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The objective of this study was to determine whether physiological fluctuations in white matter (PFWM)
on resting-state functional magnetic resonance images could be used as an index of neurodegeneration
and Alzheimer’s disease (AD). Using resting-state functional magnetic resonance image data from par-
ticipants in the Alzheimer’s Disease Neuroimaging Initiative, PFWM was compared across cohorts:
cognitively healthy, mild cognitive impairment, or probable AD. Secondary regression analyses were
conducted between PFWM and neuroimaging, cognitive, and cerebrospinal fluid biomarkers. There was
an effect of cohort on PFWM (t ¼ 5.08, degree of freedom [df] ¼ 424, p < 5.7 � 10�7), after accounting for
nuisance effects from head displacement and global signal (t > 6.16). From the neuroimaging data, PFWM
was associated with glucose metabolism (t ¼ e2.93, df ¼ 96, p ¼ 0.004) but not ventricular volume (p <

0.49) or hippocampal volume (p > 0.44). From the cognitive data, PFWM was associated with composite
memory (t ¼ e3.24, df ¼ 149, p ¼ 0.0015) but not executive function (p > 0.21). PFWM was not asso-
ciated with cerebrospinal fluid biomarkers. In one final omnibus model to explain PFWM (n ¼ 124),
glucose metabolism (p ¼ 0.04) and cohort (p ¼ 0.008) remained significant, as were global and head
motion root-mean-square terms, whereas memory was not (p ¼ 0.64). PFWM likely reflects end-arteriole
intracranial pulsatility effects that may provide additional diagnostic potential in the context of AD
neurodegeneration.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenera-
tive disorder and is characterized by progressive cognitive
dysfunction that interferes with daily activities and results in sig-
nificant morbidity. Mild cognitive impairment (MCI) is considered
the prodromal stage of Alzheimer’s dementia that can predate AD
by several years (Petersen et al., 2001; Sperling et al., 2011).
Although the MCI period provides a potential interventionwindow,
there are no established treatments. Furthermore, the MCI
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classification is increasingly viewed as heterogeneous because not
all MCI individuals convert to AD (Ganguli et al., 2011;
Nettiksimmons et al., 2014).

AD-related progression is influenced by multiple pathophysio-
logical changes, notably amyloid deposition (Lee et al., 2014; Thal
et al., 2002), cerebral amyloid angiopathy (Vinters et al., 1990),
and new evidence of AD pathogenesis within pericytes (Bell et al.,
2012). Increasingly, cerebrovascular techniques are used to char-
acterize small vessel disease phenomena that contribute to neu-
rodegeneration (Honjo et al., 2012). Central and cerebral
hemodynamic measures, such as arterial stiffening, carotid artery
stiffening, and cerebral blood flow, are predictors of cognitive per-
formance (Mitchell et al., 2011), cognitive decline (Scuteri et al.,
2007), and AD diagnosis (Alsop et al., 2008; Johnson et al., 2005).
Work by others provides support for the theory of mechanical
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factors of arterial aging (O’Rourke and Hashimoto, 2007), which
leads to excessive intracranial pulsatility (described as windkessel
dysfunction) in normal and demented older adult cohorts (Bateman
et al., 2008; Wahlin et al., 2014).

In the present study, we use a summary measure of physiolog-
ical noise in white matter (WM), which we reported on previously
in a group with small vessel disease (Makedonov et al., 2013), to
serve as a proxy index of cerebrovascular dysfunction, whereby
elevated arterial pulsatility contributes to increased image tempo-
ral variance observed in WM on resting-state functional magnetic
resonance imaging (rs-fMRI). Rs-fMRI has traditionally been used in
AD to study gray matter functional connectivity, such as reported
decreased co-activation of default mode network (Zhou et al.,
2010). Although WM rs-fMRI signals are viewed as nuisance vari-
ables in gray matter connectivity analyses (Chai et al., 2012; Fox
et al., 2009), they also provide non-neuronal physiological
contrast because of cardiac pulsatility (Dagli et al., 1999;
Makedonov et al., 2013; Shmueli et al., 2007), vasomotion in
ischemia (Wang et al., 2008), and cerebrovascular impairment
(Jahanian et al., 2014). To date, there are few rs-fMRI studies that
specifically investigate WM (Ding et al., 2013; Makedonov et al.,
2013); therefore, our primary objective is to compare physiolog-
ical fluctuations inWM (PFWM) among normal older controls, MCI,
and AD groups. We hypothesize that there will be an effect of group
on PFWM from among other factors that can influence this rs-fMRI
summary measure. Our secondary objective was to determine
whether PFWMwas associated with any established markers of AD
pathology and/or neurodegeneration. For this secondary objective,
neuroimaging, cognitive, and cerebrospinal fluid (CSF) data are
considered. For neuroimaging markers, we used glucose meta-
bolism, ventricular volume, and hippocampal volume. The former
reflects altered bioenergetics reported in AD (Landau et al., 2011),
whereas the latter 2 are structural markers of neurodegeneration
and AD (Jack et al., 1992; Nestor et al., 2008). For the cognitive
measures, composite scores of memory and executive function,
developed from Alzheimer’s Disease Neuroimaging Initiative
(ADNI), were considered (Crane et al., 2012). Last, the following AD
pathologic markers were also considered from CSF: amyloid-beta
1e42 peptide and tau and phosphorylated tau protein levels
(Shaw et al., 2009). Secondary analyses were conducted in this
manner (i.e., separately) to capture the largest subsample size for
each of the association tests.

2. Methods

2.1. ADNI dataset

Data were obtained from the ADNI database (adni.loni.usc.edu).
ADNI was launched in 2003 by the National Institute on Aging, the
National Institute of Biomedical Imaging and Bioengineering, the
Food and Drug Administration, private pharmaceutical companies,
and nonprofit organizations. The primary goal of ADNI has been to
test whether serial MRI, positron emission tomography, other bio-
logical markers, and clinical/neuropsychological assessment can be
combined to measure the progression of MCI and early AD. ADNI is
the result of efforts of many co-investigators from a broad range of
academic institutions and private corporations, and participants
have been recruited from >50 sites across the United States and
Canada.

2.2. Ethics statement

Participants gave written informed consent at the time of
enrollment and completed questionnaires approved by each
participating site’s institutional review board.
2.3. Participants

Only data from ADNI-2 and ADNI-GOwere used because ADNI-1
did not include rs-fMRI. Participants with rs-fMRI within the first
year of participation in the study were selected, which amounted to
437 rs-fMRI datasets for the primary objective. First-year data were
selected to minimize potential retention bias from repeat scans.
Available rs-fMRI and corresponding structural T1 images were
acquired between June 30, 2010 and May 12, 2014 (downloaded in
June 2014). Sample sizes for the secondary objectives were smaller
because of the inclusion of rs-fMRI with other measures (i.e.,
matched samples with neuroimaging, cognitive, or CSF data).

2.3.1. Normal controls, MCI, and AD criteria
Participants were enrolled if they were between 55 and 90 years

old, spoke English or Spanish as the first language, and completed
at least 6 years of schooling. Diagnostic classification was made by
ADNI investigators using established criteria (McKhann et al., 1984,
2011; Petersen et al., 1999), albeit early and late MCI groups were
combined into a single MCI group. Controls had Mini-Mental Status
Examination (MMSE) (Folstein et al., 1975) scores between 24 and
30 and no significant memory concerns. MCI adults had MMSE
scores between 24 and 30; memory complaint; objective memory
loss as quantified by the Wechsler Memory Scale Logical Memory II
Test (Wechsler, 1997); a Clinical Dementia Rating (Morris, 1993)
score of 0.5; lack of cognitive impairment in other domains such as
executive function, visuospatial function, and language; relative
sparing of activities of daily living; and absence of frank dementia.
Participants in the AD cohort fulfilled the NINCDS-ADRA (National
Institute of Neurological and Communicative Disorders and Stroke
and the Alzheimer’s Disease and Related Disorders Association)
criteria for probable AD.

2.4. MRI acquisition

MR images were collected on 3-T Philips MRI systems (Philips,
Amsterdam, The Netherlands) from a total of 13 sites using a
standardized protocol (Jack et al., 2008). Data from 3-T MRI systems
were considered (and not 1.5 T) because physiological sources in
fMRI are field-strength dependent (Triantafyllou et al., 2005). T1
images were acquired with an echo time of 3 ms, a repetition time
(TR) of 7 ms, flip angle of 9�, slice thickness of 1.2 mm, and a matrix
size of 256 � 256 � 170. Rs-fMRI echo planar images were acquired
with an echo time of 30 ms, TR of 3000 ms, flip angle of 80�, slice
thickness of 3.3 mm, and a matrix size of 64 � 64 � 48 (<5% of
rs-fMRI data were collected with a TR of 2250 ms).

2.5. MRI preprocessing

Preprocessing of the structural T1 images involved bias field
correction using a histogram peak-sharpening algorithm (N3) (Sled
et al., 1998). Echo-planar rs-fMRIs were corrected for head motion
using MCFLIRT, a tool that is part of the FMRIB Software Library
(Jenkinson et al., 2002). Next, the mean relative root-mean-square
(RMS) head displacement (millimeter) was determined from
FMRIB Software Library’s MCFLIRTand used as a nuisance regressor.
In addition, a global rs-fMRI signal from within-skull voxels (i.e.,
brain parenchyma and ventricles) was also used as a second
nuisance regressor, extracted from the global signal time series.
Global RMS in units of signal intensity was then calculated on the
demeaned global time series. The rs-fMRI preprocessing steps were
chosen based on the following rationale: 1) WM signals tend to be
spatially consistent and robust in rs-fMRI (Zuo et al., 2010), hence
the appeal of a PFWM summary measure; 2) the use of voxel-wise
regression of motion traces may not be indicated for this
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application as it may introduce spatially nonuniform effects across
the WM (Satterthwaite et al., 2013); and 3) both global RMS and
head displacement RMS can be viewed as confound effects that
could each contribute to PFWM, of which case the latter is reported
as strongly related to frame-to-frame change in signal (Power et al.,
2012; Satterthwaite et al., 2013). Head displacement and global
RMS regressors were included in the group-level model for all an-
alyses (see Section 2.7).

Previously, we have shown that PFWM correlates with cardiac
pulsatility in WM. We confirmed our findings by comparing con-
ventional rs-fMRI and high temporal resolution rs-fMRI (TR of 250
ms) in young and older adults, demonstrating that aliasing of the
cardiac signal in conventional fMRI data did not significantly in-
fluence this outcome (Makedonov et al., 2013). In the present study,
PFWM was calculated in native rs-fMRI space using a similar
method to the previous report (Makedonov et al., 2013). Step 1:
isolate per voxel (i.e., x, y, z) physiological fluctuations in the rs-fMRI
time series by computing the following equation:

PFx;y;z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
x;y;z � s2

thermal

q

Thermal noise variance ðs2
thermalÞwas determined as the average

variance in a user-defined region of interest (ROI) placed outside
the brain in a corner of each resting-state image. The placement of
the background ROI was chosen to minimize contribution from
echo-planar imaging ghosting artifact and evaluated by histogram
Fig. 1. Physiological fluctuations in white matter (PFWM) color maps in axial view for 3 rep
image. Top row: controls, middle row: mild cognitive impairment (MCI), and bottom row: A
maps by cohort.
inspection. Step 2: the physiological noise from step 1 was
normalized by the mean signal intensity in each voxel, producing a
fractional blood oxygenation leveledependent change map (see
examples in Fig. 1). Step 3: PFWM was calculated as the mean
physiological noise across WM voxels and used as a summary
metric (see subsequently on PFWM adjustment for head motion).
To facilitate quality control by visual inspection, PFWM maps were
registered to a common template space, by affine transformation
and by using the T1 structural image as an intermediate trans-
formation. The common template was created by randomly
selecting 15 participants from each cohort (45 in total) and cor-
egistering the T1 images to a common template using Advanced
Normalization Tools. T1 images were brain extracted and
segmented into CSF, graymatter, andWM tissue classes.WMmasks
were eroded using a 3-mm Gaussian kernel. The medulla, pons,
midbrain, and cerebellum were removed from rs-fMRI to focus the
analysis on WM found in the telencephalon.

2.6. Secondary analyses on biomarker measures

Ventricular volume, hippocampal volume, and fludeoxyglucose
(FDG) metabolism were used as neuroimaging biomarkers. Com-
posite scores of memory and executive function and protein levels
in CSF were ascertained from the ADNI database. ADNI ventricular
volumes were calculated as described by Nestor et al. (2008). Both
ventricular and hippocampal volume were normalized by total
resentative participants in each cohort and overlaid on a group template T1-weighted
lzheimer’s disease (AD). The right column shows the average physiological fluctuation



Fig. 2. Physiological fluctuations in white matter (PFWM) box plots are plotted by
cohort and visit (within year 1). Controls (blue), mild cognitive impairment (MCI)
(green), and Alzheimer’s disease (AD) (red) are shown by different color bars. PFWM
values are in units of percent blood oxygenation leveledependent (BOLD) signal
change and are adjusted for head displacement and global signal root-mean-square
BOLD signal (global root mean square). Visits were centered at baseline and at 3 and
6 months using k-means clustering. Cohort was a significant predictor of adjusted
physiological fluctuations (t ¼ 5.08, degree of freedom ¼ 424, p ¼ 6 � 10�7). (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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intracranial volume. For the FDG metabolism intensity normalized
images, a composite gray matter ROI mask was used to generate a
single glucose metabolism value from 5 regions identified by
Landau et al. (2011) (i.e., left and right angular gyri, left and right
inferior temporal gyri, and bilateral posterior cingulate cortex).
Cognitive composite scores for executive function and memory
were computed by Crane et al. (2012) using factor analysis. CSF
protein concentrations (pictogram per milliliter) were calculated by
the University of Pennsylvania ADNI Biomarker Laboratory, as
described in the work of Shaw et al. (2009).

2.7. Statistics

Primary and secondary analyses were conducted using R
(version 3.1.2 from RStudio, Inc). The primary analysis used a uni-
variate linear model (analysis of variance [ANOVA], type III) and
included the following independent variables: cohort, age, visit,
WM volume, head displacement RMS, global RMS, and site, of
which case cohort was the primary variable of interest. For sec-
ondary analyses involving subsamples, PFWM (adjusted for global
and head RMS terms) was compared against ventricular volume,
hippocampal volume, and glucose metabolism. Adjusted PFWM
was also compared with composite measures of memory and ex-
ecutive function. Adjusted PFWMwas comparedwith protein levels
in CSF. The final regression test was performed using all variables
that were found to correlate with PFWM, with specific interest in
the effect of cohort on PFWM.

3. Results

Characteristics of the sample drawn from ADNI are summarized
in Table 1. Therewere cohort differences that includedMMSE scores
(p < 0.001) and age (ANOVA, p < 0.05, controls were older on
average) but no differences in gender (chi squared, p ¼ 0.70), years
of education (p ¼ 0.42, ANOVA), or age at onset of symptoms for
MCI and AD cohorts (p ¼ 0.79, t test).

PFWM was significantly associated with cohort (Fig. 2, t ¼ 5.08,
degree of freedom [df]¼ 424, p¼ 5.6� 10�7), headmotion RMS (t¼
12.65, df ¼ 424, p ¼ 2 � 10�7), and global RMS (t ¼ 6.16, df ¼ 424,
Table 1
Sample characteristics

Controls MCI AD p Value

Participants 53 102 34
Total rs-fMRI datasets 117 246 74
Average visits per

participant
2.2 2.1 2.2

Age at baseline
(y, mean � SD)

75.5 � 6.7 71.9 � 7.7 72.5 � 7.1 <0.05

Gender (M/F) 32/21 49/53 16/18 0.70
Education (y � SD) 16.5 � 2.2 16.1 � 2.6 15.8 � 2.9 0.42
Onset of symptoms

(y � SD)
d 67.5 � 8.1 67.1 � 8.0 0.79

MMSE (mean of all
time points � SD)

28.9 � 1.5 27.4 � 2.2 21.5 � 3.5 <0.001

Clinical Dementia
Rating (median)

0 0.5 1 <0.001

FAQ (mean � SD) 0.5 � 2.4 3.6 � 5.0 16.0 � 7.1 <0.001
Cerebrospinal fluid

(subsample size)
16 47 5

Amyloid-beta level
(mean � SD)

174.8 � 45.0 173.8 � 58.2 126.9 � 13.9 0.23

Tau level (mean � SD) 71.2 � 37.4 94.0 � 60.1 130.4 � 70.2 0.04
Phosphorylated tau

level (mean � SD)
33.4 � 11.9 45.0 � 25.2 62.0 � 22.5 0.01

Key: AD, Alzheimer’s disease; F, female; FAQ, Functional Assessment Questionnaire;
M, male; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination;
rs-fMRI, resting-state functional magnetic resonance image; SD, standard deviation.
p ¼ 1.68 � 10�9), whereas age (p ¼ 0.075) and site (p ¼ 0.062) were
associated with nonsignificant trends. The effects of visit (p ¼ 0.51)
and WM volume (p ¼ 0.31) were not significant.

Adjusted PFWM was associated with regional glucose meta-
bolism (Fig. 3A, t ¼ e2.93, df ¼ 96, p ¼ 0.0042) but not ventricular
volume (p ¼ 0.49) nor hippocampal volume (p ¼ 0.44). Note these
data were extracted from samples that had all these neuroimaging
measures available to permit a direct comparisons with PFWM.
Adjusted PFWMwas not associated with any of the CSF biomarkers
(p> 0.73 with df¼ 63). For the cognitive composite scores, adjusted
PFWM was correlated with composite memory (Fig. 3B, t ¼ e2.69,
df ¼ 148, p ¼ 0.0079) but not composite executive function (t ¼
e0.97, df ¼ 148, p ¼ 0.34). In the final regression model that
included cohort, glucose metabolism, composite memory, and head
and global RMS variables, cohort and glucose metabolism were
significant (t ¼ 2.71, p ¼ 0.0078 and t ¼ e2.07, p ¼ 0.040, respec-
tively, for df¼ 117), as were head displacement RMS and global RMS
(t¼ 11.23, p¼ 2� 10�16, and t¼ 6.97, p¼ 2� 10�10, respectively, for
df ¼ 117), whereas composite memory was not (p ¼ 0.63).
4. Discussion

Rs-fMRI data from ADNI were used to investigate PFWM as a
source of cerebrovascular contrast in 3 cognitive groups. We found
support for our primary hypothesis: PFWM was significantly
increased in AD compared with the MCI and control groups. Sec-
ondary regression analyses were conducted on subsets of ADNI
participants to support the relevance of PFWM to established bio-
markers. PFWM was inversely correlated with regional gray matter
glucose metabolism from the neuroimaging data and inversely
correlated with the memory from the cognitive composite score
data. Glucose metabolism and cohort remained as significantly
associated with PFWM, whereas memory was not, when each of
these variables were included in one omnibus model.



Fig. 3. Scatter plots were used to visualize regression results from single-visit data.
Physiological fluctuations in white matter (PFWM) (adjusted for head displacement
and global root mean square) is plotted against (A) fludeoxyglucose (FDG) metabolism
(t ¼ e2.93, degree of freedom ¼ 96, p ¼ 0.004, intensity normalization FDG) and (B) the
composite memory score (t ¼ e2.69, df ¼ 148, p ¼ 0.008). Abbreviations: AD, Alz-
heimer’s disease; chg, change; MCI, mild cognitive impairment; NC, normal controls.
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Multiple pathophysiological sources could contribute to our
findings of increased PFWM in AD. Amyloid angiopathy and
tortuous arterioles inWMare reported in AD, and this could explain
why PFWM was increased in the current sample of AD participants
(Brown et al., 2009). Mechanistically, altered cerebrovascular
compliance (Thomas et al., 2014) and/or increased transmission of
arterial pulsatility effects into WM could explain elevated PFWM
(Dagli et al., 1999; Makedonov et al., 2013), which is consistent with
the previous findings on intracranial pulsatility (Bateman et al.,
2008; Wahlin et al., 2014). Although these physiological phenom-
ena may not be purely AD etiology, mixed AD and cerebrovascular
disease is recognized as the most common clinical dementia and
raises questions about the role of cerebrovascular dysfunction in
cognitive decline. Indeed, Scuteri et al. (2007) reported that sys-
temic arterial stiffness was a strong predictor of cognitive decline
among older adults with memory problems. Microvascular aber-
rations such as thickening of the basement membrane, luminal
narrowing, and endothelial compression decrease vascular
compliance (de la Torre, 2002), which would contribute to propa-
gation of higher pulsatility down the vascular system and into tis-
sue. A future direction for the present study is to consider PFWM in
the context of diffusion tensor imaging; however, both diffusion
tensor imaging and rs-fMRI are unfortunately not available for the
same participants in ADNI. Such an analysis would speak to WM
changes, such as demyelination and axonal and tissue volume
changes, that occur in AD and could influence rs-fMRI WM signals
(Thomas et al., 2014).

Results of our secondary analyses suggest that PFWMmay have
merit as a new and complimentary imaging biomarker to study
neurodegeneration. Although intracranial pulsatility is reported to
be associated with increased ventricular volume (Wahlin et al.,
2014), we failed to detect a significant association of PFWM with
ventricular or with hippocampal volume, whereas, we did find
that PFWM was negatively associated with glucose metabolism in
the Landau ROIs (Landau et al., 2011), which are regions that
continue to be implicated in AD (Langbaum et al., 2009). Both the
correlation analysis of adjusted PFWM with the biomarkers and
the full-model stepwise backward regression demonstrate that
adjusted PFWM provides unique information with respect to
cohort. We believe that this was the case because PFWM provides
physiological information that is not captured by the 4 biomarkers
that were tested in this study; hence, the between-cohort differ-
ences in PFWM may reflect underlying differences in cerebrovas-
cular health. Furthermore, brain pulsatility can be characterized by
various means and has demonstrated diagnostic merit in neuro-
degenerative research (Bateman et al., 2008; Scuteri et al., 2007;
Wahlin et al., 2014).

It is important to discuss limitations of the present study. First,
we have previously shown that it is ideal to isolate cardiac pul-
satility effects on rs-fMRI, particularly among adults with diffuse
WM hyperintensities (WMHs) (Makedonov et al., 2013); however,
this requires high temporal resolution rs-fMRI to sample the
cardiac signals that was not part of the ADNI rs-fMRI. Second,
despite our previous findings (Makedonov et al., 2013), we did
not include WMH lesion volume in the present study. Although
WMH small vessel disease has been linked to vascular pulsatility
measures (Mitchell et al., 2011), at the time of this study, the
ADNI sample appears to exhibit low WMH burden levels (Ramirez
et al., 2015); thus, future considerations are warranted. Third,
cardiac monitoring by pulse oximetry was also not part of the
ADNI rs-fMRI data collection. This limits our ability to charac-
terize PFWM in relation to heart rate during rs-fMRI. Similarly, it
remains to be seen whether the respiratory cycle influences
PFWM. Fourth, although the sample size for our primary objec-
tive was large, our secondary analyses were performed on subsets
of participants because of the need for multiple datasets (e.g.,
samples with rs-fMRI and FDG-positron emission tomography).
This also speaks to the challenges of considering longitudinal
analysis of the ADNI data because at the time of this study, there
were insufficient rs-fMRI scans beyond 1 year. It would be useful
to replicate our findings from the secondary analysis as ADNI data
accumulate. Furthermore, it would be useful to consider rs-fMRI
data beyond 1 year in ADNI, which was an inclusion criterion
by necessity because of the smaller number of samples and the
need to address retention bias, specifically in the AD cohort.

In summary, this study demonstrates that physiological fluctu-
ations can be extracted from WM regions in rs-fMRI data and used
to study neurodegeneration. PFWMwas robustly different between
the cognitive cohorts and was associated with established
neuroimaging and cognitive biomarkers of AD. PFWM may, there-
fore, be useful in characterizing the vascular complications associ-
ated with AD.
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