmentation, and
FreeSurfermri_relabel_hypointensities was used to refine thewhite
matter lesion segmentation using the surface reconstruction
described below. These methods are the same as those used in our
previous study (Coutu et al., 2016) to ensure proper replication. The
FreeSurfer segmentation method is highly correlated with T2-
weighted and FLAIR MRI as demonstrated in our previous study
(Coutu et al., 2016). Furthermore, the concordance correlation co-
efficient between the publicly-available FreeSurfer and FLAIR-based
white matter lesion volume estimates is high (r ¼ 0.84, p < 0.001,
n ¼ 854 unique participants, data not shown). The Bayesian
approach for the FLAIR MRI segmentation is fully described online:
http://adni.bitbucket.org/docs/UCD_ADNI2_WMH/UCD%20ADNI%
20II%204%20tissue%20segmentation%20Method.pdf.

2.3. Cortical surface reconstruction and extraction of thickness
measures

The same version of FreeSurfer was used for cortical surface
reconstruction and to extract the average thickness weighted by the
surface area of each cortical surface labels representing the regions
that undergo thinning in early AD (Bakkour et al., 2009; Dickerson
et al., 2009, 2011), as per our previous study (Coutu et al., 2016) to
ensure proper replication. Those regions are described as the
cortical signature of AD given the reliability of this effect across
samples (Bakkour et al., 2009; Dickerson et al., 2009, 2011) and
include the angular gyrus, the superior frontal gyrus, the inferior
frontal sulcus, the superior parietal lobule, the precuneus, the
inferior temporal gyrus, the supramarginal gyrus, the medial tem-
poral cortex, and the temporal pole. Those regions are clearly rep-
resented in (Dickerson et al., 2009).

2.4. Computation of factor scores

The same factor analysis (with VARIMAX) as performed in
(Coutu et al., 2016) was independently replicated in this distinct
data set using JMP 10 statistical software (SAS Institute Inc, Cary,
NC, USA). As described previously (Coutu et al., 2016), the factor
analysis was performed on the normalized measures of white
matter lesion volume, total white matter volume, hippocampal
volume, ventricular volume, and AD signature cortical thickness.
Briefly, the total white matter volume, ventricular volume (lateral
ventricles), and hippocampal volume were divided by the esti-
mated total intracranial volume in each individual. The natural
logarithm of the volume of white matter lesions divided by total
white matter volumewas used instead of the lesion volume divided
by estimated intracranial volume to obtain a more normalized
distribution of this typically skewed measure and to represent a
more accurate measure of neural compromise. The average cortical
thickness in AD regions was not normalized. Factor scores for each
participant were also obtained by standardizing the normalized
measures and multiplying them by the standard score coefficients
extracted from the factor analysis described previously (Coutu et al.,
2016). The factor analysis was also replicated using white matter
lesion volume estimates based on FLAIR MRI available for 326 in-
dividuals of our cross-sectional sample.

2.5. Statistical analyses

Statistical analyses were performed using JMP 10 (SAS Institute
Inc., Cary, NC, USA). In the cross-sectional data set, the factor scores
were used as independent variables in a standard least squares,
forced introduction general linear model of the CSF biomarkers
using diagnostic group (control, MCI or AD), age, sex, education, and
number of APOE ε4 alleles as covariates. In the longitudinal data set,
the factors at baseline and their progression over time (factor at
follow-up minus factor at baseline) were used as independent
variables in a standard least squares, forced introduction general
linear model of the change in MMSE score using age, time between
scans, sex, education, and number of APOE ε4 alleles. Motion
measures from arterial spin labeling data, which allow for an in-
direct yet quantitative estimation of the propensity of an individual
to move during a scan, were omitted from the final models as they
were never significant when added to the models and had no
impact on the results. Secondary forced introduction general linear
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models using the change in ADAS-Cog 13-item scale and in CDR-SB
were also tested with the same covariates. Additional forced
introduction general linear models of the progression of each factor
score as the dependent variable were performed with age, time
between scans, sex, education, and number of APOE ε4 alleles as the
independent variables. The general linear models were also repli-
cated with only the significant variables included to confirm that
the results remain unchanged. All continuous variables were
standardized for easier comparison of parameter estimates (b) in
the models. Nominal variables included sex and the number of
APOE ε4 alleles. All variables included have generally been shown to
have some influence on the 5 neuroimaging markers used in the
factor analysis and were therefore all included in the models to
prevent any potential omitted-variable bias. c2, F, and t tests were
also used to characterize sample demographics and compare with
the previous data set used in (Coutu et al., 2016), as well as to
distinguish converters from individuals who have not converted in
the longitudinal sample, for which a Bonferroni correction for
multiple comparisons was applied.

2.6. Alzheimer’s Disease Neuroimaging Initiative

Data used in the preparation of this article were obtained from
the ADNI database (adni.loni.usc.edu). The ADNI was launched in
2003 as a public-private partnership, led by Principal Investigator
Michael W. Weiner, MD. The primary goal of ADNI has been to test
whether serial magnetic resonance imaging (MRI), positron emis-
sion tomography, other biological markers, and clinical and neu-
ropsychological assessment can be combined to measure the
progression of mild cognitive impairment (MCI) and early AD. For
up-to-date information, see www.adni-info.org.

3. Results

3.1. Replication of the factor analysis in a distinct cross-sectional
data set

The cross-sectional data set used for replication was completely
separate from the data set used in the original factor analysis (Coutu
et al., 2016) but had comparable demographics with no significant
differences within or across groups (Supplementary Table 1). The
replication of the factor analysis yielded 2 significant factors (AVF0

and NDF0) with very similar loadings as AVF and NDF from our
previous study (Coutu et al., 2016; Supplementary Table 2). Both
factors showed a high loading from hippocampal volume. AVF and
AVF0 also had high loadings (�0.4) from volume of white matter
lesions, total WM volume, and ventricular volume, whereas NDF
and NDF0 also had a high loading from AD signature cortical thick-
ness. Similar results were obtained from the factor analysis using
the FLAIR MRI-based WML volume estimates (AVF00 and NDF00),
though lower loadings were observed for both WML volume and
hippocampal volume. Scatterplots of the relationship between AVF
and AVF0 and between NDF and NDF’ (Supplementary Fig. 1) show a
very high correlation between factor scores of both factor analyses
in the same individuals, demonstrating the robustness of the 2-
factor construct of degeneration in AD. All further analyses use
the factor scores derived from the factor analysis of our previous
study (Coutu et al., 2016), though we have confirmed that all results
and conclusions are the same using both sets of factors (not shown).

3.2. Cross-sectional associations between CSF biomarkers and
factor scores

Both AVF and NDFwere independently related to the level of CSF
Ab1-42 (p < 0.001 and p < 0.01 respectively), whereas only NDF was
related to both t-tau (p < 0.05) and p-tau181 (p < 0.01), when ac-
counting for all covariates as demonstrated in our general linear
model (Supplementary Table 3). Of note, group, sex, and having 2
APOE ε4 alleles were also associated with the level of CSF bio-
markers independent of AVF and NDF. Associations between factor
scores and CSF Ab1-42, t-tau and p-tau181 are presented in Fig. 1AeC
respectively.

3.3. Demographics of the longitudinal data set

Demographics of the longitudinal data set of participants with
MCI are provided (Table 1), with 17 participants converting to AD
during the 2-year follow-up. The individuals with MCI who con-
verted to AD had a greater decrease in MMSE than individuals with
MCI who did not convert. Only progression in AVF was significantly
different between the participants with MCI who converted to AD
and those who did not after correcting for multiple comparisons,
though both AVF and NDF at baseline and their progression were
significant when uncorrected.

3.4. Associations between MMSE decline and progression of factors
scores

Both the progression of AVF and NDF were significantly related
to the decline in MMSE over 2 years independent of each other in
our general linear model (Table 2). These independent relationships
also held true when MMSE was replaced by other clinical tests such
as the Alzheimer’s Disease Assessment Scale (ADAS-Cog 13-item
scale) and the CDR-SB. In addition to the progression of factors
scores, NDF and MMSE at baseline each significantly and inde-
pendently predicted decline in MMSE over 2 years. Based on our
general linear model, we estimated that the progression of AVF was
linked to an average loss of 2.25 MMSE units over 2 years, whereas
the progression of NDF was linked to an average loss of 0.64 MMSE
units over 2 years in individuals with MCI who converted to AD.

Scatterplots of the relationships between progression of factor
scores and decline inMMSE score are shownwithout any covariates
(Fig. 2A). Similar scatterplots are presented for ADAS-Cog 13
(Fig. 2B) and CDR-SB (Fig. 2C). The lack of relationship between the
progression of AVF and the progression of NDF is also shown
(Fig. 2D). These findings highlight the unique statistical properties
of each factor relative to progression of impairment.

3.5. Determinants of the progression of factor scores

Having 2 APOE ε4 alleles and lower score at baseline for AVF
were both strongly associated with a greater longitudinal reduction
in AVF (Table 3). Lower score at baseline for NDF was also related to
greater longitudinal reduction in AVF, though to a much lower
extent. Scatterplots of these relationships are presented without
any covariates (Fig. 3). Those bivariate relationships were signifi-
cant, except for the relationship between score at baseline for NDF
and progression of AVF. The scatterplot also highlights that con-
verters have a disproportionate progression of AVF compared to
what is expected from their factor score at baseline. No variables
used in the models predicted the progression of NDF.

4. Discussion

The current work demonstrates that 2 statistically distinct
classes of degenerative change indexed by structural MRI are
important independent predictors of longitudinal cognitive decline
in individuals with mild cognitive impairment (MCI). To demon-
strate this, we first replicated the factor analysis we recently pub-
lished in a distinct data set (Coutu et al., 2016), showing 2 distinct
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Fig. 1. Scatterplots of the associations between factor scores and CSF (A) Ab1-42, (B) t-tau, and (C) p-tau181 are presented in the cross-sectional data set. Pearson’s correlation
coefficients and associated p-values are shown. Controls, individuals with mild cognitive impairment, and Alzheimer’s disease are shown respectively in white, light gray, and dark
gray. All significant relationships remain significant when correcting for all covariates as detailed in the models, but uncorrected data are presented here to further support the
associations between CSF biomarkers and both factors.
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classes of degenerative changes both involving hippocampal
changes: one class interpreted as representing “age- and vascular-
related” processes involving white matter microstructure, white
matter lesions, and ventricular changes (age- and vascular-related
factor, AVF), and one class representing “neurodegenerative”
cortical changes (neurodegenerative factor, NDF). The current work
supported part of this previous interpretation by showing that only
the NDF correlated specifically with both CSF t-tau and p-tau181,
representative markers of neuronal injury (Jack, 2012; Jack et al.,
2010), though both classes were related independently to CSF
Ab1-42. Progression of the AVF and progression of the NDF were
independently related to longitudinal cognitive decline as
measured with the MMSE and other clinical scales after the course
of 2 years. However, the AVF was associated with a greater attrib-
utable cognitive loss than the NDF in individuals who converted to
AD. This suggests that preventing decline in white matter, ven-
tricular, and vasculodegenerative processes may slow cognitive
decline to a degree that is at least equivalent to treating the
neurodegenerative aspect of the disease, even in individuals known
to have little to no obvious vascular comorbidity. Future studies will
investigate the potential delay in time-to-onset of dementia that
could be possible by treating these processes as well as the de-
terminants of progression in both factors to help devise a thera-
peutic strategy.

While longitudinal progression of the AVF score was related to a
decline in MMSE, the factor score at baseline did not predict greater
cognitive decline. This indicates that a longitudinal change in these
factors impacts cognition, such as sporadic or continuous vascular
deficits leading to increased white matter lesion volume and more
generally white matter damage, whereas the baseline level is not as
important in determining future cognitive decline. In contrast, both
the NDF at baseline and its longitudinal progression predicted
greater cognitive decline, suggesting accelerating decline. In addi-
tion, decline in MMSE was further predicted by a lower MMSE at
baseline, and this demonstrated the importance of including this
variable in themodel, as individuals who are closer to conversion to
AD tend to decline faster, mitigating the limitations of our linear
model. Indeed, we did not find the same predictor effect of both
NDF and cognition at baseline on change in ADAS-Cog and CDR-SB,
which suggests those clinical scales are more accurately descriptive
of a linear change in cognitive impairment than MMSE.

The progression of the AVF was predicted by having 2 APOE ε4
alleles and by a lower factor score at baseline. Of note, converters
deviated from the latter relationship and had disproportionately
greater progression of the AVF than expected from their baseline
factor score, suggesting they may have been subjected to greater
white matter damage and vascular burden than is normally seen
with age. These associations are consistent with the notion that risk
for future vascular insults is partly determined by a history of stroke
and cardiovascular disease (Burn et al., 1994; Wolf et al., 1991) and
that individuals with greater white matter lesion volume show a
more rapid lesion progression over time compared with individuals
with lower baseline volumes (Burton et al., 2006; Gouw et al.,
2008). The presence of APOE ε4 alleles has also been linked to
recurrence of ischemic cerebrovascular disease, which supports our
interpretation (Kim et al., 2003). Furthermore, prior studies
observed that APOE may modulate the effects of vascular condi-
tions on white matter lesions (de Leeuw et al., 2004), especially in
carriers of 2 APOE ε4 alleles (Godin et al., 2009) but also modulate
effects on cognitive decline and dementia trajectories in middle-
aged and older cohorts (Carmelli et al., 1998; Haan et al., 1999;
Hofman et al., 1997). These findings support the notion that APOE
may enhance the risk for AD through yet unclear cerebrovascular
mechanisms (Yip et al., 2005). Future work will aim to further
include and understand the contribution of other markers of small-
vessel disease, such as cerebral microbleeds. However, such
vascular insults are generally known to be highly correlated with
white matter lesion burden, even in AD (Pettersen et al., 2008).

It was posited in our previous study (Coutu et al., 2016) that the
factor analysis may have partitioned the contribution of 2 distinct



Table 1
Demographics for all participants with MCI who had longitudinal data

Demographics Converted to AD Other participants p-value

Participants (female) 17 (9) 99 (42) 1.0000
Age at baseline (y) 72.05 (1.97) 70.86 (0.69) 1.0000
Time between scans (y) 2.04 (0.02) 2.01 (0.01) 1.0000
Education (y) 16.94 (0.57) 16.44 (0.27) 1.0000
APOE ε4 (# alleles) 1.06 (0.18) 0.45 (0.06) 0.1060*

MMSE at baseline (�) 27.06 (0.50) 28.35 (0.16) 0.4672*

MMSE difference (�) �3.65 (0.62) �0.28 (0.20) 0.0010
ADAS13 at baseline (�) 21.94 (1.37) 12.11 (0.54) <0.0001
ADAS13 difference (�) 8.06 (1.43) �0.20 (0.43) 0.0005
CDR-SB at baseline (�) 2.50 (0.20) 1.23 (0.11) <0.0001
CDR-SB difference (�) 2.68 (0.33) �0.04 (0.12) <0.0001
Global thickness diff. (mm/y) �0.033 (0.008) �0.009 (0.002) 0.1455*

AD regional thick. diff. (mm/y) �0.041 (0.009) �0.013 (0.002) 0.1656*

WM lesion vol. diff. (mm3/y) 1199 (291) 413 (57) 0.3522*

Hippocampal vol. diff. (mm3/y) �264 (31) �58 (10) <0.0001
Ventricular vol. diff. (mm3/y) 3949 (496) 1439 (140) 0.0024
Total WM vol. diff. (mm3/y) �5922 (979) �3331 (346) 0.4487*

AVF (baseline) �0.594 (0.230) �0.008 (0.106) 0.6326*

AVF (difference) �0.381 (0.053) �0.146 (0.014) 0.0089
NDF (baseline) 0.286 (0.248) 0.872 (0.069) 0.7300*

NDF (difference) �0.434 (0.115) �0.129 (0.028) 0.3915*

Standard errors of the mean are shown in parentheses, except for the first rowwhere number of female participants is displayed. c2 and 2-tailed t tests were used to obtain the
p-values. Difference defined as value at follow-upminus value at baseline. All tests were corrected using a Bonferroni correction for 21 comparisons (bold represents significant
when corrected, whereas * represents significant when uncorrected). An average negative AVF value indicates that the average individual of the replication sample had slightly
higher white matter hyperintensities and ventricular volume when compared with the distribution of the original sample. An average positive NDF value in turn means that
individuals of the replication sample had slightly higher hippocampal volume and cortical thickness when compared with the distribution of the original sample. The scale is
largely arbitrary and is generally useful to compare across individuals.
Key: ADAS-Cog 13, Alzheimer’s Disease Assessment Scale; AVF, age- and vascular-related factor; CDR-SB, Clinical Dementia RatingeSum of Boxes; MCI, mild cognitive
impairment; MMSE, MinieMental State Exam; NDF, neurodegenerative factor.
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pathologies affecting the hippocampus. The present study shows
further credence to this theory, as the changes over time in each
factor score were uncorrelated, despite being both related to the
change in hippocampal volume. While the absence of correlation
between factors in the cross-sectional datasets is a direct result of
the factor analysis, it was not necessarily expected that the pro-
gression of factors over time would be independent. This suggests
the presence of 2 statistically distinct processes that independently
affect both the hippocampal volume and MMSE. Evidence for these
2 distinct processes exists in the literature. On one hand, hippo-
campal volume as a marker of AD neurodegenerative pathology is
well-established (Atiya et al., 2003), and this is accounted for by the
NDF with its correlation to CSF levels of t-tau and p-tau181, repre-
sentative of neuronal loss and injury (Jack, 2012; Jack et al., 2010).
On the other hand, it is also known that hippocampal volume is
reduced in vascular dementia to a similar extent as in AD (Du et al.,
2002; Fein et al., 2000; Laakso et al., 1996) and that untreated
Table 2
Model of the longitudinal decline in MMSE and other clinical tests using both sets of fac

Parameters Diff. MMSE (b; p-value)

Age (baseline) 0.15; 0.1728
Time between scans 0.00; 0.9753
Sex (female) �0.10; 0.2353
Education 0.14; 0.1105
APOE ε4 (1 allele) �0.08; 0.5334
APOE ε4 (2 alleles) -0.08; 0.6726
AVF (baseline) 0.12; 0.3324
AVF (difference) ***0.58; 0.0001
NDF (baseline) *0.21; 0.0259
NDF (difference) *0.22; 0.0186
Cognition (baseline) **�0.26; 0.0026

All continuous variables were standardized before applying the model for easier comparis
and *** for p < 0.05, 0.01, and 0.001, respectively). Cognition at baseline represents the s
minus value at baseline.
Key: ADAS-Cog 13, Alzheimer’s Disease Assessment Scale; AVF, age- and vascular-related
Exam; NDF, neurodegenerative factor.
hypertension may lead to a greater reduction in hippocampal vol-
ume in non-demented older adults (den Heijer et al., 2005), and this
independent effect is well-represented by the AVF, strongly asso-
ciated with white matter damage and lesion burden. These notions
suggest that the combination of those 2 processes might lead to a
faster clinical manifestation of the disease, which may or may not
be made evident through the observation of white matter damage
or other imaging markers. A recent study also showed that both
white matter lesions and amyloid burden independently and
additively contribute to longitudinal cognitive decline in older
adults (Vemuri et al., 2015). However, in this study, both classes of
degenerative change were independently related to levels of CSF
Ab1-42. While this remains to be further investigated, our results are
not necessarily at odds with this previous study, as we found that
there is part of the variance of CSF Ab1-42 that is associated with the
NDF independently from the AVF associated with white matter le-
sions. Furthermore, ischemia has previously been showed to
tors in participants with MCI

Diff. ADAS-Cog 13 (b; p-value) Diff. CDR-SB (b; p-value)

0.03; 0.7905 �0.17; 0.0909
�0.02; 0.8235 �0.00; 0.9920
�0.08; 0.3238 �0.04; 0.6238
�0.10; 0.2001 0.00; 0.9904
0.12; 0.3677 �0.06; 0.5992
0.09; 0.6171 0.32; 0.0715
0.12; 0.2749 �0.09; 0.4031
***�0.56; 0.0001 ***�0.48; 0.0001
0.05; 0.5403 �0.05; 0.5897
***�0.41; 0.0001 ***�0.36; 0.0001
**�0.21; 0.0064 �0.13; 0.0890

on of parameter estimates (b). Significant associations with p< 0.05 are bolded (*, **,
core on the test being modeled at baseline. Difference defined as value at follow-up

factor; CDR-SB, Clinical Dementia RatingeSum of Boxes; MMSE, MinieMental State



Fig. 2. Longitudinal difference in clinical scales over 2 years related to the change in factor scores. Clinical scales included the (A) MinieMental State Examination (MMSE), the (B)
Alzheimer’s Disease Assessment Scale (ADAS-Cog 13-item scale), and the (C) Clinical Dementia RatingeSum of Boxes (CDR-SB). (D) The correlation between the difference in “age-
and vascular-related” factor (AVF) and the difference in “neurodegenerative” factor (NDF) is also shown. Pearson’s correlation coefficients and associated p-values are shown.
Individuals with MCI who converted to AD during the 2-year follow-up are shown in gray, whereas those who did not convert are shown in white. Difference defined as value at
follow-up minus value at baseline. All significant relationships remain significant when correcting for all covariates as detailed in the models, but uncorrected data are presented
here to further support the hypothesis that longitudinal cognitive decline is related to a change in the factor scores.
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Table 3
Model of the longitudinal change in factor scores in participants with MCI

Parameters Diff. AVF (b; p-value) Diff. NDF (b; p-value)

Age (baseline) 0.08; 0.4055 0.17; 0.1456
Time between scans �0.07; 0.3736 �0.00; 0.9860
Sex (female) �0.12; 0.1275 �0.09; 0.3143
Education �0.12; 0.1078 �0.14; 0.1061
APOE ε4 (1 allele) 0.18; 0.1384 �0.00; 0.9990
APOE ε4 (2 alleles) **�0.59; 0.0005 �0.13; 0.4880
AVF (baseline) ***0.41; 0.0001 0.18; 0.1229
NDF (baseline) *0.18; 0.0240 0.08; 0.3631

All continuous variables were standardized before applying the model for easier
comparison of parameter estimates (b). Significant associations with p < 0.05 are
bolded (*, **, and *** for p< 0.05, 0.01, and 0.001, respectively). Difference defined as
value at follow-up minus value at baseline.
Key: AVF, age- and vascular-related factor; NDF, neurodegenerative factor.

Fig. 3. Longitudinal difference in “age- and vascular-related” factor (AVF) over 2 years
related to its determinants. Determinants included the (A) AVF factor score at baseline,
(B) number of APOE ε4 alleles, and (C) “neurodegenerative factor” factor (NDF) score at
baseline. Pearson’s correlation coefficients (r) and associated p-values are shown. The
ANOVA p-value is also shown for the relationship with the number of APOE ε4 alleles.
Individuals with MCI who converted to AD during the 2-year follow-up are shown in
gray, whereas those who did not convert are shown in white. Difference defined as
value at follow-up minus value at baseline. Covariates were not included to show the
uncorrected data in addition to the models accounting for covariates. Abbreviation:
MCI, mild cognitive impairment.

J.-P. Coutu et al. / Neurobiology of Aging 54 (2017) 1e9 7
promote Ab1-42 accumulation through both increased production
and reduced clearance (Iadecola, 2010), which may explain the
relationship between the AVF and CSF Ab1-42. The correlational
analyses alone cannot provide conclusive mechanistic insight and
more work is necessary to determine the pathologic bases of the
imaging factors described. Regardless, the recognition and
demonstration of a disease pathway involving white matter and
vascular pathology that is distinct from neurodegenerative AD pa-
thology but affect critically-involved structures in AD such as the
hippocampus would help further the current efforts to prevent and
treat AD. Indeed, comprehensive treatment of vascular risk factors
reduced the risk of developing AD in an MCI population, compared
to treatment of only some vascular risk factors (Li et al., 2011), and
led to slower progression of white matter lesions in individuals
with AD (Richard et al., 2010). Therefore, while the “age- and
vascular-related” process seems to be unrelated to neurodegener-
ative changes such as cortical atrophy and increased CSF t-tau and
p-tau181, it remains clinically important as it may lead to further
progression toward dementia as assessed with clinical outcomes.
Further research also remains to be done to investigate synergistic
effects of both cerebrovascular disease and AD neurodegenerative
processes, which are observed together in about 30%e45% of older
adults with dementia and especially in the oldest old (Jellinger and
Attems, 2010; Kalaria and Ballard, 1999; Kawas et al., 2015), though
to a lesser extent in the sample studied here due to the exclusion of
vascular comorbidities in ADNI. The potential for synergy of these
common co-existing pathologies has previously been detailed
(Attems and Jellinger, 2014; Iadecola, 2010), and there is previous
recognition that vascular risk factors are associated with faster
cognitive decline in incident AD (Helzner et al., 2009). The frame-
work built in this study differs from previous studies as it does not
classify individuals as either suffering from age- and vascular-
associated processes or neurodegenerative processes, but instead
provides the basis to rate each process independently on a con-
tinuum. Such a framework is expected to be useful to evaluate
synergistic effects in patient populations suffering from multiple
pathologies.

The current work has limitations. First, the white matter lesions
were segmented from T1-weighted images instead of T2-weighted
images with fluid-attenuated inversion-recovery. Despite the high
correlation and concordance of those two measures, it was found
that the factor loading of white matter lesions in the AVF was lower
when using fluid-attenuated inversion-recoveryebased estimates.
This suggests potentially greater sensitivity of T1-based white
matter changes to this process, and differences in the 2 methods
should be investigated in future studies. It may also suggest that the
AVF may be more strongly related to white matter atrophy and
ventricular expansion than vascular processes. However, it is
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important to note that the ADNI has focused on recruiting highly
selected cases of AD and potentially preclinical AD, excluding in-
dividuals with vascular comorbidities. Indeed, it has recently been
shown that participants in the ADNI have lower white matter lesion
burden than other similar studies (Ramirez et al., 2015). Despite
this, we still found a distinct process related to white matter lesions
replicated in 2 separate ADNI data sets, and this process had an
impact on cognitive decline greater than the neurodegenerative
aspect of the disease. Replication in a more ecological sample with
greater vascular comorbidities on par to what is observed in the
general population would be beneficial. For instance, greater
coexistence and overlap of longitudinal trajectories of both classes
of degenerative changesmay be observed in such a sample. Another
limitation is that the measurement properties may influence the
factor scores (e.g., volume measurements may cluster together),
which would change the interpretation. However, hippocampal
volume was important in both factors demonstrating that it is
possible to have different types of measurements within one factor.
The factor analysis also did not account for potential covariation
found naturally in younger adults between the 5 imaging measures
investigated and accounting for this premorbid state is a goal of
future study. Finally, while a greater cognitive loss was attributed to
the progression of the AVF than to the progression of the NDF, it is
possible that this is only true in the MCI state that is bordering on
conversion. Furthermore, the general linear model used here to
make that assessment has several assumptions, one of which being
the assumption of a linear decline, which is also a limitation in
representing actual clinical progression. Future work will focus on
using a larger data set from ADNI with longer longitudinal follow-
up and a greater number of converters to allow more in-depth
analysis using proportional hazards models. Despite these limita-
tions, the present study shows the importance of considering
vascular and white matter pathologies in understanding cognitive
decline in individuals on the path toward a clinical diagnosis of AD.
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